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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 Act of 2005, the Bureau of Ocean Energy Management (BOEM) is responsible for
oversight of various activities on the OCS, including oil and gas exploration and production;
sand and gravel resource assessment and mining; future offshore wind site assessment, turbine
installation, and operation; and other renewable energy projects. The OCSLA 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 these activities be collected. Fishes and invertebrates of particular interest for impact
analysis include those species that are commercially or recreationally important, are threatened
or endangered, or are keystone (for example, important prey) species.

Sound from man-made sources has been increasing in the world’s oceans. BOEM regulates
activities, all of which include one or more sources that introduce sound into the marine
environment. Geological and geophysical exploration, pile driving, drilling, dredging, and vessel
traffic all have this potential. BOEM is responsible for evaluating the effects of these noise
sources on biota. While advances continue to be made in understanding the effects of man-made
sound on marine mammals (Southall et al. 2007), the sheer taxonomic and environmental
diversity of fishes and invertebrates has made the task of understanding the effects on these
species a much more onerous task than for marine mammals (Popper and Hawkins 2012). Much
remains to be learned about the hearing or sound-producing capabilities of fishes and
invertebrates, let alone how they respond to, and are potentially affected by, man-made sounds.

In order to further their understanding of the issues surrounding the analysis of the effects 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 extend well beyond what is needed to conduct a thorough impact analysis but may be
invaluable in helping BOEM and others understand the extend of outstanding issues and also
direct research priorities for years to come on a national and international scale. These issues
were winnowed down to the priorities representing attainable data needs that will allow
significant improvements in understanding impacts from man-made sound in the near future
which can then be included in future BOEM environmental analyses (NEPA, ESA, MSFMCA).
Anticipating the implementation 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 Environmental Studies Program conceived of and funded the Workshop. The
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, develop
monitoring and mitigation measures in lease stipulations and provide information to lessees. The
Workshop included experts in: (a) the sound-producing technologies and activities; (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 understanding on the issues of
concern. The goal in bringing together technical experts from each of these fields was 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 advance of the Workshop, the organizers compiled a synthesis of available literature on
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 To provide a tool to Workshop participants to bring them to a common level of
understanding of the “state of the science”;

e To provide a preliminary assessment of information gaps; and,
e Toaid 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. This can make it very difficult to compare results reported by different scientists.
Where it was possible to do so, the Literature Synthesis attempted to present information using
common terminology. Promoting standard terminology is certainly not BOEM’s responsibility
but in pointing out the inherent difficulties in interpretation, BOEM can encourage
improvements in the science.

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

e How well can we characterize the existing sounds, both natural and man-made, in the
marine environment? Is the sound environment changing? Which man-made sources
have the greatest effect?

e Do man-made sounds harm marine fishes and invertebrates? If so, how is that harm
manifested?
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e Do some levels of sound elicit acute impacts? Can lower levels of continuous sound
cause chronic effects?

e Is a response to man-made sound by individual or groups of fishes or invertebrates
ecologically significant (and, therefore, of regulatory interest)?

e Can we identify which species or habitats are of greatest concern considering such factors
as status of the population (e.g., protection under the ESA; poor status in terms of
fisheries), importance to commercial or recreational fisheries; ecological importance?

e Are there mitigating measures available (e.g., technological solutions; sensitivity to
critical biological factors)?

Within the areas encompassed by this study, dozens of fish and invertebrate species are
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 the general behavior of many fish and invertebrates (e.g., codfishes, snappers,
groupers), the use of sound is simply not known for most species, and, in particular, for the
invertebrates. However, status of the species (whether ESA or overfished), value of the fishery,
and presence of important habitats in areas where sound-producing activities under BOEM’s
purview are expected to occur are important factors in determining the species of concern.

As with many other types of impacts, the environment to which an organism has become
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 area. The Literature Synthesis also reviewed the types of sounds produced by
invertebrates and fishes. It was concluded that sounds produced by aquatic invertebrates,
particularly crustaceans, are important for communication. Many fish species have been
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 whether a majority of species
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 potential to introduce additional sound into the
marine environment in several ways: seismic exploration, sonar, impact and vibratory 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 of sounds that they generate. An understanding of how man-made sounds 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? Clearly, there is no simple
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answer to that. The effects can range from physical to physiological to behavioral. The
available research has generally involved a very limited number of species in very specific
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 journal articles and government reports on these subjects, the Literature
Synthesis can be used as a guidance reference for impact analyses for specific projects in the
future.

2. THE WORKSHOP

The Workshop on the Effects of Noise on Fish, Fisheries, and Invertebrates was held 20-22
March 2012 at the Town and Country Resort in San Diego California. More than 150 people
participated in the three-day Workshop (see participant list in Appendix D), including
representatives from Federal and State agencies, academia, NGOS, consultants, and public
interest groups to meet the goals described in Section 1.2.

2.1 Overview of Meeting

The Workshop was divided into four major 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 Sessions One (Introduction and Overview) and Two (Priority Habitats, Species, 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 subject of Plenary Session Three (Sources and Sound Exposure). Session Three 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 Fishes 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 from the plenary sessions and discussions from the breakout groups are
summarized in this section. The themes and concepts presented at the workshop were also
discussed in the Literature Synthesis and the reader is referred to Appendix 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 and Overview: Establish an understanding of the policies and
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 Habitats, Species and Fisheries: Define the organisms of concern to
regulators, managers, and the fisheries and conservation communities.

Session Three: Sources and Sound Exposure: Define the soundscape and sounds emanating
from various activities, followed by breakout groups to discuss the
characterization of sources, reductions of sound emissions, and cumulative
effects.

Session Four:  Effects of Sound on Fishes and Invertebrates: Discuss which organisms 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 responses of organisms, sound-related injuries, and effects upon
fishing.

Session One focused on three questions relative to the science needs, policies, and mitigation
approaches of BOEM:

1) Why does BOEM need information on the effects 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 sound on fishes, fisheries, and invertebrates because they are responsible for
regulating industry activities such as exploration, construction, development, operations,
maintenance, and decommissioning that all produce noise. BOEM needs to understand the
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 applied to program discussion was described (Figures 1 and 2). The level of current
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 applicable laws, including, but not limited to, the National Environmental Policy Act
(NEPA), Marine Mammal Protection Act (MMPA), and the Endangered Species Act (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.

Informs need for more
scientific ressarch

Highlights need for further
scientific research

Process may require multiple
environmental reviews

Potential OCS Activity .
(0il & Gas, Renewables, Environmental

Marine Minerals) Studies T‘T v

Secience through | |
Coordination Physical } { Marine ][ Social } ‘ NEPA 1 Consultations ‘ 01l & Gas

Env. Analysis &
Decision Support

Program

Documents Decisions

Marine
NOPP, BAA, MOUs, Oceanography Biology Science ez equiremen) Minerals

Energy
TWG-OP, ete

‘ Renewable

Figure 1. BOEM applied science and informed decisions framework.

The Environmental Studies Program (ESP) is tasked with: 1) establishing the information needed
for assessment and management of environmental impacts; 2) predicting impacts on marine
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biota; and 3) monitoring human, marine, and coastal environments. To accomplish these goals,
study priorities are determined by: 1) mission relevance; 2) scientific merit; 3) technical
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.

Statement of
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Study
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SMEs Write
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Balance Needs/

L w—p| Directorate
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Study
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Final Reports
& Data
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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 schema 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,
o 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 environment. Activities that are regulated by BOEM and BSEE include
geological/geophysical sources, as well as construction, drilling, production and
decommissioning, wind and wave energy activities, and marine minerals dredging in federal
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waters. The development of management strategies for environmental protection, as it relates to
BOEM’s mission, was identified as ongoing and adaptive, whereby effectiveness must be
evaluated through monitoring, re-analysis, and using new information for improvements. Noise
is produced in several ways in BOEM’s three program areas. Geological and geophysical
surveys require the use of several sound-producing devices such as air guns, boomers, sparkers,
chirpers, sub-bottom profilers, depth sounders, and side-scan sonar. During construction,
drilling, production, and decommissioning, noise is produced by pile driving, routine operations
on rigs and platforms, vessels, dynamic positioning systems, explosives, dredging, and ice
breaking. BOEM uses several measures to monitor or provide mitigation for species of concern
(primarily marine mammals and sea turtles) during sound-producing activities. These measures
include use of dedicated observers on the vessels (with a plan to halt work if necessary),
monitoring of exclusion zones, passive acoustic monitoring, sound source verification, ramp-up,
shut-down, and time-of-year closures. Effective mitigation measures 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 was selected as a targeted interest area due to the 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 and relatively small fisheries. The Arctic OCS is of special interest because of the
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 planning areas and the important fisheries. The Synthesis identifies what is
known about fish and invertebrate resources and fisheries within the Atlantic and Arctic 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 lives; and 3) there is the potential for the sounds produced during 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 can impose mitigation requirements if they are feasible, effective, and
necessary. Often the effectiveness of mitigation methodologies is questioned and so it is
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 on the need to bridge the gap between science and regulation.
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 of scientific studies in decision-making. The importance of evaluating mitigation
proposals was also underlined. It was noted that BOEM'’s sister agency, Bureau of Safety and
Environmental Enforcement, was tasked with developing and enforcing safety and
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 sources, species, or
energy or mineral projects. Two data gaps already identified were the need to consider the effects
on animals of particle motion as well as sound pressure, and the need to relate observed
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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3. Are there seasonal aspects to the need for protection?
4. Can risk be mitigated? How?

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 Atlantic
sturgeon, elkhorn coral (Acropora palmata) in state waters and staghorn coral (A. cervicornis) in
state waters are listed as threatened in the Atlantic. Critical habitat has been identified 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 that pose potential risks to endangered and threatened fishes and invertebrates.
Activities of concern include seismic surveys, underwater detonations, vessel traffic, pile
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 ESA or overfished species with
management plans), then moves to proposed project, and then considers damages from sounds
and other factors that may alter Essential Fish Habitat (EFH) or Habitat Areas of Particular
Concern (HAPC). The 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 protected
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 Council (NPFMC) prepared a Fishery Management Plan (FMP) for this area.
Recognizing that developing environmental issues (e.g., climate change) and human stressors
(international fisheries; oil and gas exploration and development; US Coast Guard operation; US
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Navy operations; and the US Arctic Policy) are likely to affect 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), saffron cod (Eleginus gracilis), and snow crab (Chinoecetes
opilio) are the species with fisheries potential that have the highest biomass in the Chukchi and
Beaufort Seas. Bering flounder (Hippoglossoides robustus), Pacific herring (Clupea pallasi),
and warty sculpin (Myoxocephalus verrucosus) are also abundant. Subsistence fisheries focus on
pink and chum salmon (Oncorhynchus gorbuscha and O. keta). Populations of species of
commercial and subsistence fishery interest in the Arctic are probably not distinct from those in
the Bering Sea and North Pacific.

The Arctic Management Area, encompassing waters north of the Bering Strait along the
maritime borders between the US and Russia and the US and Canada, is receiving heightened
interest from the Council because of climate warming, the limited scientific information
available, and the desire to manage this area on an ecosystem basis. Climate 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 research is directed to developing a better understanding of the Arctic environment
overall. The Council feels there is insufficient information yet to define the baseline for the
system. In addition to considering commercial fisheries, the interactions between fish stocks and
marine mammals and sea birds are critical. There 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 under the Essential Fish Habitat (EFH) regulations of the MSFCMA. 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 comprehensive list of species can be found in Chapter 3 of the
Literature Synthesis.

Through the development of Fisheries Management Plans and EFH designations, the SAFMC
has also identified Habitat Areas of Particular Concern (a subset of EFH), Marine Protected
Areas, and Special Management Zones from Cape Hatteras NC to Cape Canaveral FL. These
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habitats are designed to afford protective space to commercially and recreationally important
fisheries; the effects on managed species from elevated noise levels and bottom disturbing
activities in these protected areas should be assessed.

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

A number of species managed by the New England or Mid-Atlantic Fishery Management
Council (American lobster [Homarus americanus], American plaice [Hippoglossoides
platessoides], Atlantic cod [Gadus morhua], Atlantic halibut [Hippoglossus hippoglossus],
butterfish [Peprilus triacanthus], goosefish [Lophius americanus], haddock, ocean pout [Zoarces
americanus], scup [Stenotomus chrysops], thorny skate [Amblyraja radiata], white hake
[Urophycis tenuis], windowpane flounder [Scophthalmus aquosus], winter flounder
[Pseudopleuronectes americanus], and yellowtail flounder [Limanda ferruginea]) are considered
overfished, at least regionally. The status of an additional 14 species is unknown however.
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 less well understood. HAPC has been designated for one species — the sandbar shark
(Carcharhinus plumbeus).

Cold water (or deepwater) corals do not form the massive reefs that tropical corals do.
Distribution of deepwater corals is primarily on the 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 panelists were clear that endangered or threatened species are an important consideration
under any NEPA analysis. Effects from underwater sound on these species or their habitats
(including food resources) could result in mitigation requirements, including restrictions
developed during ESA or EFH consultations or permitting negotiations. Federally managed
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 species be categorized based on their ability to
produce or detect sound. Sound producing or sound sensitive (i.e., those with swim bladders)
species should be given a higher research priority than species with neither characteristic.
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. Sound-sensitivity of other types 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 always be designated precisely. The risks to these species from sound-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 Three focused on the quantitative description of underwater sound from natural and
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 effects 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 describing sounds, generally, selecting examples of relevance to fishes such as the interim
criteria for injury to fishes from pile driving activities set out by the Fisheries Hydroacoustic
Working Group (FHWG 2008). Some of the ambiguities in describing sounds stemmed from
differences between the American National Standards Institute (ANSI 1994) and the
International Organization for Standardization (ISO 2007) definitions of sound pressure level. In
addition, different ways of measuring and describing sounds have been adopted by different
researchers. The need for international terminology standard for underwater sound will be
considered at an inaugural meeting at Woods Hole Oceanographic 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. McCauley described the marine acoustic environment consisting of natural and man-made
sounds (marine soundscapes) and the relationship between animals and their environment
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mediated through sound (acoustic ecology). The definition of “noise” depends on the context,
but was generally defined as a signal that interferes with detection of a signal of biological
interest to an organism. Sounds from animals appear to substantially contribute to the variability
of ambient noise, often in cyclic patterns. Because marine soundscapes depend on the local
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., spectral density) of soundscapes are essential to understanding acoustic ecology and
assessing potential noise impacts on organisms, a point that paralleled comments made by Dr.
Ainslie in the previous presentation. Long-term, publically available data sets collected from
ocean observatories will be important in the future to better characterize marine soundscapes. An
important question remains as to how much noise is “too much,” and what criteria should be
used in regulation. Specific 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 sound field is dominated by single air guns rather than the entire air gun array. The
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 particle velocity measurements. Marine vibroseis, using a frequency modulated
sweep rather than an impulse, was described as a potentially valuable alternative to airguns
because it produces a lower spectral density, particularly at higher frequencies. Marine vibroseis
transducers are currently being evaluated by joint-industry research that includes geophysical
and environmental testing of prototype transducers and conducting particle velocity
measurements.

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

The methods for measuring the intensity and impact of underwater sound generated by pile
driving activities were presented. Assessment of impact on organisms can vary based on the
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 the current criteria (FHWG 2008) being used in regulation of sound produced
from pile driving (See talk by Ainslie who raised the same issue; see talk by Halvorsen who
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 deep water construction and/or for larger projects. These require the biggest 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 described. The largest issue facing the wind power
industry in the UK is the environmental effects of noise, particularly during the pile driving
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 operational noise must be measured when the wind turbines begin power
generation. To determine the impacts, the pre-existing conditions of the soundscape must be
known. Typically wind farms are situated in shallow (<50 m) coastal waters where there are
numerous other sources of noise including oil platforms and coastal shipping, flow and surf
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 contribution of operating 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 effects upon humans should be
applied to fishes. Values for sound pressure weighted to the response of the animal were
especially useful.

For wind farms, short-term effects resulting from the construction phase are likely (vessel traffic,
pile driving, dredging, trenching). The cumulative effect over the full time scale of the
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 loss caused by operation are dwarfed by the sources deployed during installation,
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 minimizing the impact of noise generation during construction should be examined. To
accomplish this, research should focus on simultaneous 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 sources were presented, with focus on two sources: ships 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, search sonars (fisheries, military, and coastguard), acoustic deterrents, transponders
and communication systems, scientific instruments, minesweeping equipment, and acoustic
cameras.

Measurements reported by Wales and Heitmeyer (2002) found no correlation between vessel
source level at cruising speed or type of vessel. Based on this result, monopole source level could
be parameterized entirely as a function of frequency. However, other work has identified
differences in broadband radiated noise level between different vessel types and traveling at
different speeds.

The energy released from an explosion depends on the 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). Explosions are only
occasional noise sources, but are very high intensity and are characterized by energy, peak
pressure and duration. The largest contributors to the free-field sound energy (Ainslie and
Dekeling, 2011) in the Dutch North Sea, averaged over a year, are probably air guns 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 goal of this breakout group was to clearly identify information gaps with respect to
characterizing sources and determining exposures. To guide discussion, the Chair framed the
following questions:

1. Can we make meaningful sound inventories? How does man-made sound affect long-
term background sound levels in the oceans?

2. 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?
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 appropriate standards for measuring man-made sounds that may have an
impact on fishes and invertebrates, particularly for particle motion?

Five major areas of concern related to information gaps were identified: 1) terminology and
communication; 2) standards; 3) available data; 4) tools available to the research community;
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 common terminology. Agreement is needed on how to report data collection methods,
instruments used to measure sources, and methods used 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 spectrum of problems to solve (hearing in many
different species) than do acousticians.

The community needs published standards concerning the measurement of background noise,
and differences in existing standards identified by the American National Standards Institute
(ANSI) and the International Organization for Standardization (ISO) should be resolved.
Existing standards must be updated using currently available data. Some of the standards that
acousticians use (for instrument calibration, etc.) are only available in Matlab and not in the
software most often used by biologists (e.g. Raven).

In regards to data that should be available to researchers, noise measurements are needed 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 by industry. Descriptive biological data are needed on hearing abilities in many
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 community needs funds to conduct basic research (e.g. measuring sound fields, animal
sounds, animal hearing). Industry should provide funds to make noise recordings over
biologically-relevant periods of time (often years) instead of just during operations, to enable
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, lllingworth & 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. Are there technological alternatives to airguns for oil and gas exploration? Can
alternative sound sources be developed?

3. What can be done to existing sound sources to reduce unwanted sound? What 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, ships, and non-pile driving construction (e.g. dredging). These sources
were discussed in detail to determine the appropriate steps necessary to reduce their impact.

Airguns were identified as generating unnecessary and ecologically noxious energy output.
Industry is exploring new methods to quieten noise from seismic surveys including the use of
vibrators/electro-acoustic sources (which are much lower in amplitude) and underground
detonations. Other advancements include enhanced airgun technologies and better optimization
of array configuration. These designs are intended to reduce the output of higher frequency
sound and provide improved focusing of lower frequency sound. There was brief discussion of
the use of autonomous underwater vehicles (AUV) or other deep-deployed sources 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 driving first focused on alternative installation methods, such as using
vibratory hammers. The problem with vibratory hammers is that they cannot install foundation
piles to standardized engineering specifications, and produce a more continuous noise
disturbance compared to impact driving. Another alternative to impact driving is
hydraulic/pushing methods, but those are not likely to be feasible offshore. Changes 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 noise, although challenges arise in strong currents or deep water. Encapsulated air
bubbles and air bubble mats were discussed, and identified as potentially feasible but costly.
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There was a brief discussion on mitigating noise from shipping using enhanced propeller
designs. It appears that technology for reducing ship noise is developing, and that especially
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. ls 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 in toxicology in terms of duration of exposure, it is not well defined 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. There 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 question on instrumentation, it asked the question “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 sounds. This
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 despite being hundreds of meters from the sound source. Particle motion is 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 where the near field transitions to the far
field and there is a misconception that near field energy stops at the transition region. This
“transition point” will vary, depending on the source of the sound, the frequencies, and the
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environment. For instance, the near field from a seismic airgun array can extend for tens of
meters from the source due to the low frequency components of the source. Another example is
pile driving, where the vibration of the pile induces vibrations in the surrounding sediments,
resulting in sound emissions from substrate at substantial distance from the pile driving
operation. This expanded source can produce significant particle motion at considerable
distances from the pile.

It as also pointed out that the “dichotomy” between particle motion and pressure may be
arbitrary because it ignores the continuum of conditions that exist in moving away from the
sound source, much the way the old approach of classifying fishes as hearing generalists 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 there are several types of instruments available to measure particle motion, the
technology is not mature and the available instruments have various drawbacks. The group
recognized the need for the development of readily available, 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 need for standardization of how
particle motion is measured and reported and standardized protocols for calibrating the
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 to the complex nature of the sound field. Measurements of sound pressure can vary
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 effects of sound on organisms 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 is a considerable obstacle in designing tank studies to look at the effects of the high
intensity sounds. Actual sound sources (e.g., a pile driver) cannot be brought into the laboratory
so they must be simulated through other methods such as playback of recording through
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 investigator to control the characteristics of these sounds (e.g., frequency of
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 experimental tank design and acoustic signal generation equipment 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 exposure level, the currently-recognized metric for gauging
injury to fishes, was not reported in the earlier efforts. Re-analysis of 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 effort.
For instance, the metrics for describing acute exposure to impulsive sounds when close to the
sound source (e.g., those that can cause physical injury) will be different 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:

o0 Injury from acute exposure to impulsive sounds close to the source
o0 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

o0 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 useful to collect if possible. The metrics for these four scenarios are shown 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 @]

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

Time-integrated (e.g., 1/3™ Octave band, frequency @] 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 be useful, the lack of a convention for distinguishing
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 no conventions for reporting these. While there are several standard
definitions of acoustic terminology (e.g., ANSI, 1SO), 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 when considering the effects 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 inversely proportional to background sound levels. At close range, intermittent man-made
sounds have a low probability of masking biological sounds, but at far distances, repetitive
impulsive sounds such as seismic airguns can merge into a near-continuous sound through
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” (SELcym).

The advantage of using SEL over other metrics is that it provides a mechanism for summing the
energy over multiple exposures. The Federal Highway Administration, in coordination with the
California, Oregon, and Washington Departments of Transportation, established a Fisheries
Hydroacoustic Working Group (FHWG) to improve and coordinate information on fishery
impacts caused by in-water pile driving. Additional members 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 SELm 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 different sizes from exposure to pile driving although 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 not usually have the facilities to conduct these surveys. There are also
problems associated with more intensive surveys, including, but not limited to 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 where it was affected), the limited ability to collect
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 beginning of the breakout session regarding antagonistic and synergistic effects 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 Four was intended to provide BOEM with background of current knowledge,
information needs, and data gaps on the fishes and invertebrates that could be affected by sound
and their potential physiological and behavioral effects from exposure to all of the BOEM-
regulated sound sources. Presentations and discussion with Session Four 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 best way to monitor and catalogue the sounds made by invertebrates and
fishes and characterize the sounds from key marine species?

3. How vulnerable are different calls to masking or suppression by man-made sound
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 man-made sound cause a significant impact on the fitness of individuals within
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 physiological adaptations to those environments and in their ability to detect and
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 could mask or otherwise interfere with fish communication. The consequences of
interruption in communication between fishes are essentially unknown.

Ecological Associations
Large Pelagic | Small Pelagic Demersal Reef Shallow/Estuary In River
gas bladder Herring Weakfish Catfish Dace
connected Sprat Deep-sea Squirrel-fish Carp Minnow
to ear Shad cod Goldfish
Fish Categories Cod
glas biadder Haddock Red Snapper
Arranged by close to ear Saithe
Sensitivity gas bladder
: Horse Salmon
distant from Dorado Spot Wrasse Sand-smelt
Mackerel Eel
to ear
Sound .
no gas Plaice
bladder Sharks Mackerel Sole Flounder
fish eggs Dorado Herring Cod larvae Red Snapper Catfish larvae Salmon
and larvae larvae Larvae larvae eggs
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 extremely abundant and important to a variety of ecosystems. While
there is evidence of sound production and sound detection in some invertebrates, such as
snapping shrimp, cephalopods, and some bivalves, the role of sound in the ecology of marine
invertebrates is largely unknown. Some invertebrates (e.g., cephalopods) possess statocysts,
which consists of sensory hairs attached to a mass of sand or calcareous material, which may
assist in detection of sound and vibration. However, the effect of man-made sound 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 invertebrates and their sound production and detection capabilities, Dr. André
presented evidence from a case study (Andreé 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 the concepts important to understanding and assessing injury and
effects on fish physiology from sound exposure. Sound exposure can affect fishes through
barotrauma, injury to inner ear sensory tissues, reduction in hearing sensitivity, and masking.
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 to develop a dose-response function for exposure to
man-made sound for most species of fish. The exception is for exposure of juvenile salmonids to
impulsive pile driving sound. Dr. Halvorsen presented a case study that showed exposure to
simulated pile driving sound. The onset of physiological effects only occurred at substantially
higher cumulative SELs than those specified in the interim FHWG criteria currently 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 pile driving and seismic exploration, than that those at lower
hydrostatic pressures (in shallow water or close to the surface). There are a wide 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 other injury measurement approaches such as bioassays, and assessment 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 important issue for invertebrates is likely to be the induction of sub-lethal effects that
may impact life functions without causing death. Assessment of the occurrence and severity of
sub-lethal injury to invertebrates is difficult, but experimental approaches developed for
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assessment of the response of invertebrates from exposure to chemicals have proven helpful.
Identification of response variables is underway and includes consideration of metrics and
measures for behavior, physiological functions such as growth, reproduction, and many others.

To improve our capability to assess the effects of sound on invertebrates, Dr. Payne advocated
the use of laboratory or small-scale mesocosm studies to examine commercially important
invertebrates (e.g., lobster, crab, shrimp, scallop, and squid) 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 which field studies could be useful for assessing effects on animal behavior. Some
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 occurring sounds in the oceans. Sounds are also 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 recorders or recorders deployed aboard silent platforms such as gliders may
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 alone. Fishes are believed to communicate using sound. The sounds generated by
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 uPa. 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 been made in developing a library of fish sounds, but much more is needed to develop
accessible catalogue of identified sounds from fishes and invertebrates. Work is also needed to
determine the impacts to fish populations from man-made sound that may mask fish
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 sounds. Masking is defined as 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 white 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 scene analysis is the process by which the auditory system organizes sound into
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 sound may affect auditory scene analysis by preventing or hindering the proper
perception of sounds from separate sources, making segregation of such sound from all of the
sounds impinging upon the animal difficult or impossible. It is known that auditory scene
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: Appendix B,
p. 82)
Dr. John Dalen, Institute of Marine Research (Norway)

Dr. Dalen presented several case studies that highlighted assessments of behavior of selected
pelagic species (e.g., herring, mackerel, blue whiting, sand eel, mesopelagic species, salmon, and
trout) in response to sound sources that included pile driving hammers, explosives, low
frequency military sonars, and seismic exploration sparkers and airguns.

Assessments of the behavior of fishes to man-made sources should be conducted on free
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 that recognizes that behavioral responses of fish to man-made sounds are likely to 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. Based on observations 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 dB above hearing threshold of herring and cod at
distances > 20 m) at low frequencies based on their audiograms. Noise from vessels can be
substantially reduced by making various modifications to operation such as slow rotating
propellers.

However, results from several studies have demonstrated that the stimuli that actually elicited
reactions were unclear. Indeed, behavioral reactions differed by diel period, location, 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 vessel 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 conventional, is probably due to response to both particle motion and
pressure. In controlled experiments, individual fish responded more strongly to sounds that were
lower in frequency, had a more sudden onset, were loud, 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 Lakkeborg, Institute of Marine Research (Norway)

Dr. Lakkeborg 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 seismic vessels. In another field study, gillnet catches of Greenland halibut (Reinhardtius
hippoglossoides) and redfish (Sebastes sp.) increased at exposure to airgun sounds, while
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 sounds while longline catches decreased 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 effect 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 hearing ability and swimming capability of exposed fish, the habitat preference and site
fidelity of fish, the nature of the fright/avoidance response of the various species, and the
characteristics of the sound source. The behavioral responses to air guns include increased
swimming, decreased feeding motivation, displacement from fishing grounds, decreased longline
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and trawl catches and increased gillnet catches, if fishing is occurring in the ensonified area.
Differences in behaviors as observed in catch data showed that there are species specific
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 catches. Fish
catch data are different in their statistical properties from data acquired using a designed
sampling project. Data are often skewed and zero inflated, which often requires data
transformations. In particular, catch data are biased to high density areas and by regulations that
direct fishing effort to particular areas.

Commercial fishing effort is uncontrolled in space and time, and fishing is done using 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 of the nature of the fishing effort. It is common for trawlers to tow over distances of
several nautical miles before hauling their catch, making it impossible to determine the
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 catch data have poor spatial and temporal resolution, high variability, and other
undesirable statistical properties, they are of limited utility in understanding the response of
fishes to sound. New developments in sampling technologies, such as data storage tags or large-
scale acoustic waveguide sensing, in designed experiments should be used to improve our
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 catch statistics provide insight into the behavior of fishes and invertebrates in
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 assessing noise effects on non-ESA species will be whether noise
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 into consideration because impacts will be different during construction,
operation and decommissioning phases. Fishery-independent surveys may be useful for
evaluating effects of construction or acute exposure activities while fishery-dependent catch data
may be more valuable at assessing operational impacts. Historic catch data can capture the
natural variability that is important for detecting impacts from particular sources. Fishery-
dependent catch data may be very useful for exploring long-term trends. Aggregated catch
statistics can be also be useful in marine spatial planning to avoid overlap or conflicts between
the fishing and energy industries (e.g. driftnet fishery catch statistics used to plan activities
within Cook Inlet, Alaska).

While there were Norwegian examples of using low and high resolution of catch data from
governmental agencies and fishermen (private logbooks on special agreements) to study the
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 system (VMS) does exist, but gaining access to the data is problematic due to the
propriety nature of catch and effort data, particularly when small-scale data 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 and cultural differences in relationships between the fishing industry, regulatory
agencies and/or the energy industry. Fishery management sectors for example may differ 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 other than sound can influence catch statistics: area closures, quotas, bycatch 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. vessel noise, trawl noise) when analyzing catch data. Surveys of abundance may
require consideration of multiple factors, but catch statistics can be used in a straight-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 development
may be near the coast where recreational fishing is more prevalent. Catch statistics may be
limited for species that are recreationally or ecologically important.

Also, behavioral effects will be important in interpreting changes in catch statistics (e.g.
interpreting and understanding changes in catchability and local movements). A number of
Norwegian studies (see Section 6.1.7 of Appendix E, the Literature Synthesis, for further
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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 catch rates for different gear types. Scaling impacts is a challenge, as specific projects
primarily look at lethal/harmful effects, but have not looked at cumulative effects and are not
focused on sub-lethal effects. Studies of catches can be combined with specific experiments 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 behavioral
and physiological conditions?

2. 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)?

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?

c N o O

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 need to predict the response of fishes and invertebrates over varying spatial and
temporal scales to noise-generating activities in order to identify any potential for disruption to
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economic enterprises such as commercial fisheries, recreational fisheries, and ecotourism.
Insight into biological responses may help identify ways to reduce degradation of the
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 baseline information indicating that there is a need to have more
complete baseline data on soundscapes, habitat, and species biology. Management agencies
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 important. Different species in the same environment may respond to noise
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, physiological, and behavioral responses to sound. The identification of species
groups that respond similarly to sound may be useful. Identification of responses to noise
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 long-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?

Avre 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?

N o g bk~ N

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 questions related to potential risks associated with sounds from seismic surveying, pile
driving, sonar, or vessel traffic. There is a need to develop dose-response relationships for the
effects of sound on the health of commercially important invertebrates taking into account the
species and sound source in the area of concern. Health effects can be manifested in various
ways and parameters for consideration would include effects on behavior, as well as effects that
could involve biochemical, histopathological, and overt pathological endpoints. Fundamental
research is required on sensory systems in invertebrates in relation to sounds transmitted 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 probably need to be considered since work cannot always be done on large, highly
mobile, or endangered species. There may be a need to investigate the effects of sound on prey
species for fishes and invertebrates or at least for keystone ecologically or commercially
important species. Assessment of health effects on fishes and invertebrates in the laboratory or
similar locales should give attention to possibly confounding factors such as chemical and
parasite loading. Fundamental research is required on the potential effects of sound on the lateral
line system in fishes. Although a subject of considerable attention to date, there is need to
separate the sensitive physiological (biomarker) response of TTS from other effects such as the
production of major organ pathologies which can be more valuable for defining adverse or
irreparable biological damage. There was also important discussion as to whether TTS is of
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 information through the design of appropriate behavioral assays (as appropriate)
should also be considered.

Notwithstanding the difficulty of considering different strata of water (or sediment) where
animals may occur, modeling of the total energy budget in an area of concern could have value
in assessing risk.

The term stress is commonly used in physiology in conjunction with neurohormonal linked
activation of the brain-adrenal-medulla axis or the brain-pituitary-interrenal axis which can
involve altering such functions as oxygen uptake, mobilization of energy reserves, reallocation of
energy and immunocompetence. This definition of stress denotes disturbance to homeostatic
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 behavior
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 effect 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. This is necessary since it is all but impossible to measure population level
reductions or loss of productivity in the environment (except possibly 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 the sensitive biomarker studies on fishes carried out in conjunction with seismic
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 laboratory studies or similar locales, can provide important tools for assessing 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 Sessions Three and Four presented summaries of topics discussed within
breakout groups, as previously described in Sections 2.2.3 and 2.2.4. For details of these
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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 identified
within that topic.

Session One reiterated that information on the effects of underwater sound is needed to enable
BOEM to predict, assess, and manage impacts from offshore energy and marine mineral
exploration, and development, and production activities on human, marine, and coastal
environments. The information is used by BOEM to direct future research, assist with NEPA
and other environmental analyses, develop monitoring and mitigation measures in 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 into account. Finally, mitigation requires close examination to ensure that it protects
marine resources.

Session Two attempted to define the fish and invertebrate species, habitats, and fisheries of
concern in regards to impacts from noise-generating activities. Impacts on endangered and
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, subpopulations, and populations) to sound, because this
information is necessary for the quantification of any impacts resulting from sound-generating
activities. Fisheries managers need clear guidance regarding what information is needed from
them to help fill such gaps in knowledge, which includes access to data and information
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 terminology as the current use of terminology is inconsistent and not always
appropriate. Because of this, an authoritative and critical glossary of international terms
currently used is required. There are issues in the descriptions of marine soundscapes, including
quantification, identification of trends, identifying impacts, and units used 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 Four focused on the effects on sounds on fishes and invertebrates, and identified the
great diversity, both within and between species, of these animals as an important consideration
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when trying to generalize. Advancing our knowledge of the hearing abilities of fishes and
invertebrates, the effects of masking, and effects on behavior and biomarkers 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 people representing nine countries with 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 gaps in our understanding of the effects of noise on marine fishes,
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.
i. 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 decisions are
science-informed, rational, and non-arbitrary. This will be accomplished thorough aggressively
seeking knowledge, which will require partnership between science-driven researchers and the
applied industry side. BOEM requires that research funded by BOEM be applicable to
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 objectives of the Workshop were put into the context of the process of the BOEM
Environmental Studies Program (ESP). Workshop participants can help with the first step: to
identify gaps in our understanding, and identify topics that can be solved through targeted
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 of our understanding of the effects of man-made sounds on fishes, fisheries, and
invertebrates. Missing information was evaluated in terms of what it could contribute to BOEM’s
ability to assess impacts to these resources under NEPA as well as the ease with which 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 Workshop. The
left-hand column (“Drivers for Information Acquisition”) describes the underlying concerns or
actions that raise the questions for which answers are not readily available from existing
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 important to retain the breadth of the data gaps and information needs identified
during this study, it is also important to consider these needs in terms of BOEM’s mandates.
Clearly readers with different backgrounds or different research interests are likely to have
varied opinions as to what the most important gaps are to fill. BOEM, however, has specific
needs in order to advance its missions. BOEM must conduct unbiased, scientifically-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 these broader research questions may, however, have to be the responsibility of
many groups around the world.
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A. Strategic Requirements

Drivers For Information Acquisition Information Gaps

Information on the effects of underwater sound | The priority is to seek information to:
is needed to enable agencies to predict, assess,
and manage the impact of man-made sounds in
marine and coastal environments. It is especially
important to acquire sufficient information to
make scientifically supportable assessments of
the effects on fishes, fisheries, and invertebrates
resulting from sound-producing activities.

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.

A.1. Assessing and Predicting Impact

Drivers For Information Acquisition Information Gaps

An important mechanism for demonstrating | Progress must be made in defining
BOEM’s adherence to its environmental | significant impact versus negligible impact
responsibilities is through careful impact and | and in examining the gradient of effects
effect analysis in the NEPA process. The NEPA | that might result from different levels of
analysis incorporates all relevant federal | exposure to man-made sound.

regulations, including the ESA and the
MSFCMA. Critical to determining whether
information is sufficient is an understanding of
what defines a significant effect. The definition
may differ between species covered under the
ESA and other species. An effect may be
significant at the level of the individual animal
for ESA species, whereas for a non-ESA species
the same factor may be considered significant
only if a population-level effect were expected.
Even at the non-ESA species level, the definition
of significant impact may be dependent on the
type of population structure and behavior of a
given species. For a species with isolated
populations or sensitive life stages, a localized
impact could have much greater consequences
than it would for a species where populations
extend over large areas.

A.2. Mitigation

Drivers For Information Acquisition Information Gaps

Actions to mitigate the impact and effects of | Proposals for  mitigation must be
man-made sounds are important to individual | accompanied by evidence that the
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animals and, in some cases, populations. The
need to present mitigation measures depends on
defining the actual impact. Some mitigation
measures, such as efforts to reduce sound-
generation or create barriers to sound
transmission, may have wide applicability and
effectiveness. Other measures may be less
efficacious for some organisms. It is desirable to
define criteria for evaluating the success of
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 as those that arise
from the temporal repetition and accumulation of
effects from a particular source—for example
the repeated strikes of a pile driver. By contrast,
in-combination effects, sometimes described as
synergistic or aggregate effects, arise from the
accumulation of effects from different types of
stressor—for example, from sounds from
different sources or from the combined effects of

sound exposure, water contamination, and
fishing.
Currently there is an inability to conduct

appropriate cumulative and aggregate impact
assessments. More rigorous methods are
required to assess the cumulative impacts of
offshore energy by itself and in combination
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

In setting priorities in terms of fishes and
invertebrate species, habitats and fisheries of
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 activities are not likely to damage
protected species or critical habitats.

For ESA-listed species, information is required
on any action leading 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 potential of an individual.
Information on the responses of ESA-listed
species to sound has limited utility if those
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 effects on non-ESA species is
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 sensitivity of the resource to the
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.

Vocal animals may be worthy of special
consideration and there is a need to identify and
catalogue these species and their sounds. Man-
made sounds can also affect non-vocal animals

fitness.

Note that consideration of endangered and
threatened  species inevitably involves
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

43



Gap Analysis

as well however and research should be directed
to these potentially important effects.

Recent studies have suggested that the larvae of
fishes and invertebrates may direct their
movements towards the sounds of their
particular habitat, although the distances over
which this behavior occurs is unknown. Man-
made sound may exacerbate the ecological status
of these species by interfering with the attraction
and settlement of larvae.

Past studies presented during the Workshop®
have demonstrated different behavioral effects of
sound exposure on catchability for fishing gears
that differ in the capture mechanisms they
employ (e.g., trawls, gillnets, long lines).

Impacts to non-ESA species are likely to be
considered major if important resources would
be adversely affected over large areas relative to
species distribution and diversity within the
project area. Such impacts would cause:

e Substantial reductions in population size
or changes in distribution of important
species;

e Substantial long-term loss of existing
habitat;

e Substantial deterioration

habitat;

of existing

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 effects upon populations and
habitats requires considerable knowledge of
the ecology and population dynamics of the
key species. Much work is already underway
on those fishes and invertebrates exploited by
the major fisheries. However, fisheries
managers are already busy managing their
particular fisheries, which are often in a poor
state, have a high public profile, and face
numerous future threats. With restricted
resources they are limited in their ability to
assess  possible  future effects 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 Lgkkeborg
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(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 threatened species of fishes in
the Atlantic include: Atlantic salmon, shortnose
sturgeon, Atlantic sturgeon, and smalltooth
sawfish.

Critical habitat has been designated for
smalltooth sawfish and is being considered for
Atlantic sturgeon. Offshore waters adjacent to
mouths of rivers and estuaries are areas of
particular concern for sturgeon.

For invertebrates, no species are currently
designated endangered. The threatened species
include: elkhorn coral, staghorn coral; additional
coral species are candidates for listing. Critical
habitat has been designated for elkhorn and
staghorn coral.

Priority habitats in the Atlantic include ‘live

bottom’ areas with corals, invertebrates, and

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 impact of sound on endangered and
threatened species, interest in the Atlantic is
also especially focused on effects of sounds
upon the valuable commercial fisheries.

The Atlantic is also an area where new
renewables, aggregate extraction, and oil and
gas developments are or will be under
consideration.

The Fishery Management Councils have
designated Essential Fish Habitat (EFH) and
Habitat Areas of Particular Concern
(HAPCs) for managed species to address
fishing and non-fishing impacts. Other
spatial management measures are in place to
protect species and areas of particular
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 invertebrates. Other important areas are
those containing Occulina deep-water corals
(together with golden crab, shrimp); and inlets
and coastal areas <5m offshore (croaker, drums).

Other species of concern because of their
vulnerability to fisheries and other factors
include: Atlantic bluefin tuna (Thunnus thynnus),
dusky shark (Carcharhinus obscures), porbeagle
shark (Lamna nasus), and rainbow smelt
(Osmerus mordax).

In the South Atlantic, commercial fisheries target
many species, including the snappers, groupers,
herring, shad, menhaden, black-sea bass,
porgies, Atlantic croaker and weakfish/red
drum/other Sciaenidae, tuna, and migratory
species including billfish, dolphin, wahoo and
tilefish. Valuable invertebrates include spiny
lobster, penaeid shrimp, squid, golden crab, and
deep-water shrimp. There are many soniferous
species including snappers, groupers and
croakers.

In the North Atlantic a very wide range of
federally and state managed fish and invertebrate
species. Priority species in terms of risks from
exposure to high level sounds are:

e ESA-listed species

e Acoustically-sensitive clupeids (herrings)
(e.g., Atlantic menhaden [Brevoortia
tyrannus] and Atlantic herring [Clupea
harengus], for  their = commercial
importance.  River herring (Alosa
aestivalis and A. pseudoharengus) are
candidates for ESA listing.

e Fishes (e.g., Atlantic cod, haddock and
cusk Brosme brosme) that use sound to
communicate or locate prey and are
overfished or are close to being
overfished.

e Fishes (e.g., elasmobranchs and sturgeon)
whose populations are reduced and that

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 slow-growing, late maturing species
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 are no marine, anadromous, or
catadromous fishes or invertebrates currently
listed or proposed for listing as endangered or
threatened in the Arctic Region.

Priority species from a fisheries standpoint
include: Arctic cod, saffron cod, snow crab.

Essential Fish Habitat (EFH) areas in the Arctic
OCS have been described for Arctic and saffron
cod and snow crab. No Habitat Areas of
Particular Concern (HAPCs) have been declared
for the Arctic.

Fisheries for pink and chum salmon may also be
significant. Subsistence fishing in the Arctic
OCS is economically and culturally important
for many Alaskans.

There is potential for a shift of fisheries into the
Arctic as water temperature rises. Expected
changes in environmental conditions may have
enormous consequences for the fish stocks in
polar and sub-polar regions. An assessment of
sound-producing activities associated with
energy development in this region could be
incorporated into the U.S. Arctic Fishery
Management Plan.

B.3. Biological

Drivers For Information Acquisition

Biological mitigation involves choosing a season
or time of day or location where impacts upon
fishes from man-made sounds will 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
to this area and ways must be found to
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.
Arctic will provide a valuable tool for
assessing the impact of future development
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

47



Gap Analysis

knowledge of the biology and ecology of the
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 wide range of instruments and metrics are
used to measure, describe, and analyze
underwater sounds. However, to date, sounds are
normally described in terms of sound pressure,
whereas many organisms respond to particle
motion.

Increasingly, biologists and others without
specialist knowledge of acoustics are conducting
measurements and applying different metrics to
different taxa, often without guidance on the
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
of underwater sound uses differing and
confusing terminology. There are no widely
accepted definitions or terminology applicable to
underwater sound for universal use. Even the
common term sound pressure level is defined in
different ways by ANSI and ISO, the two main
standards organizations. There is no widely
accepted definition of source level. The lack of a
standard terminology creates ambiguities 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 the world attempting to rationalize
terminology for use in underwater acoustics,
and yet it is not clear that there is sufficient
collaboration or cooperation between them.
Current efforts could result in “competing”
metrics — a situation that would help no one.

C.2. Background Levels of Sound in the Sea

Drivers For Information Acquisition

There is strong interest in describing and
analyzing the characteristics of soundscapes in
different parts of the ocean, including inshore
waters as well as other aquatic environments.
How do these vary by locale, season, time of
day, weather conditions, etc.? Aquatic
soundscapes are the result of:

e Ambient sounds generated by physical
factors;

e 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 associated with different habitats
and ecological niches.

Appropriate methods for the measurement,
description and analysis of soundscapes will be
critical in the future and for identifying trends in
level and characteristics of the acoustic
environment. There is currently no archive for
recordings and analyses of natural soundscapes,
performed to specified standards.

Monitoring of soundscapes before, during, and
after the new developments, like the construction
and operation of wind farms, is needed, but is
not being carried out. Most observations on
soundscapes have been incidental to other

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. Commercial companies carry out
some monitoring, but the results are not
generally made available to others who might
have need for such data. There is a need for a
repository of data on soundscapes and the
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 spatial) generated by various man-made
sound sources is crucial to understanding the
effects of sound exposure. There are currently
few agreed upon standards for measuring the
output of different sound sources. Particle
motion, which is an important component of
sound detection for fishes and invertebrates, is
seldom measured. Particle motion needs to be
accounted for and it requires vector rather than
scalar measurements.

There is currently no archive of sound files,
recorded to an agreed-upon standard, providing
examples of the sounds generated by different
sources.

Sounds of differing characteristics (e.g.,
impulsive vs. continuous; short vs. long term)
have different effects upon animals. We need to
know how we can reduce the impact of those
sound characteristics that are especially
damaging.

The oil and gas industry has conducted some
research that describes the outputs of seismic
sources. Little research has been done on other
potentially damaging sources, including pile
driving where substrate borne vibration may be
especially important to fishes and invertebrates.

Of considerable concern is how we should
measure the output of sound sources and
quantitatively assess the effects of different
sound sources on fishes and invertebrates.
Currently, the particle motion generated by

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
this is the parameter that many fishes and
invertebrates respond to. Sound sources and
their outputs must be monitored and analyzed
from the perspective of the affected animals if
we are to understand fully their impact and
effects.

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

What future trends should we expect in the
development of sound sources? Are aquatic
animals likely to be subjected to larger pile
drivers, more extensive seismic surveys and
wider swathes of dredging and aggregate
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 sounds travel away from the source their
characteristics change. Examination of the
changes accompanying sound propagation are
important for interpreting measurements made in
the field and require the application of models to
assist in estimating effects upon animals.

The propagation of sounds through the sea and
seabed can greatly influence the sound received
by fishes and invertebrates. Propagation models
are available for specific oceanic environments
(i.e., shallow, deep, ice covered, and temperate
waters). However, those models have primarily
been developed by industry for their own
purposes. For assessing the exposure to which
animals are subjected and predicting effects,
researchers and regulators need to be able to
estimate the received levels of sound pressure
and particle motion to which aquatic animals are
exposed in the water column and close to the
seabed. Current models have not been designed
specifically to do that.

With respect to the masking of biological
sounds, there is concern that impulsive sounds

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

Some sound sources, including seismic airguns
and pile drivers, send energy into the seabed,
creating substrate vibrations that may affect
benthic organisms.

C.5. Masking

Drivers For Information Acquisition

Man-made sounds have considerable potential
for masking the detection of biologically
relevant signals by animals. Prolonged sounds,
such as those from vibroseis, shipping, drilling,
dredging, aggregate extraction, vibratory pile
driving and fixed platforms for oil and gas
operations are especially likely to mask
biologically important sounds. There is also
potential for discrete but repetitive sounds to
merge together as a result of propagation to
produce sounds that will effectively mask
sounds. Moreover, some man-made sounds may
resemble the sounds 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 measures applied to the source itself
that might decrease the exposure of animals to
sound.

Mitigation is often stipulated in issuing leases
but there is still a substantial need to demonstrate
that source mitigation is actually effective. In
some cases, such as in pile driving, little is
known about how sound radiates from the pile
through the water and through the substrate, and
there is substantial variation from site to site
(and even pile to pile) on the effectiveness of
mitigating devices such as air bubble curtains.

In considering source mitigation it is important

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 examine those characteristics of the sounds
that might make them especially likely harmful
to fishes and invertebrates (in terms of level,
duration rise time, repetition, kurtosis etc.).

Can other less damaging sources replace those
sources in current use? Are there technological
alternatives? Are there ways of avoiding the use
of high-level sound sources or replacing them
with other less damaging sources?

C.7. Sound Measurements

Drivers For Information Acquisition

Some sound measurements in water cannot
readily be made because appropriate
instrumentation is not commonly available. This
applies especially to the measurement of particle
motion.

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 instrumentation
that can operate in the near field, without
damage, to measure both pressure and particle
motion.

Knowledge of particle motion amplitudes
generated by anthropogenic sources is required
close to the water surface or close to the seabed
where the physics of the adjacent media must be
taken into account.

In addition, measurements and analysis
techniques are required that can be applied in
complex acoustic environments, such as rivers,
lakes and estuaries.

A substantial issue is the need to obtain, in the
laboratory or in the field, data on the hearing
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 tubes and other containers is required
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 studies to examine effects of
exposure to pile driving sounds on fishes.

D. Effects of Sound on Fishes and Invertebrates

Drivers For Information Acquisition

The great diversity of fishes and invertebrates
poses major problems in understanding the
effects of sound upon them. It is not just
diversity of species within each taxonomic group
but also diversity of animal size and life history
status within each species. An important
question is whether it is possible to identify
particular “types” of animals that may serve as
models for other species and life history stages.
Can we make reliable broad generalizations
about effects of sound on such diverse groups?

In considering fishes it is
cartilaginous species (sharks and
considered along with the bony fishes.

important that
rays) be

Knowledge of the hearing abilities and behavior
of fishes and invertebrates with respect to sound
is not just of academic interest. Hearing
threshold curves or audiograms are already being
used in environmental statements to assess
whether animals are potentially affected by man-
made sounds. Subjective metrics for impact
assessment, and especially those based on
weighted frequency responses, require reliable
measurement of hearing abilities.

The use of physiological methods to measure
hearing abilities is less satisfactory than the use
of behavioral methods. Physiological methods
(e.g., auditory evoked potentials) only measure
detectable responses from the ear or lower
portions of the brain. They 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 on the masking of biologically
important sounds by ‘real’ sounds — 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 determining
how fishes and invertebrates use sound and the
soundscape and respond to man-made sound,
there are remarkably few experimental data.
There are almost no observations obtained from
fishes and invertebrates exposed to man-made
sounds under controlled or field conditions.
Valid audiograms are only available for a
handful of species. Many studies have been
carried out under inappropriate acoustic
conditions where the reliability of acoustic
measurements has been open to doubt. There is a
lack of facilities in which sound signals can be
presented to fishes and invertebrates under
carefully controlled conditions. If appropriate
acoustic conditions can be provided then it
should be possible to investigate further the
thresholds or criteria for the occurrence of
different effects from exposure to sound, the
nature of any effects and how they change with
different sound types and levels. It should also
be possible to determine those source
characteristics that cause detrimental effects;
e.g., magnitude, rise time, duration, kurtosis,
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 and vibration by invertebrates. Some
invertebrates such as snapping shrimps and
lobsters are known to produce specific sounds,
but the role of these sounds remains to be
determined. The role of sound in lives of these
animals has hardly been explored, and
information on the impact of man-made sounds
is almost totally lacking. There is a particular
lack of controlled exposure experiments on
invertebrates. In particular, the slate is blank
with respect to studies of the potential of sound
exposure to affect delayed mortality or sub-lethal
injury in invertebrates. The few studies carried

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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out indicate a potential for sub-lethal
biochemical, physiological, or histopathological
responses.

In this state of ignorance there needs to be a
focus on examining those species that are of
greatest interest, either because of their
ecological importance, or their role in supporting
commercial fisheries, or because sound is
suspected of being important to them. Especially
important animals might include Crustaceans
(crabs, lobsters, shrimps), Mollusks (scallops,
clams) and Cephalopods (squid, octopus), and
those organisms making up the zooplankton.

Having selected priority species, it will be
sensible to investigate how well they can detect
sounds, and examine how they use sound in their
everyday lives. Do some or all of these
invertebrates communicate by means of sound?
Is sound important for vital life functions like
reproduction, migration, feeding, or choice of
habitat? Are the sounds important to
invertebrates likely to be suppressed or masked
by man-made sounds that alter the soundscape?
How does exposure to sound affect invertebrate
physiology and their behavior? Are there
biomarkers that might indicate effects? What
amplitudes of sound and vibration potentially
cause effects, and can dose/response curves be
developed?

The effects of exposure of invertebrates to man-
made sounds has been examined in only a few
species, but sufficient work has been done to
indicate that there may be tissue injury and other
physiological effects from exposure to high level
sounds.

There is a particular lack of knowledge on the
behavior of invertebrates in response to sound.
Do any invertebrates show substantial behavioral
reactions that potentially alter fitness (e.g.,
reductions in settlement within favorable
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 sounds that are important in
their everyday lives. Commercially important
vocal fishes include the families Gadidae
(codfishes), Sciaenidae (croakers and drums),
and Serranidae (groupers).

There is considerable scope for man-made
sounds to suppress or mask those sounds with
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 knowledge of the hearing abilities of
fishes is required to assist in examining the
effects of man-made sound upon these animals,
both in terms of sound pressure and particle
motion.

An immediate question is whether fishes can be
sorted into different functional hearing groups,
obviating the need to examine every Species.
What do we need to know to define the main
groups?

There are severe methodological difficulties to
be overcome in conducting experiments on the
hearing of fishes. The need for appropriate
acoustic conditions for the presentation and
measurement of sounds in terms of both sound
pressure and particle motion has already been
emphasized. There is also a need to perform
experiments on hearing against different levels
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) measurements show lower
sensitivity but wider bandwidth than those
obtained from behavioral techniques. Currently,
impact assessments are being conducted using
data on the hearing abilities of fishes that has
been determined under less than optimal acoustic
conditions and which may not be truly
representative of the natural environment. Better
data are required.

We know that fishes can discriminate between
sounds of differing quality and can determine the
direction and distance of sound sources. It also
seems likely that some can detect substrate
vibrations. The full extent of their hearing
capabilities remains to be explored. The
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 effects of masking can be of considerable
significance. This issue is not currently being
given sufficient attention in the preparation of
impact assessments. The presence of man-made
sound has the potential to inhibit or suppress
vocal behavior and may interfere with vital life
functions. As mentioned earlier, it is important to
gain a wider general knowledge of the
importance of sound to fish behavior so that the
population level consequences of masking can
be assessed.

Periodic and intermittent sounds may affect
masking if they are merged together as a result
of long distance propagation and reverberation.
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 is known about the magnitude of the
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 particular concern since it is likely to
occur in only a small fraction of a fish
population that is closest to an intense sound
source. Rather, there is interest in sublethal
effects and the potential for delayed mortality.

There are a number of ways of assessing
physiological effects, including tissue damage
(including damage to the auditory tissues), the
use of biomarkers (measures of changes in the
physiology of the animal), and changes in
auditory sensitivity, for example Temporary
Threshold Shift (TTS). The importance of these
measures needs to be critically assessed. Which
injuries can be regarded as potentially lethal, and
which are unlikely to affect the animal in the
long term?

Which biomarkers are indicative of a real and
lasting change to the physiology of the animal,
affecting vital life functions, and which are more
transient? Effects have been observed from
sounds on blood proteins, blood enzymes, blood
calcium, food consumption rates, growth rates
and the state of the hepatopancreas (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
level of hearing loss and persistence has
significant implications for behavior?

In terms of injury and tissue damage it would
appear that some fishes, and especially those
possessing gas-filled swim bladders or other
cavities, might be more susceptible to damage
than others, and that the rate of equilibration
with depth is important.

The  development and application  of
physiological trauma indices for fish, which
quantify a qualitative assessment of injuries,
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 response might not be accorded the

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 status as a change in histopathology of a
vital organ.

An issue of great importance is the effect of
intermittent exposure. Many man-made sounds
are repeated, both through repetition of a single
source and the recruitment of additional sounds
from other sources. Are there cumulative 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?

Assessing the effects of cumulative and
aggregate exposure has implications both in
terms of dose/response relationships and more
broadly in terms of designing mitigation
measures.

As mentioned earlier, comparison of the relative
impact of exposure to different duty cycles
(patterns of presentation) also has relevance to
the metrics used to describe and measure
cumulative effects from multiple pulses from the
same source.

D.6. Effects of Sounds upon Behavior

Drivers For Information Acquisition

The potential impact of man-made sounds
extend well beyond the distance for physical or
physiological impacts, and a major concern is
whether these sounds affect behavior, in turn
affecting vital functions such as reproduction,
migrations or choice of habitat. Behavioral
impacts may range from small (and
inconsequential) awareness of the sounds to
fishes changing their migratory routes, leaving
favored sites for feeding and/or breeding, 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 valid results. Fishes show changes in
behavior and restrictions in their behavioral
repertoire in captivity. Currently we have only
poor knowledge of behavioral responses and
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 sound. Moreover, impacts from man-made
sound on fishes leading to changed behavior
must be understood in a species specific, size
specific, biological state specific and seasonal
context.

Different types of sound sources may elicit
different kinds of behavioral reactions or result
in onset of behavioral reactions at different
sound levels. Responses may vary greatly by
species, motivation of animals, and other
behavioral and physiological conditions. An
important question is whether an observed
response results in impaired access to essential
habitat for feeding, reproduction, concealment,
territoriality, communication, or other life
processes.

It is important to consider which aspects of the
sound are responsible for a given behavioral
response (i.e., exposure level, peak pressure,
frequency content, etc.). The effects of chronic
exposure over long periods to low level sounds
may be as important as exposure to isolated
high-level sounds.

It is known that fishes may change their
behavioral responses after the repeated
presentation of sounds. In some cases their
reactions may diminish and they may eventually
ignore the sound. The full response may be
restored after an interval without sound.

D.7. Effects of Sounds upon Catches

Drivers For Information Acquisition

The distributions of both pelagic fishes and
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 that there may be long term effects
from sound exposure, resulting in highly
migratory fishes such as herring and blue
whiting leaving or avoiding areas where sound-
producing activities are taking place. Other
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 upon catches may differ for different
types of fishing gear (bottom trawls, long-lines,
gill-nets) since the efficacy of these gears
depends on different behavior patterns. Effects
may also differ on different fishing grounds.

Overall, comparison of catch data is of limited
utility in understanding impacts of sound,
because of the spatial and temporal resolution
and variability. Specific, planned, large-scale
experiments are necessary to compare catches in
the presence and absence of sound, similar to
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. Modeling tools are needed to
understand population risk from exposure.

A major unanswered question is whether there is
a significant impact on the fitness of individuals
within populations that jeopardizes the viability
of those populations. The National Research
Council (NRC) addressed this question in its
2003 report on marine mammals and ocean noise
(see NRC 2003), but the principles apply equally
to all forms of aquatic life.

There is increasing recognition that sublethal
impacts (e.g., communication masking and
significant behavioral responses) from chronic
exposure to sounds are perhaps amongst the
most important considerations for populations of
animals, particularly as they interact with other
stressors such as fishing, habitat loss,
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 marine mammals to
potentially deleterious man-made sounds can be
avoided by detecting their presence followed by

modification of the noise-making procedures.

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
routinely used to detect the animals by
registering their natural calls. PAM systems have
not yet been developed to detect the presence of
fishes, perhaps because there are fewer vocal
species and the calls are often low in amplitude.
Moreover, unlike marine mammals, fishes and
invertebrates do not make their presence known
by surfacing at regular intervals.

For marine mammals PAM is often 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

The use of ‘ramp-up’ or °‘soft-start,” or the
application of aversive stimuli, is often
suggested as a mitigation measure for avoiding
exposure of fishes to man-made sounds, and it
could potentially be useful for invertebrates as
well. It is assumed that initial exposure to low-
level sounds may induce fishes to move away
from the area, avoiding injury and physiological
damage. The efficacy of this method of
mitigation with respect to fishes has yet to be
demonstrated. Many fishes and invertebrates live
within discrete, favored areas. Others have
limited swimming capabilities. Clearly, only
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 research that are especially relevant to BOEM have emerged from the analysis. New
research in these areas would move science further forward since it would provide better
understanding of the effects of sound on fishes and invertebrates. Based on input from the
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 long-term data sets. It is especially important to begin the monitoring of
soundscapes in areas of future change and/or critical habitat (C.2). There are currently only a few
ocean observing stations dedicated to ‘ecological’ sound measurements. A long-term
commitment is required for the establishment of such stations and to programs to survey
different ocean 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 Arctic and Wind Energy Areas or marine minerals extraction areas in the Atlantic. An
important question is how much man-made sound the environment can tolerate without its
ecological status being changed (C).

There is a need for a library of sounds produced by fishes and invertebrates. Lack of such a
library hinders use of passive acoustics as a tool for determining effects of sound on behavior
and examining masking of communication by man-made sounds.

New tools are required to identify unknown biological sound sources and document associated
behaviors. Better software tools are also needed to automate measurements of sound
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 of raw data enables a time 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 of the sound metrics and their statistics collected by long-term studies using passive
acoustic monitoring networks may provide useful information for marine spatial planning, site
evaluation, and impact assessments. Because soundscapes vary at different locales within the
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regions of concern, site-specific studies of passive acoustic monitoring should be performed
before, during, and after sound-generating activities related to the energy industry (e.g., site
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 important, have not yet been adequately characterized in terms of the sound fields they
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). There is a particular need to investigate the propagation of sound and
vibration through the seabed as this is especially relevant to benthic fishes and invertebrates and
for exposure to both pile driving and seismic airguns.

There is a need to describe and fully evaluate the effects of the sound 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 should be expressed in terms of metrics that may be most useful in describing
effects upon marine organisms. (See presentation by Ainslie in Section 2.2.3). As many fishes
and invertebrates are sensitive to particle motion, rather than sound pressure, it is especially
important to monitor particle motion along with sound pressure. The development of
instrumentation and software for this purpose should receive a high priority.

Studies should provide raw data to allow for different metrics to be applied subsequently,
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 the effects 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.q., cages, pens) but in either case the experiments must include precise measurements of sound
pressure and particle motion received by the animal. There is a need to develop a broader
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, and which might be incorporated into trauma indices and applied in determining
dose/response relationships (D.5)?

Assessment of effects has to include both cumulative and aggregate effects of sound exposure.
The effects of repeated exposure to single and multiple stressors and interactions between
multiple stressors (both natural and anthropogenic) must be considered (A.3). There is a need to
decide which metrics are most appropriate for expressing the accumulation of sound energy
(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 subjects representative of the different groups defined by sound detection ability,
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 levels and characteristics sufficient to quantify mortality,
physiological damage, temporary threshold shift, masking, and behavioral responses; 4)
appropriate instrumentation to precisely measure a suite of sound characteristics (e.g., spectral
density, sound exposure level (single strike and cumulative), rms sound pressure levels,
measures of peakiness, rise time, particle motion, etc.) presented to treatment groups; and 5)
processed and raw data should be adequately archived.

More extensive and detailed knowledge of the hearing abilities of fishes and invertebrates is
required. Hearing threshold curves (audiograms) are being used in environmental impact
assessments and/or in the preparation of weighting curves to assess whether animals are
potentially affected by man-made sounds. Much of the current 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 developed using behavioral analysis in carefully designed experiments that can
adequately replicate the sound characteristics of man-made sound sources (e.g., pile driving,
dredging, seismic airguns, etc.) under “free-field” or *“far-field” acoustic conditions. 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.
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.
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The susceptibility of animal hearing to masking by man-made sounds especially needs to be
investigated (B). The consequences for fishes and invertebrates of changes to the soundscape
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 needed in order to assess the effects of man-made sounds. Information is required on
responses over time (for example to repeated exposure) and over long distances. How 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 design may provide better information on the effects of particular man-made sounds to
catch rates and distributions (vertical and horizontal) of fishes and commercially important
invertebrates.

Selection of appropriate species for further study must be done carefully. Although ESA-listed
and candidate species for which habitat occurs in areas that would be affected by BOEM’s
missions are of great interest, practically-speaking these species are often not readily available
for experimentation. Species that are representative of the various anatomical and ecological
associations important to the Arctic or Atlantic OCS should receive high priority 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., squid), crustaceans (e.g., lobsters, shrimps),
echinoderms (e.g., sea urchin), and corals (e.g., coral larvae). Fishes and invertebrates that
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 questions posed in this section relate directly to BOEM’s missions, other
users of the OCS would benefit from the better understanding of the environmental
consequences of underwater noise. Design of field studies 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 locations, when they might be especially
affected by exposure to man-made sound (B.3). Specific requirements are to identify critical
habitats, migration routes, and reproductive periods so that exposure 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 decrease the exposure of fishes and invertebrates to sound. Research is needed to
establish the means for reducing unwanted and damaging sound from a range of sound sources.
Industry must look closely at making changes to those sources or seeking alternatives to them
that will cause less harm. Sound shielding technologies capable of effectively and verifiably
reducing harm from existing sources should also be investigated (C.6). In considering source
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 Monitoring (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 harder to detect fishes and
invertebrates. There is a possibility that active acoustic monitoring, by means of sonar, may
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 because 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 mitigation measures have been implemented to overcome or reduce the effects of
exposure to sound, the efficacy of those measures should be monitored and assessed (A.2).

In all cases, the value of mitigation measures that may result in a reduction of the execution
performance of the operation being conducted should be weighed against the possible
exacerbation of impacts due to the lengthening of its duration. For example, if the mitigation
measures require a reduction in the level of an impulsive sound, but this leads to a larger number
of impulses (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 population data is imperative for assessing the impact of man-made sounds on fishes and
invertebrates. Concurrence on definitions of significant impacts is important to shape permit or
mitigation requirements and understand potential cumulative effects (A) and can feed into (or
from) Fishery Management 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 populations of fishes to be
examined more effectively (D.8).

The development of ecosystem support tools, including mapping facilities, are important for
future management and are the responsibility of a number of agencies. These tools might include
enhanced species and oceanographic monitoring; pelagic/benthic habitat mapping 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 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 (C.1).

A common terminology needs to be developed for sound measurement and exposure that is
useful and understandable to the whole community — from acousticians to biologists to regulators
(C.0).

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 (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 sound pressure and particle motion (C.7). Such field sites are required to extend
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 ways of reducing and mitigating these impacts. BOEM can overcome deficiencies in the
current state of the science in several ways: continued coordination with resource managers;
participation in additional research; and, coordination with the offshore energy and marine
minerals industries.

Continued contact with other agencies and resource advocates can keep BOEM aware of the
changing status of knowledge of the species of concern, as resource agencies are continuing to
identify important habitat areas and acquire information about the species for which they are
responsible. This will enable BOEM both to make environmentally sound decisions about the
activities under their purview and to help focus research on sound impact. In addition,
discussions with resource managers can clarify which responses to sound constitute significant
impact.

BOEM’s need to conduct rigorous impact assessments puts them in a position to seek better
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 has to balance the activities of the offshore energy and marine minerals
industries with the need to protect the environment. By explaining the concerns of the resource
agencies to these industries, BOEM will enable these industries to be active participants 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

AGENDA: Welcome & Day One

All sessions will be held in the Meeting House Conference Center.
Lunch and breaks will be held at the Tiki Pavilion.

The framework for the presentations, discussion, and breakour groups is based on the Literature Synthesis thar was complered

prior to the workshop (and is available for download on the workshop website wiww boemsoundworkshop.com). In addition
1o the Literarure Synthesis, the workshop leads came up witl key questions for discussion and veview. These questions comple-
ment the sessions and are lisied in this program beginning on page 9.

WELCOME: Monday, March 19, 2012

8:00—9:30 p-m. Rr:.gist ration and Meet and Greet R::::t:ption
Location: Tiki Pavilion

Tuesday, March 20, 2012

7:30-8:45 a.m. Registration
Location: Outside of the Sunrise Room
Session One: Introduction and Overview
Location: Sunrise Room
Chair: Ann Pembroke, Normandeas Associates, Inc.
Rapporteur: Jennifer Miksis-Olds, Penn State

9:00-9:15 a.m. Introduction to Workshop, Purpose, and Goals
An}f PEH?&]’Y}}E} M}r}]fﬂrf{jﬂﬂ“ A_T.fﬂf}'dfﬁf

9:15-9:40 a.m. BOEM Introduction and Overview

Alan Thornbill, BOEM
9:40-9:50 a.m. Impact Statements and Regulatory Requirements for Offshore

Developments
Kim S&rup}‘}r, BOEM

9:50-10:10 a.m. Stare of the Science—Introduction to the Literature Synthesis

Arthur N. Popper, University of Maryland
and Anthony Hawkins, Loughine Ltd.

10:10-10:30 a.m. Questions and Discussion
10:30-11:00 a.m. BREAK
Please assemble ar the Tiki Pavilion at 10:35 a.m.
ﬁ:ar d group pf)oiv,

A-1
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11:00-11:20 a.m. Protected Species/Habitars

Craig Johnson, NOAA
11:20-11:40 a.m. Arctic Fisheries and Habitat
Steve Macl.ean, North Pacific Fishery Management Council
11:40-12:00 p.m. South Atantic Fisheries and Habitac

Jacln Daly, NOAA, and Roger Pugliese, South Atlantic Fishery
Management Council

12:00-12:20 p.m. North Atlantic Fisheries and Habitat
Kevin Friedland, NOAA

12:20-12:40 p.m. Questions and Discussion

12:40-2:00 p.m. LUNCH (provided)

Location: Tiki Pavilion

2:00-2:20 p.m. Measurements, Metrics, and Terminology

Michael Ainslie, TNO Defense, Security, and Safety
2:20-2:50 p.m. Sea Noise

Rob McCanley, Curtin University
and Christine Erbe, Curtin University

2:50-3:10 p.m. Seismic Sources
Michael Jenkerson, Exxon Mobil Exploration Company
3:10-3:40 p.m. BREAK
3:40-4:00 p.m. Pile Driving
Janies Reyfl, Hlingworth ¢ Rodkin, Inc.
4:00-4:20 p.m. Wind Farms
Jeremy Nedwell, Subacoustech Lid.
4:20-4:40 p.m. Other Anthropogenic Sources of Interest

Michael Ainslie, TNO Defense, Security, and Safery

Questions and Discussion

4:40-5:00 p.m.

Bureau of Ocean Energy Management Environmental Studies Program | Applied Science for Informed Decisions on Ocean Energy 3
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AGENDA: Day Two

7:30-8:30 a.m. Registration
Location: Outside of the Sunrise Room
8:30-10:15 a.m. Breakout Groups For Session Three

Location: A: Sunset Room; B: Esquire Room; C: Towne Room

A. Noise Generation: Characterizing Sources and Determining
Exposure
Chair: James Miller, University of Rhode Island
Rapporteur: Roger Gentry, EcrP Sound and Marine Life Joint
Industry Programimne

B. Noise Mitigation for Different Sources: Can Outputs be
Reduced? Are There Quicter Alternatives?
Chair: Roberio Racca, JASCO Applied Sciences
Rapporteur: James Reyff, Hlinguworth ¢ Rodkin, Inc.

C. Noise Measurements and Metrics that are Especially
Relevant to Determining Sound Exposure: Including
Cumulative and Aggregate Effects
Chair: Brandon Seuthall, Seuthall Environmental Associates,
Ine.

Rapporteur, John Stadler, NOAA

10:15-10:45 a.m. BREAK

10:45-11:00 a.m. Recap of Prior Sessions and Introduction
Ann Pembroke, Normandean Associates, Inc.
11:00-11:20 a.m. Diversity of Fishes
Brandon Casper, University of Maryland
11:20-11:40 a.m. Invertebrates
Michel Andre, University of Catalonia
11.40 am.~12:00 p.m. Injury and Effects on Fish Physiology
Michele Halvorsen, Battelle PNNL
12:00-12:15 p.m. Questions and Discussion

4 Bureau of Ocean Energy Management Environmental Studies Program | Applied Science for Informed Decisions on Ccean Energy
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12:15-1:15 p.m. LUNCH (provided)
Location: Tiki Pavilion
1:15-1:35 p.m. Injury and Effects on Invertebrates
Jerry Payne, Department of Fisheries and Oceans
1:35-1:55 p.m. Importance of Sounds for Animals-Sound Producrion and

Sound Detection: Changes in Behavior

David Mann, University of South Flovida

1:55-2:15 p.m.

The Auditory Seene, Communication, and Effects of Masking
Richard R. Fay, Loyola University Chicago

2:15-2:35 p.m. Bcehavior of Pelagic Fish in Response to Anthropogenic Sources
Jobn Dalen, Institute of Mavine Research

2:35-3:00 p.m. Questions and Discussion

3:00-3:30 p.m. BREAK

3:30-3:50 p.m.

Responses of Fish to Ship Noise
Alex De Robertis, NOAA

3:50—4:10 p.m. Effects of Noise on Catches
Svein Lokkeborg, Institute of Marine Research
4:10-4:30 p.m. Assessing Effects of Noise on Catches: Staristical Approaches

Steven Murawski, University of South Florida

4:30-5:00 p.m.

Questions and Discussion

Large Capelin

Bureau of Ocean Energy Management Environmental Studies Program | Applied Science for Informed Decisions on Ocean Energy
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AGENDA: Day Three

Thursday, March 22, 2012

8:30-10.30 a.m. Breakout Groups For Session Four
Location: A: Esquire Roon; B: Sunset Roows; C: Towne Room
A. Effects of Exposure to Sound on Catches
Chair, Alex De Robertis, NOAA
Rapporteur, John Dalen, Institute of Marine Research

B. What Do We Need to Know Abour Behavior of Wild Fishes and
Invertebrates in Relation to Sound Exposure?
Chair, Rob McCauley, Curtin University
Rapportenr, Michel Andre, University of Catalonia

C. Injury, Physiological Damage, and Stress as a Result of Sound
Exposure
Chair, Michele Halvorsen, Battelle PNNL
Rapporteur, Jerry Payne, Department of Fisheries and Oceans

10:30-11:00 a.m. BREAK

11:00-11:15 a.m. Recap of Prior Sessions and Intreduction
Ann Pemibroke, Nor dear Associates, Inc.
11:15 am.—12:00 p.m. Presentation from Session Three Breakout Groups on Sources and
Exposure followed by General Discussion
12:00-1:00 p.m. LUNCH (Provided}
Location: Tiki Pavilion
1:00-1:45 p.m. Presentation from Session Four Breakout Groups on Effects of Noise on
Fishes and Invertebrares followed by General Discussion
1:45-2:15 p.m. Information Needs and Data Gaps Identified at Workshop
Anthony Hawkins, Loughine Ltd
2:15-3:15 p.m. Questions and Discussion
3:15-3:45 p.m. BREAK
3:45-4:15 p.m. General Discussion
4:15-4:30 p.m. Final Comments/Summary from BOEM
Alan Tharnhill, BOEM
4:30-4:45 p.m. Workshop Closing
Ann Pembroke, Normandeau Associates, Inc.

6 Bureau of Ocean Energy Management Environmental Studies Program | Applied Science for Informed Decisions on Ccean Energy
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LIGHTNING SESSIONS
CC

ightning” sessions held from 8 p.m. to 10 p.m. Tuesday evening will feature five-minure,
three-slide prcscmatlons of current research, ideas the researchers want to discuss, theories,

or anything else related to the overall interests of the workshop. The goal of these ses-
sions is to allow people to share their current work with others. We hope that these short

presentations will provide ideas and opportunities for discussion and interaction over the

remainder of the workshop. Lightning session registration will remain open at the registraton table until
5 P.ln. on .H]CS(IQ.Y, Ma—r(.l'l ?.0.

LIGHTNING SESSION AGENDA

Affiliation

Lightning Session Title

Joseph Lafrate Biologist Naval Undersea Warfare | Effecss of Pile-Driving on Movement
Center - Newport Behavior of Wild Reef Fish
Brian Anderson Vice President Liquid Robotics, Inc. | Wave Glider - An Unmanned Silent
Passive Acoustic Monitor Platform
Mark Liddiard Business M:;.riagc‘:r HR W:;.I]ingr()r(l Lid Hﬂing Data Ga_)‘:s i a New 3D
Predictive Noise Model
Rick Bruintjes Independent University of Bristol, UK The Impact of Boar Noise on
Rescarch Fellow/Dr. Parental Bebaviour in a Social
Cichlid Fish
Lars Petter Myhre Leading Advisor Sratoil Fish Observations Using Rov From
OG Installation During Seismic
Survey
Michael Stocker Dircctor Occan Conscrvation | Expressing Signal Characteristics as
Research an Exposure Inpacr Facior
Mark Wochner Research Associate Applied Research Underwater Noise Abatement
Laboratories, The Technology to Minimize the Impact
University of Texas at | of Induserial Activity on Marine Life
Austin
Rodney Rountree | Senior Scientist Marine Ecology and Regional Catalogs of Bislogical
Technology App Inc Sound Sources: A Prerequisite
to Understand Noise Impacts on
Marine Ecosystems
Jackson Gross Biologist USGS Northern Rocky | Delayed Morsality and Barotrawma
Mountain Science in Northern Pike Fxposed to Water
Center Guns

A-6
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Affiliation

Lightning Session Title

Robert Dooling Professor of Univ of Maryland Whar Do We Mean By ‘Hearing?
p:{)«:l’]()l:)g}"
Gail Scowcroft Associate Director, University of Rhode Discovery of Sound in the Sea
Office of Marine Island
Programs
Ingebret Consulrant The IMR 1992 Navdkappbanken
Gausland Study Revisived
Alex De Robertis |  Fisheries Research | Alaska Fisheries Science | Radiated Noise Measurenients of A
Biologist Center Noise-Reduced Fisheries Research

Vessel

B ra.nch M1 CQSIJC r

p()sl.('( WO r:ﬂ

Research Scientist

[_]l'l IIVC rsi [.)" o r MS.I')"I Al (I

Summmjr uf Recent E‘:g)frim.enxs an
Effects of Pile Driving Fxposure in
Fishes

Erica Dazey Senior Marine Geo-Marine, Inc. Bio-Acoustic Monitoring During
Scientist Marine Consiruction Projects
Petr Krysl Professor University of California, Angular Oscillation of Solid
San Diego Scarterers in Response to Progressive
Pfdrm!r Afﬂl‘.ff-x’f 1%?}2‘!.' D{) Fi‘.j}]
Oroliths Rock?
Ted Cranford Chief Scientist Quantitative Virtual Experiments in Bioacoustics:
Morphology Consulting, | Fish, Sound, and Finite-Element
Inc. Modeling
]cr:my Nedwell Diri:cln r Subac()uslr:(:}l ::’;Je’ Use.' ofﬂmmtff Modcfﬁngf&r
Environmental Led Assessing Windfarm Impace
Brandon Southall | President and Senior | Southall Environmental | Bebavioral Response Study Methods
Scientist Associates; University of Used in a Study off Southern
California, Santa Cruz California

A-7
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Effects of Noise on Fish,
Fisheries, and Invertebrates
A BOEM Workshop on Data
Gaps and Research Needs

=T 0-22, 2012
San Diego, CA

Workshop Purpose and Goals

Ann Pembroke
MNormandeau Associates, Inc.

Session 1
Establish an understanding of policies &
procedures BOEM must follow to
implement its missions

Summarize the current understanding of the

science as described in the Literature
Synthesis

£ NORMANDEAU Al

nowledgements
Conhcept: Ms. Kim Skrupky, BOEM
Driving Dr. Arthur N. Popper, UMD
Dr. Anthony Hawkins, Loughine
Science Review Panel: Dr. Christopher Glass, UNH
Dr. David Mann, USF
Dr, Jennifer Miksis-Olds, Penn State
Dr. Roberto Racca, JASC
Logistics: Ms. Christine Denny, Normandeau
Ms. Alexis Hampton, Normandeau

ES

Tuesday

Session 1 Introduction & overview
Session 2 Priority Habitats, Species & Fisheries
Session 3 Sources and Sound

Lightning Session

AU ASSOCIATES

Session 2

Define the organisms of concern to regulators,
managers, and the fishing community
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N

Session 4
Who hears? Who speaks?
How are they affected?

Session 3
Defining the soundscape
Activity-specific sounds
Breakout groups
Breakout groups Implications for fishing
Characterization of sources Behavioral responses
Reduction of sound emissions Injury
Cumulative effects

L= MNORMANDEAU

£§ NORMANDEAU ASSOCIATES
PP MY MG M ATAL CRRAULT AR TE

BOE M Effects of Noise on Fish, Fisheries, and Invertebrates

Bomsas o Dluas Erenss Masscans

Key Quesﬁons for Session One A BOEM Workshop on Data Gaps and Research Needs

« Why does BOEM need in formarfq‘n Alan D. Thornhill, Ph.D.

on the effects of underwater sound? Chief Environmental Officer

« What is a significant impact under Office of Environmental Programs
NEPA? Under ESA? Upder the Alan Thomhill@boem.gov
Magnuson-Stevens Act?

» What leeway does BOEM have to
require mitigation for sound
Impacts?

ORMAMNDEAL ASSOCIATES ’

SoEN T | | SoEM T
Busvn o Qrran Evence Winazsuss Bomas v Dcuas Eranse Mussacoans

= Objectives: BOl M BOEM manages development of
= ldentify gaps in our urderstanding of the effects of neise on marine fish, the nation's offshore resources
fisheries, and invertebrates. in an environmentally and
> Identify feasible studies that could help plug those gaps Buneew of Ocean Engray M, &c ically responsible way.
» e.g. Which geographies? Which taxa? What spatial and temporal
scales?
» Outcomes: BSEE develops and enforces SEE
A review of the ¢ we are posing in breakout groups. safety and environmental
» Are these the right questions? regulations. Barcau of Safety ard
Envirornmental Eaforcement,

= Dowe already have a start to answer them?
= A path forward!

- -

v ®.
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BOE M Structure of BOEM: Where's the Science?
Bose an Evence Witnnzsson

B reted
[y -

SOE M

Authority and Scope

" Initiated in 1973 to support the U.S. DOI offshore oil
and gas |leasing program.

" Statutory authorization derived primarily from the
Outer Continental Shelf Lands Act (OCSLA) and
Environmental Protection Act of 2005 which gave
BOEM authority to regulate OCS Renewable energy
projects.

" Section 20 of the OCSLA authorizes the ESP and
establishes three general goals for the program...

Department of U.5. Army Corps of Engineers Department of Homeland
Defense (DOD} (Usace) Security (DHS)
e | [ B e Ly | B ST 3 P
Office of Naval National Aeronautics and Department of Interior (DOI}
Research (ONR} I . Space Administration (NASA} U edll MMUIS
National Park Federal G lonal Science
Service (NPS) {EMC) Foundation (NSF)
Department of Commerce (DOC} Federal Energy Regulatory Commission
Fish and Wildiife Service (FWS) (1)
ional Oceanic and h i ' fon Agency (EPA)
Administration (NOAA)
Department of Energy (DOE}
Bureau of Indian Affairs (BIA)

Bureau of Ocean Energy Management
Bureaw of Land Management (BLAM}  (BOEM)
U.5. Geological Survey (USGS)
Department of State (DOS)
of ion (DOT)

Bureau of Safety and Environmental
Enforcement (BSEE)

U.S. Coast Guard (USCG}

Environmental Studies Program

Applied science for informed decisions on ocean energy

Mission:

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.

SOE M

Program Goals

1) Establish the information needed for
assessment and management of
environmental impacts,

2) Predict impacts on the marine biota;
and,

3) Monitor human, marine, and coastal
environments.

QOuter Continental Shelf man amt Coasca.l
Lands Act (O":' Lot

sinms wiseiy MY gy arographic Sel National Marme

National Historic . rensa LIMPT Act les Act (NMSA)

Coast & WELLY e [ £.0. 13508 - chesapeake Bay

(Gaodetic SUrvey g Flaat (RRF) | Protection and Rastaratinn

Actof 1947 perepwortr eort At Gubmerged | Clean Air

E.O. rzrs& m—memmrd ﬂmas(mﬂs) mnds Act Act (CAA) f
T

Foactal Rarrier {‘_3‘_‘3,"_"‘33’ Act_%3' g0 13962 - Recreational Fisherles, and E.O.

Ci'ean water Act

com, 13474 - nts to £.0, 12962
oAyt Respan=m. Frmnanention. ars

(NGA) R R e s
k| ition Act of 1990 (OPA90.
tas act Coastal Zone BFEICH { 0}
Natlonal Methane 1iyarate —— (CZMA) | policy Act (NEPA)

:::‘ :l.l;.:rm_m Plastic Pollution Research

and Control Act (MPPRCA)
Federey Fower AL [TFA/

ITECT HESEarCH, umtop‘nem:, a.mi'
smonstration (RD&D) Ocean Act
Coral Reel éonssrval‘!m Act = Act of 1399
Marine Mammal of  j (CRCA) Marina
Protection Act (MMPA) Natienal Weather Service (N Secumv
.Amlqumes peies Acveder Act

Resez {icean Fxploration and NG

Rese OCean Tharmal Energy 9 Research Pre~ | onsSS
58 Conwversion Act (OTECA) E.0. 13173 -
SN Clamr v —etbeemdmmy Hawalian
[Oce== n-~=i Integrated Coastal and Ocean ohsm.i'rm System | paaf
Magnusor gcy e

B-3




Appendix B: Presentations

5OE N
Bowns o Qian Evmncr Manazier

" Mission relevance
" Scientific merit

® Technically feasible
" Timing

= Applicability

" Affordable

EIOEY oo ocs st comnes
L e

" Federal Advisory Committee (FACA).

" Advises BOEM on the feasibility, appropriateness, and
scientific value of the information provided by the ESP.

= Participates in an annual meeting to review Studies
Development Plans.

= Includes specific sub-committees.

..

« Developed! =

SOE M EE——

. = Parinerships: NCPP,
National . Inter-Agency, Intra-Agency
= Five year schedule

Pacific

producing Ie@ses

vt Atlantic
energy
= Sand and gravel
« Renewable energy
Alaska Gulf of Mexico
= = Deepwater
= Beaufot and = Agtive Leasing

= Sand and gravel A
w.

Chukchi Sea explostion

e I

[re—— / ¢
s ind | """""—.r—.u—_. f— —-"“"""““‘
[y ek |, P

—.1-« - | e
b i el

=y

sttt

506 M T

= Competitive Contracts

= Inter-Agency Agreements
Partnering NOPP; NOAA; ONR,
MNASA; NSF; USGS; FWS; NPS;
DOE, ete.

= Cooperative Agreements
= Coastal Marine Institutes (CMI)

= Cooperative Ecosystem Studies Units
(CESU)

..
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SOE M [T

&

@

NEAAW IE

Delars (Millions)

8

[

FLELELEFFSPES “5@'4"‘9%@?%@-?“1@

Fiaesl Vear

* Extramurd ressarch
arly, h;nr far FTES [ —Alasks — Atartic — G O M, — Pacilc =—Hatoral =—Totak |
cornes
buaget =

..

50E N IR

" Directing future research

" NEPA Analyses
" BOEM & Other Models
= OSRA, Econ, Air Quality,
Circulation

" Developing Mitigations

" Notices to Lessees (NTLs)

BOE M Envirenmental Assessment of Oil and Gas Energy

(WP Sy —

Large
G 5 Year Program - Nationwide
E
o]
G - " -
R Lease Sale - Region Specific
- (e.g., Gulf of Mexico)
H
.l: * Also activity-
- — specific NEPA
E}fplm.d.t 0”_ P.Idn documents (e.9.,
A Specific Project seismic surveys,
E explosive
= removals of
A Development Flan platforme)
v 4
Pl“lfolmi
Small S

».

B E M Science Expenditures by Discipline 2007-2011
Bomssa v Dcasn Erames Mz

Scciology &  Fates & Effects
Eccnomics | Alr Oualuty 6%,

12% \ 2% ,z

Physical _ 'I?bf:a‘ &
QOceanography [~ Ecology
18% 28%
Marine | Information
Mammals &_,l' “Maragement
Protected 5%
Species
28%

s

..

B E M Environmental Assessment: OEP's Second Arm
Bumess v Ocuan Eronir Musacnans

NEPA and other tools...

" Public D and

" Accurate Scientific Analysis

" Foster Better Decisions

" Focus on What is Affected

" Consider Cumulative Effects
Consider Alternatives

Identify and Assess Mitigation
" Adaptive Management

BOE M Scientific & Scholarly Integrity Policy at DOI
Bt i Dhian B M

“Because robust, high quality science and scholarship play
such an important role in advancing the Department's
mission, it is vital that we have a strong and cfear
scientific integrity policy.” Interior Secretary, Ken Salazar

Policy in effect February 2011—goals are to ensure DOI

= Decisions are based on science and scholarship are respected as credible;
= Science is conducted with integrity and excellence;

= Has a culture of scientific and scholarly integrity that is enduring;

= Sclentists and scholars are widaly recognized for excelience; and

= Employees are proud to uphold the high standards & lead by example.

Applies to EVERYONE!

-

..
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SOE M

= Environmental Studies Program Information System (ESPIS)
= BOEM Hosted Meetings & Workshops

= Participation and Sponsorship of Symposia and Conferences
= Mullipurpose Marine Cadaslre (MMC)

= Professional Journal Publications
* BOEM Ocean Science

= Education and Outreach

BOEM

L] 28 million cubic yards of OCS sand conveyed through 31
negotizted noncompetitive agreements

L] Projects completed in Flonda, Louwisiana, Maryland, South
Carolina and Virginia

- 180 miles of the Mation's shoreline have been
replenished/restored

SOE V EEEE—

The ESP is Mission-focused

Clear Goals & Clear Strategy

Highly Participatory

Frequent Intemal & External Review

Coordination, Collaboration, and Leveraging

Quality Science for the Bureau Mission

The Landscape is Continually Evolving

_

SOE M ET—

= Energy Policy Act 2005 gave authority
to DOI1 and Secretary delegated to
BOEM

= Final Rule published in April 2009

= First Commercial Lease Issued - Cape
Wind - in 2010

New lersey, Delaware Rhode Island and
Massachusetts

= Moving forward in Maryland, Virginia,

S
4]

SOE M T

312 millien spent on Environm enlal Stedies
More lhan 40 sludies
Site- Specific and Programmatic
& Ongoing programmatic studies
Havelb A d or
International Studies
Haticnwide Studies
Peer Reviewsd Joumal Articles
USACE Analysis and Research
FWSHMFS documents
Master thesis and PhD disserlations
& .

In-house decuments

SOE M p——

: [= 1, Development, Of
i e, Dect ssioning — all make noise|
+ Looking for enargy sUVeys)

= Surveying for sand sources (multi-beam senar surveys)
= Surveying for wind turkine site selection

+ Survaying for marine archeological siles

+ Dredging notse

* Plle-driving

= Explosive removal of platforms

‘We need to understand the potential impacts of all of this on various
taxa and the systems. p—

w.
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SOEM I
Bosvns o Ohran Evence Minazsuss

» Objectives:
# ldentify gaps in our urderstanding of the effects of noise on marine fish,
fishenes, and invertebrates.
= ldentify feasible studies that could help plug those gaps

» e.g. Which geographies? Which taxa? What spatial and temporal
scales?

~ Outcomes:
= Athorough review of the questons we are posing in breakout groups.
= Are thess the right questions?
= Dowe already have a start to answer them?
= A path forward!

BOE

Buwesn v Ocoan Enamsr Munssrvmy

Environmental Impact Statements
and Regulatory Requirements for
Offshore Developments

Kimberly Skrupky
Bureau of Ocean Energy Management
March 20, 2012

OCS Lands Act

Congressional Mandate

"It is hereby declared to be the policy of the United States
that ... the Outer Continental Shelf is a vital national
resource held by the Federal Government for the public,
which should be made available for expeditious and
orderly development, subject to environmental
safeguards, in 0 manner which is consistent with the
maintenance of competition and other national needs."”

Outer Continental Shelf Lands Act of 1954
43 U.5.C. 1332(3)

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

* Collaborate with partners and stakeholders
(domestic and international)

* Be transparent

BOEM OCS Regions and Activities

. National
<+ 5-Year Oil and Gas Leasing Program
A < Alternative Energy
Alaska
< Economic Incentives
< Leasing Activity
<+ Arctic Operations m+k“d e
4 0il and Gas
“Wind Power
Eiaion 4 Upcoming Oil and
Gas Exploration
“Ongoing 0l and Gas
Production Gulf of Mexico
< Decommissioning

# Infrastructure Assessment
% Sand and Gravel
< 0il and Gas Exploration and Production

“Wave Energy

Integrate Environmental Consultations
and Coordination with NEPA
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Environmental Protection —
an Ongoing Integrated Process

 car B
>
| Analysis |
e

A g (A
[Monitoring|

Monitoring and Mitigation Measures

Hiring Protected Species Observers to work on
the vessel(s)

Monitoring exclusion zones

Passive Acoustic Monitoring (PAM)
Sound Source Verification (SSV)
Ramp-up

Shut-down

Time-of-Year closures

But most of these don’t work for fish!

.

Funding Studies

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.
» ~$30 million*
~540 million on ground-breaking protected species
research and acoustic issues
~52 million provided annually through USGS
~ 50 % for ongoing
~ 50 % available for New starts annually
Over 50 new projects for FY12
Currently managing more than 300 active studies

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

Noise Regulated by BOEM

* Within the three program areas, noise is produced in
several ways

* Geological and Geophysical sources
— air guns, boomers, sparkers, chirpers, sub-bottom profilers, depth
sounders, gravity, side-scan sonar, and magnetic/electromagnetic

* Construction, Drilling, Production and
Decommissioning

— pile driving, operational noise from rigs and platforms, vessel noise,
dynamic positioning systems, explosives, dredging, ice breaking
{Arctic)

Environmental Studies Program

BOEM develops, conducts and oversees world-class
scientific research specifically to inform policy decisions
regarding development of Outer Continental Shelf
energy and mineral resources

Research covers:

— Physical oceanography

— Atmospheric sciences

— Biology

— Protected species

— Social sciences and economics

— Submerged cultural resources

— Environmental fates and effects

Questions?
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Alaska

United States

Ascti Circle
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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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San Diege | California | 20 March 2012

\ Craig Johnson
!u NOAA Fisheries

Silver Spring, Maryland

Atlantic OCS

Atlantic OCS

Protected Fish and Invertebrates Protected Fish and Invertebrates

*  Five species of fish and are hsted as d o *  On 6 February 2012 NMFS bsted five poputations of Atlantic sturgeon as
threatened in the Atlantic endangered o Mreatensd:
Population Listed As Populaticn l Listed As
Atiantic salmon Endangersd Gulf of Maine | Threatonod
Shortnose sturgeon Endangered New York Bight | Endangered
Smalltooth saufish Endangered Chesapeake Bay | Endangered
Ekhomn soral vt Carolina | Endangered
‘Stagharn coral Threatened

South Atlantic | Endangered

Other carals {cand|date species) TN Damminad *  These lislings become effeclive on 6 Apri 2012
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Atlantic OC3
Protected Fish and Invertebrates

Atlantic OCS
Designated Critical Habitat

T
~
- )
: ] \3\.-
-2
e
Fico .
LLES
—

*  Descignated critical habitat for alkhom arﬂ staghom coral

Atlantic OCS
Potential Sources of Stressors

*  (Offshore energy development activities are associated with several
physical, chemical, and biotic stressors that pose potential risks o
and figh and i

Underwater detonations
®  Vessel traffic

Pile: driving

enshore infrastructure)
* (i spillz and chemical contamination

Competition from native and non-native species

Coastal dredging (and other actbes associated with mstallaton of

Atlantic OC3
Designated Critical Habitat

smallooth sawhish

* We have not designated
crtical habitat for Atlantic
sturgeon, but we are
considenng doing so

*  Designated critical habitat for

Arctic OCS

Protected Fish and Invertebrates

* Mo manne, anadromous, o caladromous fish are currently isted or are

for listing as of

Regon

* Mo invertebrates are currently listed or are proposed for sting as
endangered of threatened by NMFS in the Arctic Region

by NMFS in the Arctic

Atlantic OCS
Noise and Sturgeon

*®  There are some data on hearing in lake sturgean or paddiefizh, for

examphe;

*  Meyer and Popper (2002) reported that lake sturgeon detect pure
tones from 100 to 2000 Hz with best sensitivity from 100 to 400 Hz

*  Lovell ef al (2005) reported thal lake sturgeon and paddiefish
responded to sounds from 100 to 500 Hz, with kewest hearing

thresholds m bandwidths between 200 and 300 Hz and hagher
threshalds at 100 and 500 Hz

*  Additional dataon lake sturgeon from Lovell ef &l (2006), Meyer et
al. (2010}, and Meyer et al. (2012)

Larull, 5 M, MAL Fisdiay KM, Mashs, 3R Soduall as 1A Pagy, 2908 Tht lnaar sas mocpholigy

Camparstas llischamintry 168 Pinisieqy Part & 147 188198

Laveil S0 WAL Findiay AL Harper and BML Maase. 3094 The mer sar lsrastrecrure from e
T ML
Mliyer AL, and A ¥ Papper 5383 Meariag in “primicine” fik: beaiassems evypoanen i pars foas il
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Atlantic OCS
Noise and corals

ESA Consultations
A Generalized Assessment Model

®  Dataon interactions hetween corals and sounds are the most limited, but

include

® Vermeij et al (2010) reported that free-swimming larvae of tropical
corals detect and use sounds as a cue for orientation

®  They did not repart how these larvae detect the sounds or
components of the sound field that provide the cues

Numerous authors have demonstrated the sffects of sound on larvae
of fish that are part of coral reef ecosystems

e, BT A, KL Mashamr, C 1. Hispers, L Fogp Dtk andS.D.Simpacm. 2010. Corn] Brvos more
ward reef soapds, PLog. (ME 551 ¢ 10660,

ESA Consultations

Generalized Assessment Model Sub-Model for Individual Organisms

*  One ofthe most challenging steps of this assessment model links
individual responses to individual risks

nsbin

]

A complete assessment of the risks of offshore energy projects must

consider two risks to individuals:

(N

®  reductions in probability of surival (increases in mortalty)

®  reductions in reproductive success (which is determined by age at

first reproduction, interval between reproductive events, natality,
recruitrnent into the adult population, and age at last reproduction)

®  Data on the responses of fish and marine invertebrates to noise has
limited utility if we cannot somehow link those responses to one of these
two asseEsment endpoints

That is our largest data or knowledge gap : s e )

£ avsieae

ESA Consultations

Emerging Challenges Protected Species/Habitats

Craig Johnson, NOAA Fisheries

®  Over the pact fire years, every assessment of noise-producing activities in ® Information needs
the matine environment has had to deal with one constant and growing . w 4 1o be able to ch . N tebrat "
challenge: our nability to conduct rigoraus cumulative impact N "E‘E 0 be avle ‘” E;Z:”;‘:E‘ ”Vf”’ ‘""E; ’ames ”E’E‘E'“E e
assessments acoustic environment and the effects of saund on their ecology
®  Challengss o our asssssments have focussd on ®  \We need better ways of characterizing the effects of noise an the
predators, competitars, symbionts, and prey of listed fish and
®  repeated exposures Io single and multiple stressors invertebrates
®  time- and space-crowded effects ®  We need to link responses to "noise” to the current and expected
future reproductive success of the fish and invertebrates that are
® interactions between mutiple stressors (both natural and exposed to the "noise”
anthropogenic)
.

. We need more rigorous methods to assess the cumulative impacts of
® W stil lack rigorous methods for assessing these effects or the data we

offshore energy by itself and in combination with other human
would need to execute such a method

actwities that co-occur with it in the marine environment
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\ Arctic Fisheries and

Habitat «a Development of the Arctic

Fishery Management Plan

2008 Gbssrved Tt ety
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o — e ] i
Climate Climate
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’ i Temperature
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o« Development of the Arctic Fishery
Management Plan

Database for MSY and QY Calculations Other Arctic Surveys

Fishery Criteria

N S | N =~ - o B

Chukehi Beaufort
Species Biomass estimate (mt)

Arctic Cod . T 15,127 commercial fishing

Saffron Cod 4,605 now Crab — 4 IO Rl Eaunanaged
! num 1S51e) Is i et -
Bering Flounder mmogiossaises oS 1 .JJJIJ_!‘ J.: I,._lrr,.n.‘
AN ON e ISR U]
Pacific herring ManAgEERGArE
Warty sculpin

Snow crab

B-16



Appendix B: Presentations

Research

o« Development of the Arctic Fishery
Management Plan

important
n and management

Research

Thank You . Arctic Fisheries and Habitat
Steve A MaclLean
North Pacific Fishery Management Council

B-17
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South Atlantic N
Priority Habitats, Species, and Fisheries

Roger Pugliese
NOAX's National Marine Fisheries Service South Adantic Fishery Management Councl
Charleston, South Carolina «charleston, South Carofina
Jadyn, Daly@noaa.gov RoZer.Pugliese@safme.net

Overview

= Magnuson-Stevens Fishery Management and
Conservation Act and the South Atlantic Fishery
Management Council

* South Atlantic Ecosystem, Species, Fisheries

+ Ecological requirements and Essential Fish Habitat
+ Habitat and Ecosystem Information Systems

* Presentand emergingissues/data needs

Magnuson-Stevens Fishery Management and Conservation Act
And the South Atlantic Fishery Management Council

= Conserves and Manages fisheries, fishery
resources and fish habitat in the EEZ off
NC, 5C, GA and E FL
* Prepares Fishery Management Plansand
federal regulations (e.g. Allowable Catch
Limits, gear, species and area restrictions)
which achieve sustainable fisheries and
conservation of EFH
Designates Essential Fish Habitat (EFH)
and EFH Areas of ParticularConcern for
Managed Species to address fishing and
non-fishingimpacts

&

South Atlantic E o] .

Characteristics of the South Atbntic
Rangz of sheff widths. .
Along shelf bresk — nc

‘major boundary current >
Loop Current " 5 !
Florida Current
GulfStregm - =
Freshwater input— o =
Distributed input from a number of rivers, -=
river drainage bosins primariy in these {
coastal states
Biogeozraphically —
temperate to sub-tropical transition 2one

South Atlantic Bight

Cape Hatteras-Cape Canaveral

Rock reefs covered with attached
algaeandanimals, or "live bottom,"
comprisesup to 20% of theshelf
bottom and supports morethan70%
of the offshorefisheries.

Supportswide diversity of marine
fish, birds, mammals and
invertebrates.

Fishery Management Plans

Coastal Migratory Pelagics Fishery
Management Plan
cobia - Rachycentron canadum
king mackerel - Scomberomorus cavalla
Spanishmackerel-5. maculgtus
Cero -Scomberomorus regalis
Litele tunny - Euthynnus allstteratus

Shrimp Fishery Management Plan
brown shrimp- Farfantepengeus aztecus
pink shrimp - £ duorarum
rack shrimp - Sicyonia brevirostris
royal red shrimp - Pleoticus robustus == .
white shrimp - Limopenasus seriferus

Dolphin-Wahoo Fishery Management Plan
Dolphinfish- Coryphaena hippurus
Wahoo - Acanthocybium solandri

Golden Crab Fishery Management Plan
zolden crab - Chaceon fenneri

Spiny Lobster Fishery Management Plan
spiny lobster - Panulirus argus
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Jeithend pargy - Salamus bajonasa

Biack 362 e - Ganteagrists stricta

B

Cusen smzoper -Eral
Velowteil smenet - Ooyurus Sysurus

grouper, speckled hi
Warsaw grouper

nd,

sea bass,
snowy

=medium to high profie offshone hard bortoms where
spawming normally corurs
zzales

“Habitat issensitiveto humar-induced
environmentzl degradation;

+Development activitiesareor willbe
stressing the habitat type; and

*Habitat typeisrare

=medium to high profie offshors hard bottoms where
spawming normally corurs
“ezaltes

B-19
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®

e
OF FISL ML T ATLANTIL BLLIY

VELIME | ESTROBUCTION AND SVERVILW

__"-_-ﬂ-__"]

Bottom Habitat FMP:
*Coral HAPCs (Oculina and
Deepwater Coral)
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Oculina Bank
Coral Habitat
Area of Particular
Concern

Spatial presentation of EFH-HAPCs on
the South Atlantic Habitat and Ecosystem Web Service

SAFMC Habitat and Ecosystem IMS

* Since 2003, the Fish and Wildlife Research
Institute (FWRI) has collaborated with SAFMC
staff to compile, create and host GIS data of
essential habitats in the South Atlantic
ecosystem.

* The IMS was designed as a one-stop shop for
managers, scientists and the public to explore

marine resources of the South Atlantic region.

Deepwater Marine Protected Areas

Development of Ecosystem Support Tools:

South Atlantic Habitat and Ecosystem Webpage

South Atlantic Habitat and Ecosystem Internet Map Server (IMS)

Transition to linked GIS Services for Regulations, Essential Fish Habitat, SA Fisheries,
QOcean Energy and Ecospecies Data System as Part of a Digital Dashboard

+ Developed in cooperation with Florida Fish and Wildlife Research Institute to
support ecosystem-based resource managemenit, habitat, species and ecosystem
research, and regional collaboration

¥* Web Services provide access to related GIS data

¥ Ecosystern Section of the Website provides links to FEP and Digital
Dashboard

¥ Developing Ecospecies data system will provide online access to South
Atlantic species life history data

GIS Data Layers

+ Base Map Layers — Bathymetry, Marine Facilities, ATONS, Land Cover

+ Ocean Observing Systems - National Data Buoys, SABSOON, CORMP

+ Coral Habitat Areas of Particular Concern (HAPCs) — Cculina studies:
Cleila and ROV dive tracks, multimbeam survey, proposed deep water
lophelia CHAPCs

+ SAFMC Gear Restrictions — Roller Rig Trawls, Bottom Longlines,
Sargassum, Fish Traps, Black Sea Bass Pots

+ SAFMCEssential Fish Habitat and HAPCs - Snapper Grouper, Shrimp,
Red Drum, Spiny Lobster, Coastal Migratory Pelagics, Dolphin Wahoo,
Coral, and Golden Crab

+ Management and Regulatory — special management zones, marine
protected areas, state waters, EEZ, sea turtle sanctuary, crab
Spawning sanctuary

+ Marine Sanctuaries —habitat data for Gray’s Reef and Florida Keys

+ Unique Habitats — Right Whale Critical Habitat, Southeast US
Restricted Area

+ General Habitats — artificial reefs, fish nursery areas, seagrass,
mangroves, salt marsh, tidal flats
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* Habitat® —displays habitat data collected by SEADESC, Harbor

Branch Oceanographic Institute (HBOI) and Ocean Exploration
dives, aswell asthe SEAMAP shallow and ESDIM deepwater bottom

mapping projects, multibeam imagery, and scientificcruise data.

* Habitat service isforthcoming

= area
— Dominant area

— Spawningarea

=  bathymetry

boundaries for the continental shelf, US Federal State and US Territorial

Seas.
features custom query for SEAMAP species catch data for 2010

The graphic displays the inftial view of the SAFMC (=1

HAPCs, Marine Protected Areas, Special Management Zones, andthe Oculina CHAPC are

visible

Fisheries Web Service —
http://ocean.floridamarine.or,
Ocean Energy and Habitat Services—Under development
Ecospecies online species life history data system- Under development

Habitatand Ecosystem Digital Dashboard —Online June 2012

fisheri
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http:/ fwww. southatianticallance.ors/

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

identify critical habitats and S L
*peaks in calling activity have been linked to reproductive behavior in many
fish families;

*passive ics as a tool itor fish and behavit

Southeast Coastal Ocean Observing Regional Assoclation
(SECOORA) Build Out Plan

eptesmber 30, 7
AUnigue Region
The HEOORA segion eacempayses 4 states. over 1
ki pole 4 0 the <ot

G0 the st G, o o, The region b
vuinary

These themmate e Marise Operatins: Coustal
Hazied Eootyotersa, Water Caslty, and Livieg blarioe Rescustes; s Cheale Changs.

WBC ifioerce,
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Session Twao: Priority Habitats, Species, and Fisheries: North Atlantic Fisheries and
Habitat

Kevin Friedland, NMF5, Narragansett, RI

Topicsthatwefesl would be ussful to cover inthissession
Much of the information presented has not been formally

1. Thestatusof the keyfisheriesinthe area. disseminated by NOAA. It does not represent any final agency
2. Statusof important foragespecies determination or policy. Do not cite without prior reference o
3. Knowledge of ecological requirements of key fisheries and forage species; are the author.

there any (potentially) critical habitst areas?

4. summary of issues affecting the fisheries, including emerging issues (e.g., global
warming).
FINAL SLIDE REQUIREMENTS: In order for usto consistently collect key feedback on
information gapsand data needs at the workshop, eachspesker is asked toend
their presentationwith a slide (or slides) that includesthe following:

1. Presentation name

2. Author and affiliation

3. Bulleted list of information needs and data gaps related to your talk topic

wn

1. The status of the key fisheries inthe area
Stock Size and Fishing Levels for Northeast Shelf Species i B Literature Synthesis - 228 Species

Ouafshing | murie iy Overtisning
Oumiishes | " 4B ot Gverfihed

Ho Gvaifishing|
o Grefisting
vertishad Mot Grarfished

umkn Sats
et #51, Anicm

Figura 14, Summary of a Halus of 61 fretah and incersalusta siocks 1wsesad
s e classifed by e relatiznship io bloms

sttt {112 Brsy) and Ruting mestatty Meeshold (Frosg). Tha
Imbars i par endhesas et 10 e sl year of Gata used f séatus
detamination

= .
American lobster X X
atanticod ns E H Atlantic crosker Micropogonias undulatus
-~ . oty x x
itanticrermee Oupes horangus 3 | %
ATIantic mackeres SCombey SIomBrys X X
; . - . Atiantic eroaker
anaric st cam saisug saiigissimg 2 F pe
Biue oz v e X kS + 1
Eastem opster Crassastres virginia % Des e,
. A
Gossation fmonitan) Aophiuz amaricars 3 3 — tas
s i P
Hrozock x X A A “a
Jr—— Lsias pusei x| x B
egriaden Sravgortic tyrannus ! x
orthern qushos Marsanaris morcangric 3 | o
om0 guzne: Ascticg isiondica x x . "
o F. e
se2 somion x x = . - .
Shortfin squid e it X x -3 " T Pa =
Sireer bake s i X 2 . - .
Somunen cam Des & wm s we  we  we @B W
3 ear
Stpedses 2 2
P — x x
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Atlantic surf clam Episuia sofidissima Atlantic surf clam Spisula sotidissma
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Figure B3. Butterfish spawning biomass, recruit biomass nd fishing mortality estimates

(KLAMZ model)
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Figure 17.4. Biomass indox (stratified mean woight per low) for coean pout from
the NEFSC spiing research vessel survey.
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: i ) ;
w Scopht! Winter Floundsr Pseudopleuronectss americanus

SNE-MA Winter Flounder
Trends in Recruitrent and Spawning Stack Biomass

-t (rlioes)

TN

Spavning Slock Blomass (melric fons)

I

Figure 11.18. Trends in recruilmant {age 1) and spavning slock biomass for
SNE-MA winler Rourder.

‘Winter Flounder Pseudopleuronectes americanus

siostomus xanthuns

(Cynoscion nebuiosus

Cynoscionregalis

‘Weakfish Cynoscionregalis Spatial Behavior of Fisheries

40N N

e
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Spatial Behavior of Fisheries.

10w

Spatial Behavior of Fisheries

Sand Lance Ammodytes americanus

3
Herring

z 2 Sand lance
E
g 1
To
3
2 -1
B
“ 2

3
1960 1670 1980 1880 2000 2010

Richardson, per. comm.

Spatial Behavior of Fisheries.

NEF3C aopaiecs Assesaect Program

2. status of important foragespecies

I L e
Angruand pory and ey uomackn for 41
M. ad U Fies = Miscellammonn ssd Ursirenfied Frs

o tans, evcholung el
i e dassbune

Smith and Link, 2010

Distribution of Sand Lance and Herring

A) Sandlance-5prin " B) Sandlance-Summer ‘ ©) Sandiance-Fall

Richardson, per. comm.
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; Aggregate crabs : Jonah crabs_ Zooplanktan

o ==

Cancer crabs Rock crabs
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3. Knowledge of ecolegical requirements of key fisheries and forage
Benthic specias, are thens any (potentially) critical habitat areas
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Atlantic Bluefin Tuna

Thunnus thynnus

Stein et al. 2004

feommon Name Fcientitic Name: [EFHOverlap

[Basking shark i X

igeye thresher |aropirs supercifiosus

Blue shark Jprionace gloey X

[Common thresher Jaropirs woipimus X

[Dusky shark i X

Lengfin mako shark [SLY LS 0 LELS

Porbeagle wrmna nasus

Sand tiger shark arehasias taur s X

Sandbar shark X

Scalloped phya fewini X

Shortfin mako shark Fsurus owpr incsus

Gilky shark i

Smooth dogfish i stefus comi: X

[Tiger shark X

[Great white shark archarodon carcharios X
Blue Shark (pelagic sharks) Prioncree ghaeed

Figure 1.4.3.1.26a. Essential fish habitat for neonate blue shark

Atlantic Skipjack Tuna  Katsuwonus pelamis

Sandbar Shark (coastal sharks)  Carcharhinus plumbets

Figure 1.4.3.1.13d. Habitat Areas of Parficular Concern for sandbar shark

4. Summary of issues affecting the fisheries, including emerging issues (e.qg., glabal
warming)

Change in the thermal habitats
Plankton community shift
Hahitat impacts of fishing

Eutrophication

Sea level rise

Wind
Precipitation
Phenological Effects
Extreme Weather Events
Thermohaline Circulation
Carbon Dioxide Concentration
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Time series of sea surface temperatures in eco-regions ofthe Northeast
Shelf Large Marine Ecosystemwith projectedtemperature based onan
ensemble of climate projection models.

Sea surface iemparature, *C

Date of arrival spring ransition sea surface temperature (in
fractional months)for eco-regions ofthe NortheastShelfLarge
Marine Ecosystem

Resources:

NEFSC Fish and Fisheries information
http:/www.nefsc.noaa.govirchifish/

NEFSC Data Web-senving and Google Ocean Interface
Developmental

Essential Fish HabitatMapper
hitp:isharpfin.nmfs.noaa.qoviwebsite/EFH_Mapperimap.aspx

Atlantic Highly Migratory Species
hitp:/www.nmfs noaa.govisfams/EFHindex htm

Change in Distribution— Red Hake

Nye et al. 2009

FINAL SLIDE

1. Presentation name: North Atlantic Fisheries and Habitat
2. Kevin Friedland, NMFS, Narragansett, RI
3. Bulletedlist of information needs and data gaps:

= NEFSC data serving outside the firewall for maintained datasets.

* Continuation of ECOMON cruises providing a platform for mammal
and bird surveys

* Refinementof essential fish habitat definition and information on
fine scale movements of pelagic/coastal species.

* Assessmentof community change with the addition offixed
structures

Acknowledgements: C. Keith, J. Nye, S. Lucey, R. Gamble, M.
Fogarty, N. Kohler, C. McCandless, J. Hoey, R. Langton, D. Packer
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Terminology for Underwater Sound
M A Ainslie
Effects of Noiss on Fish, Fisheriss, and Invertebrates: 4 BOEM Workshop on Data Caps and

FRsesarch Mesde, 20-22 March 2012, Town and Country Resort, 3an Diego, CA

Every science requires a special
language because every science
has its own ideas. [t seems that
one ought to begin by composing
this language, but peopie begin by
speaking and writing and the
language remains to be composed

Etienne Bonnot de Condillac (17151780}
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Overview

Objective and examples

Properties of sound
Fundamental properies
Terminology of underwater sound
Logarithmic measures
Terminology ofradiated sound (source properties)

Summary and conclusion

‘Information Needs and Data Gaps'

Pe® -
i Ee® o
et TNO 572 e

Some acoustical terminology used in regulation

Fisheries HydroacousticWorking Group (FHWG) 2008
Agreementin Principle for Interim Criteria for Injury to Fish
from Pile Driving Activities
“The agreedupon criteria identify sound
206 dB peakand 187 dB accumulated sound ex ure
level (SEL) for all listedfish except those that are less than
2 grams. In that case, the criteriafor the accumulated SEL

will be 183 dB”
Y ) =
Al Feoed .
ot TNO 5 e

Fundamental properties of sound
Acoustic Longitudinal Wave

+ Acoustic particles

- T Sound pressure p(f)
| i PO=P) = Po

e q Main focus
i— - - - M
h : s P, . . .
N #» | Acoustic particle motion:
= P=PZ - - o Displacementx

Velocity u= dx/ds
Acceleration a =du/ds

L Y) -
| AL Eeed )
o TNO it
Objective

To introduce, explain and demystify terminology ofunderwater sound,
with particular attention to sound radiated by air guns, shipping
vessels, chemical explosionsandimpact pile driving

Pe@ -
| Al Eo®d
o TNO 2 e

Some acoustical terminology usedin a “randomly
chosen” publication™

Ambientnoise, p4 Peak source level, p43
Background noise, p4 Peak SPL, p85

Mean peak level, pG8 Sound exposure level, p51, 69
Mean sound pressure, p80 Sound pressure, p48

Particle acceleration, p48 ~ Sound pressure level, p45
Particle displacement, p48  Source level, p37,47, 67
Particlevelocity, p4s
Peak level, p§9

Peak pressure, p44, 81

Source peak-to-peak sound pressure level, p37

*Normanasau Associstss. Ine 2012 Effscts of Notss on Fish, Fisnsnss. and invartsbratss in
the U.5. Atiantic and Arctic Indust erating Activities. 4 Litsraturs Synthesis
Tor the U.S Dapt of the Infsrior. Bursau of Ocsan Ensrgy Managemsnt

Y -
| Rty 1)
ot ™O ]

Terminology of underwater sound

T = integration time

Mean square sound pressure 2
Root mean square (RMS) sound pressure pus
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Logarithmic measures of sound exposure and
RMS sound pressure

Sound exposure level (SEL):

SEL=10log,,

2

rof Cqaf
P =1pPa te=1s
Sound pressure level (SPL) 3
_ Prus
SPL =10log,~—=

1ef

-ANSI $1.1-1200 (ASA 111-1994), Rtk of ANSIS1.1-1960 [R1976), Reamirmed by ANST March 25, 2004, o7,

Pe® r
i Ee® o
et TNO 572 e

Peak sound pressure (p.) as a level
No widely accepted definition or terminology
Examples from literature: “peak SPL", “peak level”, “mean peak
level”, “peak pressure” “dB peak” ..
Diverse terminology leads to confusion: does “peaklevel” mean
the peak value of sound pressure level orthe level ofthe peak
soundpressure?

Ad hoc European working group on terminology for underwater sound
("AETUS™); purpose toremove ambiguity by adopting a standard
terminology (AETUS 2011):

“zero to peak sound pressure”. p. , = max[abs(p(r)] 2

“zero to peak sound pressure level™ _[Z_P =10 IOglﬂ p#

et
17 =
il He® D
o § | - Fica—

Terminology of radiated sound (l): sonar equation

The sonar equation (Urick 1983)
relates apropery of the received
soundfield (say SPL) to one ofthe
source (source level)

Assustic Meonopale

SPL=5L-PL

SL = source level relatedto
sound power)

PL = propagation loss (lossto
spreading, absorption...)

isvr

Pes

LY P
| AL Eeed
o< B | - Prr—

Peak sound pressure
Zero to peak sound pressure (abbreviated “peak sound pressure” or
“peak pressure’)

ﬂ
Larger of peak rarefactional and compressional pressures

Cres puise
A1 2008, FEATE T

Pe@ -
| Al Eo®d
o TNO 2 e

Standard definitions of sound pressure level

Sound pressure level (SPL)

2

Prus
2
ref

P

2
ref

anst defintonianst 19947 SPL =101og,,

150 definition 150 2007 SPL =101og,,

-a%E1 $1.1-1984 (ASA 111-1994), Rtk OfANS1 51.1-1960 [R1976), REsTmed by ANSI MEIcn 25, 2004, o7,

[~ 150 30000-52007 {carmectsg uerske 2007-05-15). PO 4 &3

Be @ -
| Rty 1)
ot ™O ]

Terminology of radiated sound (ll): source level

Mo widely accepted definition of “source level”

Ainslie 2010 { i
SL=10log o 2=~ ]

\ Prat Bt
Here pr isthe far-field RMS pressurein anideal (lossless, uniform)
medium
3L of an omnidirectional source is equaltothe SPL at distance r:=1
mfrom a hypothetical pointmonopole source with the same volume
velocity asthe frue source

W=ﬂmsmo

N
Source power € - source level: Pt Tog

Wisthe sound power radiated by The source intne sarn

medium
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Source level (l): continuous sources

-

‘sourca depih &, ANEI 12 84 angles

Slep = Slop

Source alone; far from boundary: //——-——-—
; §
Dipole source level (SLg) § De Jong et al 2010
&

Source + image

Monopole source 1evel (Slag) L

RN D

3 dB higher at high frequency e

Lowerthan Sl at lowfrequency (depends on frequency,

source depth and elevation angle)[de Jong et al 2010]
Radiated noise level: RML(R) = SPL(E) — 20 logq(X)

Similarto Sy at lowfrequency

Up to 5 dB lowerthan Slg, at high frequency

Widely used (referred fo in ‘Literature Synthesis’ as “source

level™)
e m
i Ee® o
o TNO 57 ]

Source level (lll): application to selected sources

Impulsive sources
Explosives (non-linear source): monopole (energy) SLe
Air guns: zero to peaksource level (dipole, in vertical beam)
SL

Pile drivers: no d

tion available

Continuous sources
Ships: SLpp or SLep, of RNL

Wind turbines: no definition available
Be @ e
Al Feoed .
» Innaation
e TNO 2 el

FHWG Agreement in Principle revisited

Lack of terminology standard creates ambiguiies in

interpretation:
What is meant by “sound pressure levels of 206 dB peak’™?
Proposedinterpretation: “zeroto peak sound pressure level
of 206 dB re 1 pPa”

Acceptance of this proposal wouldimply:

The agreed upon criteria identify risk thresholds of zero to
peak sound pressure level equalto 206 dB re 1 uPa and
cumulative unweighted sound exposure level (SEL) equal to
187 dB re 1 uPa* s for all listed fish exceptthose thatare
lessthan 2 grams. In that case, the threshold forthe
cumulative SEL willbe 183 dB

B @ -
| AL Eeed )
\ .
o< B | - Prr—

Source level (ll): impulsive sources

Energy source level: SLe
Measure of energy

Zero to peak source level: Sl
Measure of zero to peak sound pressure in farfield

Pe@ m
| Al Eo®d )
\ Innovation
o TNO 722 e

Standard definitions of source level

ANSI 51.1(1994) R2004 “sonar source level”

the sound pressure level on the axis of the Sound projector ar a

reference distance of 1 meter from [ specified point associated
with] the projectar

[x]

Mo mention of
Farfield
Required scalingto reference distance

150 9875:2000 “s ource level”
‘meximum_roof mean square (rm.s.) Sound pressure levelat 8 ‘ |

point on the principal xis of the ransducer, a5 messured in the
far frald but referred to the distance of 1m

Correct (consistentwith Urick 1983, Ainslie 2010), but vague
What is meant by “referredto .. 1 m™?

L 1T -
| Al Feed
0% TNO 500 e
4 Sly—Sle
Summary I

Absence of widely accepted terminology leads to risk of confusion
Source level (apples and pears), for example:
Surface ships: difference between 5Ly, and SLy, up to 9 dB
at 30 Hz (4 mdepth)
Conceptual difference between source leveland SFL@ 1 m
Sound pressure level
Inconsistency between ANSI (RMS) and 1SO (inst)
Peak sound pressure:
Positive (compressional) peak or negative (rarefactional)
peak?
Howto express in decibels?
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Conclusion: Need for international terminology References (l)
standard for underwater sound
' European collaboration » AETUS 2011, Ad hoc Europaan working group on terminglogy for underwater sound,
» AETUS (~30 scientists from 8 nations) Standard for and monitoring of naise, Fart |-
+ NL(TNO), UK (NPL, ISVR), Germany (BSH) .. and their wnits, edited by M. A. Ainslie, TNO-DV 2011, CZ235°
' Consensusreport (AETUS 2011) + Ainslie 2010, Frinciples of Sonar Performance Modeling (Springer. 2010).
' 180 TC 43 (Acoustics) SC 3 (Underwater acoustics) + De Jong et 312010, Underwater noise of Trailing Suction Hopper Dredgers at Massviskts
' ChairGeorge Frisk 2: Analysis of source levels and background neise, TNG-DV 2010 €325, November
' Secretary Susan Blaeser: sblagser@aip.org 2010
+ Inaugural meeting at WHOI + Southall et a1 2007, Marine mammal noise exposure criteria: Initial scientific
v 1113 June 2012 recommendations, Aqustic Mammals, 33(4), 411-521
' Radiated noise fram ships, | » Stadler & Woodbury 2009, Assessing the effects to fishes from pile driving: Applicstion of
+ Terminology T new hydroscoustic criteria, Inter-noise 2009, 73-26 August 2009, Ottawa, Canada,
) + Urick 1983, Principles of Undenwater Sound (Peninsula, 1383)

) 5 108

@
$ D 3 Das Wegmal
L @in minferer Deribangras beivigh
- eber 331436 Bieaer &

| n..ﬂr'ﬁ .:? | 3 -

™NO i
Tor il s —

Internet addresses Questions?

* Roman mile: 5000 Roman feet (ca. 1479 m)
+ Metric mile: 1500 m o
+ Statute mile: 5290 feet (1609.344 m)
ieh ui: i i Shortlist Ec Survey mile: 5280 survey feet (1609.3472m

_Wind_op_] i 206k + Nautical mile: 1852 m
Scots mile: 320 rods (5920 feet)

p: iy biblis asp + Portuguese milha: 2087.3m

(Zandwinning ... onderaetergeluid) + Irish mile: 6720 feet

+ Danigh mil: 24,000 Danish feet (F532.5m)

+ German meile: 24,000 German feet (7586 m
Geographische meile: ca. T412.7m

+ Russian milys: T468 m

+ Norwegian or Swedish mit 10,000 m

+ Croatian milja: 11,130 m

15818 080
10008} 111,11

™D i
Tor il s —

BOEM: Information needs and data gaps

+ Presentation name: Terminology for underwater sound
+ Author (affiliation): Michael A Ainslie (THO)
* Information needs
» Standard terminology for underwater sound:
» compare like with like
+ Improve communication between regulators, scientists
and managers

Christine Erbe & Robert McCauley

Centre for Marine Science & Technology
+ How to characterise pile driveriwind turbine? Curtin University, Perth,
Western Australia
+ Data gaps

) nla C.Erbe@curtin.edu.au
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1. The Marine Soundscape Overview

a) Ambient (physical)
Sounds

b) Biological Sounds
c) Anthropogenic Sounds

d) Local sound transmission
regime (critical)

2. Quantification &
Characterisation

3. Trends?

4. Conclusion: How much
is too much?

THOSE CHICKEN CHILLI MASSALAS
SURE PUSH UP THE AMBIENT NOISE

How do we measure

soundscapes?

CRITICAL to understand
what one is to measure,
instrument nature &

artefacts - otherwise get
misleading results

Natural
Ambient
Sound

[Wenz 1962, JASA
34(12): 1936-1356]

pectrum Dersity Level [45 re 1 pPa?Hz]

S

Frequency [Hz]

Soundscape:

* 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

e = Definitions

I8 curtinUniversity

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

24 hour mean

i callers

Freq. (Hz, res. = 0.73 )

m Curtin Uni

Example physical noise information —
swell ampl. & period change =incoming storm

evident in low frequency non-linear wave noise

wave interactio ¥
“* nolse, front appch.

MY
Al N o bl

Sea nolse
0-0.5 Hz
[

Sea noise 0-1 Hz

i vppes Wi

s ot g

£ A spd.
o om o000 e w0 R 75days
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Light globe @ 2 km of

crayfish,
L
Croal ) .
Figh tone o]

Adrgun 3
Whalebrech 3 &

Adr gun 40,20,
i kam q

saarsesp &

hour post sunset
e N B @ @

a8 ro 1uPa‘Hz
s 2 8 8

| 1053

AT 007 D07 F08 A-M J'DS MSO% D08 F-09 A-09 109 A09 009 DM - 10»‘0 days
T93.7 Hx 173 octave rerced 1o sunsot

What is the “correct” source level?

6 Noar Fied - Frosnel Distanco

) Far Flald¢s
= |
@ 4 . 4 spherical spreacing :
i -
1 f R
60 80 00 120

range [m]

Depends on what you want to use it
for... => Mike Ainslie’s talk

Marine Sou ci L = s | in University

Australian examples seanoise sources (spectra are most
useful and should be mandatory in noise studies)
100 T T T

) CA G0s
&5 % _/f-____h\ Fish T

'm L -

& F RGOS ):_':\\‘n_y_lr{y;,,---..\ Evening 4
T8 ’_-/7-;.:_‘"’ 3 \\\ R w” ~‘l-.'.hn|.|5e=.

] o — N P Y

A I N v Shrirrgs

o e NN T e mshore

& L RO~ A P! -
4 e N v +
= B0 - (NN v 1 Shrimp
= e 1 Hommin, -
i3 T~ T i
I -~ . 3 =
o el - - =
g Eloged nos Wind 0kn
w 3 —==== ‘Wind-dnpendent nokn dependent | ap 1y
W Trahc nnise noiss y
=] 0 ——— Irathc noiss - 10kn
= Skn

a0 i1 laesal ' R ] L 2o bl
10 100 1000 10000
FREQUENCY (Hz) [Doug Cato]

1c. Types and Characteristics of
Anthropogenic Noise

Asthenpogesic Mossa Spacira

airgun amay 2500in? benadside
pi diving 1 Ben dham 200 kJ
Icebenakes ndge ramenng
. lsge vessel masn

180 o maan dredges dredging & dumping

- " maan drilling sisson
maan whals-watching zodiace
I = jski

21m]

Powor spectiurs donsity [48 o 1 PaH

- i

w ~+wa f A

L I "

50 days sea noise dominated by seismic

5832888355
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Pile Driving

[Erbe, Accustics .
Australia 2009] -

=> See Jarnes
Reyffs talk

Pleasure
Craft =

B re o't

Example high loss seabed type impacting wind &
seismic survey signals

Alr guns

humpbacks fish

Mrequency (Hz)
]

£
E

18 0

‘waisting’ due
time from 01-Nov-2003 to 02-Nov-2003
—>

CONV. energy
into shear waves

Air guns

wind

Large Vessels

Propeller cavitation noise dominant when underway
small number noisy ships dominate ocean noise
Internati effort to quiet ippi

Importance of sound transmission

Ambient noise is site specific:
different sites have differing sound transmission regimes
larger ensonified area =
a source type contributes over a larger area
more poiential source types

Shelf edge, 5 ocean
\ coupled

R ro TuPa’He

Nearby site NOT S ocean coupled

Quantify - ambient noise Percentiles

Sth %ile
25th %ile
50th Nile
T5th %ile
95th %ile

Fiery shallow water wind, ™__
wave & flow npise

Spectrum Level (dB re 1 uPa’/Hz)

s I
r Boats, fish & Snapgingshrimg]
[ sandpump m|
20
1 10 100 1000 10000
[Erbe & McPherson 2011] Frequency (Hz)
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Energy [dB]

Note 20-25 dB Variability (Typical)

E 120§ e ——— 50th %ile Linear
"m F10 pinge 75th il Energy
a pingers o
= i F3harmonic 75 e e
'é 100 ; F2 fundamental § - '
8 . .
t Noise Budgets
g w:-\'cr\':l'alluwwalc\:rwmc_'. ....... Linear power
U wavek flow npise
A0 St Hb. 1
C : 1 Boats, fuh & Snapping shrimg)
C : ¢ sandpump s
20 F
1 10 100 1000 10000 poocave

[Erbe & McPherson 2011] Frequency (Hz)

B Curtin University

I et al, 2002, C & Price 2011 & £
3. Trends or deep sound channel coupled North Pacific WHICH, Cape Leeuwin increase in ‘noise’ . : s
we 1S NOT EVERYWHERE 1! EE
L ' Averaged over week 21
e Entirely 2 R =ar = R
due to A, &= Fiy X
" APL UW 1954-2001 blue whales = __{ i X
e Can Def 1978, 1980 z #, o
Wenz 19563-1965 ] 2 . A
- T @ i Al
H ! Nt A |

™ 2 e -
- @ 31 Hz g wl| f
" __ 0.25 By gk — .

~}: e e e 55 g5y 3= " '-._:_,
- e E saererars 2010 e
i BUT THIS SITE DOES NOT o = = E
o raquency,
. EQUAL ALL WORLDS OCEANS !

e e pm e om0 ;e e [Gavrilov et al 2012]
Tewr

I Curtin University

L
4. Conclusion s . &
‘o > W EU defines “Good WWF
How much noise is too much? (& Environmental
Status”: wt Arvudd Average SEL > 100 dB ¥3 oot @63 B 125 Hr
E X The annual average
£ i 1/3 oct. noise level
£l @63 Hz and 125 Hz
o B should remain
o] below 100 dB SPL
o rms.

[Erbe et al. 2012

| Curtin University . Conclusiol B Curtin University
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i 5 Christine Erbe & Robert McCauley
ThE Marlne . Centre for Marine Science & Technology
Soundscape Curtin University, Perth, Western Australia

C.Erbe@curtin.edu.au

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

* Trends: Need long-term datasets to determine trends
(>10 yrs); trends will differ by location

* Modelling Soundscapes: Very difficult to predict
soundscapes (into the future or past), due to number of
sources & variability, and sound propagation specifics

* Measuring Soundscapes: IQOE Science Plan suggests
monitoring soundscapes now in areas of future change
and/or critical habitat — needs long term commitment

* Ocean observatories: ie. EU & Australian IMOS

SEISMIC.SOURCES

=,

Early Calibration Measurements - SERES

Eristic signature
olume.

K. Haugland, T
83

QOutline

Early calibration measurements & source modeling
Early near and far field measurements
= New studies — OGP Sound and Marine Life (SAML) JIP
= 3D sound source characterization of an air gun array
= Single air gun and cluster measurements
Near field vs. far field measurements
JASCO/OGP soft start modeling study
* Marine vibroseis
* Marine vibroseis JIP
* Marine vibrator characteristics
= Information needs and data gaps

Historical Review — Near & Far Field measurements

- Amplitude spectrum of vertical far-field signature from a
typical single 70 in® air gun fired at 4 m cepth al 140 bar
air-pressure. A digital BkHz high-pass filter is shown as
e ovenaid solid line curve.

Envirgnmenial aspects of Manne Seismic &ir guns.,
Audun Sadal, 23rd Scandinavian Sympasium on
Physical Acoustics, 2000

Gun Type D
Companson of Outped o Ddferest Gum Capaotes.

Fongs e

Noise monitoring program — Sections 2-4,
Seiche Lid for UKOOA, 2001
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SCS07 - 3D Source Characterization Study

WA,

life.

NR

INIVERSITY

OF

50,000 shots (1282 line km) acquired

Single Air Gun and Cluster Measurements

clusters over

SCS07 - Experimental Design

: ﬁ-nchor

~1000m

Analysis of Closest Shot Point Spectrogram

From
= B 10413 Wl i KR 43,9948 el
v . v - - v - v —&CE03
rrfy“‘*‘“'d""“ suuw\nl'un wartice e
i Dot redecled
: i E_:':W : - S—
4 Surtace 3l bettom retected |
.“-‘_"“muzmlmm Dicttam and surface rededid |
\ f 1

Air Gun Calibration Measurements — Test Rig Configuration

FrN——

ACHTHOD
1R, BaK 094

Mumber of senscrs:
1

0 Wymophines, | by e,
100m | Bexes BaronTodid

Tetal: 19 hydrophones, 1
accelerometer, & free fisld

v T

& Hspharma, :
Errrn particle velocity sensors

Svein Vaage broadband ak gun sludy, A Mattsson, G. Parkes, D. Hedgeland, in:
Popper AN and A.D. Hawkins, eds. The effect of noise on aquatic life, NY: Springer
Science and business media, LLC
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Air Gun Calibration Frame

Amplitude Spectrum of 60 in? air gun & Background (50 KHz)

gt
LI

ARplituce spectrs

[ '
2 0 cubic inch air gun
kground noise

m o

-
5\ P
\ R Wi, P

LA g iR o, e

P AN M S
e

Relative dB
L S I N

o 20000 40000

Asg a result of these measuremeants PGS plans to implement a high fregquency
module In Nucleus during 2012/2013

Mear vs. Far Field

OGP Soft Start Study — experimental Design

Because of the array effect, the actual absolute peak pressure generated by an air gun
array is about a factor of 10 (20 dB) lower than what would be calculzted at 1 m by
sczling the far-field measurement

dBre 1 pPa

Step Stey Step Step Full
1 5 7 9 Armray
Tt wnoe
1 LI T !Il SN W an A NN DV DIDEDE BAE S NENE MW W o
g 1 {-’-\;'mu Cess Q |_‘_. C ]
290m
® o o 0 i ] ( o] 4]
® o o o o O o o 3]
S350 m
® © ©°o o o 100w — 8 o s]
14 i " 3 4 5 T

Profile 3 — Deep Water — Per Pulse & Cumulative SEL

OGP Soft Start Study — Conclusions

Wave Number Equation - Receivers at 100 metres depth

SBLiB e 8 )

= Sumatiine, e it Ot e, camitamies 30
* 100 oTire, pararor L —100 1 o, Cormuintivn 30

o 15 e pananen i —— T cfitine, curruimiva $iL

o BODm oM paranon BB B2 el it B

200 00 = 1109 W N e

Bnage from Brosite £94

Profile 3 Deep water
model WaveN

Online ~183 ~188 ~178 ~175 ~183
100m offine ~180 ~180 ~172 ~170 =1ia
250m offling ~175 =175 ~169 ~167 ~173
500m offline ~170 ~170 ~165 ~164 ~168

= No instances were found where the hold levels for h

injury for cetaceans were reached

= Animals are therefore not at significantly greater risk of harm when
a soft start s initiated in low visibility conditions

*  The threshold of pinnipeds was approached in the worst case model

Model based assessment of underwater noise from an air gun array soft-start
operation, OGP Report No David Hannay, Roberto Racca, Alex
MacGillivray, 2011 {www.c rg.uk)

A modelling approach to ‘soit slart, J.Campbell, D.Hedgeland, UK Undenwvater
Sound Forum, 2011




Appendix B: Presentations

Impulsive or Swept Sources — Marine Vibroseis JIP

ol }

Q ¥
Ex¢onMobil ToTAL Sialoil

Seismic Sound Sources and Marine Mammal Audiograms

Environmental Assessment of Marine Vibroseis, J.Richardson, W.Ellison etal., OGP
3'“%&0‘] F o201

-
&

Alr gun amay
(3000 in%)

B 3

dB Referenced tgu PaHz st m
-
]

&

Frequency (Hz)

PILE DRIVING
Underwater Sounds

James Reyff

PGS Vibrator

Volume change creates a
'| propagating pressure field

T AR

e L R
Luuw T T
im0
finmg 171 rmr ot
ooy 11

]
Each vibrator has 2 resonances controlled :
1

SRR L) Forrnm
1
L

by the shell and driver
Harmonics can be attenuated by a control
system with an efficient all electric driver

frngm T
Luduy PRI

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 (SCS07T)

= 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 File

—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
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-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
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R
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0.0E+00

—=
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Sound Pressure
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1
|
T I,

5 0E+09
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
w o @ @ e on oe w o

Interim criteria for fish = 187 / 183 dB accumulated
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Accumulated SEL

Vibratory Pile Driving

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

+ Noise tends to be more
continuous

* Higher Frequency sounds

Computing RMS Level

Vibratory Pile Driving at 10 Meters - ICE - 86 Driver

8 minutes

= W

150 o < T
. N My
o ""*‘*'W"‘“\r"-’ *
SWG .f ‘ﬂ - ‘-
%
: ; R S .
g:ﬂsu Nty !"“"’“ +
N 4
3
2 150 +
i = e Average
o | Max Leq | 10sec [ 1sec
[ 183 173 | 169 | 168

Time

SEL in dB:1pPa2*sec

Accumulated SEL

1.3-Meter Diameter Steel Piles
SEL Measured at 10 Meters

—
e 4 i

/ e 1 hour 30 minutes

150
6 min[240 strikes) S min (200 strikes) 6 rnin (240 strikes)

an -A73 dBistrike 475 dBistrike 477 dBktrike

' a5 LY
FESF I IL IR FLESE S EL TP F P

Time

Vibratory Pile Driving

Potential Impacts

* No restrictive levels identified for fish
— No 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 mammails likely to
extend many kilometers from pile based
on 120 dB RMS level

How Much Sound Does Pile
Driving Make?

Depends on ...

* Type and size of Pile

* Type of Driving Method

* Hammer Size and Energy

« Attenuation 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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f Summary Table - Vibrator
Summary Table — Impact Driving y Tabie y
Driving
Average Sound Pressure Average Sound
Relative Water Wt i LS Relative | Pressure Measured in

Pile Type and Size Depth Peak | RMS* | SEL Water
0.30-m oter Steel H-type- Thin o 190 175 160 Pile Type and Approxim ate Size Depth Peak | RMS* | SEL
0.6-ra eter AZ Steel Sheet 18 meters 205 | 150 | 180 0.30-meter Steel H-ype Emetrs | 165 | 150 | 150
0.61-meter Concrete Pile ~L5meters 188 | 176 | 166 0.30-meter Steel Pipe Pile Emeters | 171 | 155 | 155
0.36-m eter Steel Fipe Pile ~15meters 200 | 184 | 174 iy Sz 1 b s || W || || 1D
0.61-meter Steel Pipe Pile Smetrs | 207 | 194 | 178 O i (49 S St “lSmeters | 175 | 160 | 160
0.8-m eter Steel Pipe Pile 10meters 210 193 183 L-meter Steel Pipe Pile - Loudest ~Smeters 185 175 175
T——— T o T 5 T &= 1.8 meter Steel Pipe Pile “Smews | 183 | 170 | 170
2.4 meter Steel CISS 5mees | 220 | 205 | 195 e T .
+ Impulse level
#++SEL for 1 nd of i drivis

B —— RMS levels based on 1-sec RMS

Minimization Measures Reducing Sounds

- -

+ 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 Reducing Sounds

Air Bubble Curtain

B-49



Appendix B: Presentations

Reducing Sounds Reducing Sounds

Dewatered Cofferdam

Dewatered

Underwater Sound

Propagation smion:lwq:f:hf\ Worksheet for

+ Default 15 Log,, Rate (4.5 dB per doubling
of distance)

» Measurement Examples

— Large piles in relatively deep water
— Piles in very shallow water
— Large piles in varying water depth

UIBR0N 855Mes 112 JINGIe SiTe SLLE = 150 G5 30 NOL 000 T LISt 10 L5 njury (HTectne

Credit - David Woodbury, NMFS Scuthwest Division

Propa%atlon Of, Impac_t Sounds 2.4-Meter Diameter Pile
.4-Meter Diameter Piles . g
Single Driving Event - Attenuated

1 Hour, 9 Minutes

§ — -

E o et g e i

; - o/t o
- =
& & & & & S E P F S

B-50



Appendix B: Presentations

2. 4-Meter Diameter Piles
Relatively Deep VWater ~20 meters

230

I
Meas. Peak
Peak = 216-16Log(RM D) ||
Meaz. RMS
RIS = 208-1BLogtR A 0)

&

220

’.,,...
‘e

g
= ES%%
- 4
—=cEL= -17Log(RAQ; 1

B Zil \ — Loy @easSEf( )
£ om 4y =
e \ < e —t
g . T ——— |
g 1e0 \ ) . REETOTIE
=4 “——‘_.___‘_
a

180 T <
E —— R = 09481
&1

160 R =081

- 100 200 amo 400 500

Distance (meters)

Geysenille Russian River Bridge Replacemsnt
4%-inch CISS pile - Del mag D100 Hammer

21

180

Sound Ao 1iurs (dE e 1Pa)

i

&10m Peak

P S A B A

ma

Geysenille Russian River Bridge Replacemsnt
4%-inch CISS pile - Del mag D100 Hammer

21

g
2
=
I
=
E
£
=
5
H +10m Peak
L 4 20m Peak
4 40m Peak
w0

P S A A A A

ma

1.2-Meter Diameter Piles
— Very Shallow VWater

S0Und Fre 11U (4B 1HF)

Geyserville Russian River Bridge Replace ment
43-inch CIS% pile- Def mag 0100 Hammer

21

«10mPeak

»20m Peak

180

P A A S A A A A A

ma

S0una e 1NUre (4B 1HF3)

Geyserville Russian River Bridge Replace ment
43-inch CIS% pile- Def mag 0100 Hammer

210

Part 3

&10m Peak
170 «20m Peak
+ 40m Peak
& 75m Peak

180

A A A A A A A

ma
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PEAK Sound Level Drop Off

5

H

__S\@\

=4=Part 1

B

g

8

Sound Frours Lol - S
B
[

3

=4=Part 2

0T =p=Part 3

Propagation SFOBB

2.4-Meter Diameter Steel Piles

Significant Ground borne Contribution
Sound Levels Measured to South

I
— v - |
5.3 b *

10 -to 15 dB Different

Sound Levels Measured to East, West an
- -m.E

- Pl s MM

R e
le;\re windfarms noisy?m |
| Na= = I H i
El Workshop on tl oige on Fish
o e mwerebrates

Dr J Nedwell

) Y ———

Propagation SFOBB
2.4-Meter Diameter Steel Piles

Air Bubble Curtain Operating

sk

= = -
2 .
2 10 17 2 Py = Pogk =230 19,0200 R
g B ‘\4\‘ RE =080
3 i o ¢
§amo \\;\ = +
= . .
5
5 160

a0 ANE =297 - 182 Log R

RT =077
190 t t t 1
0 500 1000 1500 2000 2500

Distancs [m]

PILE DRIVING
Underwater Sounds

Topics for further consideration:

Modeling assumptions for biological
assessments

- Source levels (maximum or typical)

- Propagation rates

Measuring in the environment

- Real time measurements ?

- Too many parameters (Peak, RMS, SEL) ?
- Particle motion

- How is measurement data used ?

James Reyff

Lﬁ"'}"’M'I ,;-I IJ m ;I

et —t

Offshore wind power in UK

» United Kingdom world's 8™ biggest producer of
wind power; unique wind resource

« Currently 6000 MW, 321 operational wind farms

and 3,500 wind turbines

British electricity suppliers required by law to

provide proportion of their supply from renewables

+ Further 5 wind farms, 1,300 MW becoming
operational in 2012

« Round 3; 2,000 MW installed per year for the next
five years, about 28,000 MW of wind capacity by
2020

+ Environmental effects of noise biggest
environmental issue facing industry.

EY)

acoustech
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Impacts of underwater sound

Impact piling known to be
very significant sound
source

Piles up to 7m being
considered

Hearing injury especially to
marine mammals
recognised as issue
Behavioural response:
many 10’s kms — probahly
biggest issue in UK waters

) acoustec

EV)

Starting point; “standard coastal noise”

1

il and gas production nnessn

platorm stm20km
Lm0 //
7 / —cn
Fuomn
H Fioncise -
S Bubble ncise
H Surbreak noise
i Soun Moray Fan
i
4 R
3 an
H Cotal Pingers
Sriprin -
e ]
an S
et ses
a0
H 1 W wm 0w wowm  momon
Fraquene ) J—

« Windfarms situated in shallow {<50m) coastal waters
«  Mormal noise in 5-50 m depth similar to deep ocean $56
o Averaged Power Spectral Density

acoustech — 30 second snapshots, THZ bins

' R — 9 sets of broadband measurements of hackground noise

Operational noise measurements: spectra

180

Flaerioee

Rtating

machinery Bubble noiss —tlindfarm 1 - 28m
Bresking waves

Wave slepy

7
2

T Wl o 25m
£ 100 % ¥y

= \ 1 ? —ilindfarm .- 14m
& e 1] e

b-A Wane i

H noise ] Windfam - 20m
3 H H

o & T 1

2 i -

! w— Standand coasial noise
@ [ —

0

\ 3 o 1 1000 woom tomen 0o
) acoustech Frequaray [H:]

3t0 3.6 MW per turhing; water depths at sites 0-20m

30-100 turbines per windfarm on 4.3 to 4.7 m diameter monopiles;

EV)

Generalising measurements; unweighted SPLs

Measurements dominated
by background noise

fo " frnegensap ' Max.. Background
i L Mean NOise
g". Shoe Min-— nearby
H -
i
i SLAL fit ignores
noise
s i) =
+ Snapshot RMS unweighted levels versus range

acoustech

« Level so low difficult to fit SL/TL model

Interpretation of results: dBn metric

Measure of "loudness” Fish |
«  Generalisation of dB(A)
used for human noise
exposure

MNoise weighted by hearing
ability {audiogram)

«  Unacceptable loudness =
avoidance

Allowis design of windfarms
- objective evaluation of

Marine mamma

areas of avoidance for key
species Frequency

Levelin dByfspacies) Effact

0-m Lo kelihaod of dishirbance

ild avoid ance reacien by the majcrty of individuds but

75 and above habituation or conted may lmit effect

20 and above Strong avoidance reaction by wirtually all individu aks
By

acoustech
: e omrarian Above 130 P assibilty of fraumate hearing damage fiom single event

B\

Typical results, dBnt(Clupeia harengus)

Mild avoidance reaction limited by habituation

Predicted level immediatety

5% /amacemttn turting insurficient
H - to cause avoidance response
T B kit Lol B
¥ .
q . 4
£ "y

SN

i i
"
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R

Temporal considerations

* Area of sea excluded by a individual turbine small, butfor 25 years

« Consider habitatloss(area excluded as areatimestime) based on 50 dBant
(toughestcriterion)

Assumptions:

Impact Piling: A 4m dismeter pile installed over 3 hours
Wessel Noise: 3 vesssls onsite for 7 days
Suction Dredging; 1 vessel onsite for 2days
Trenching: 1 vessel onsite for 1 day
Operational Turbine: Operational fora period of 25 years
SOSENt Aremof | impectPiing | Uessel Moise sectian Tranzing Operationst
Sen Exietes presgeg orties
[iomars) [iom*ars) i) [iom*ars) fisiven
oo 12,000 25 5 El 1
et 4200 <1 z <1 1
ey 17.000 = 100 =20 n
&0 11,000 2,300 500 =50 <1
H Porpase 15000 1500 2200 2,700 5
HSesl 12000 0 @0 =0 1
‘Conclusion: Even allowing fortime, estimates of habitatloss

stech
L caused by operation are dwarfed by all other sourcesand
especially noisefrom piling

BN\

Commercial blasting

B\

Vibrodrive at yacht club (82
metres)

aLuusLELI

Summary

If noise during windfarm construction can be controlled,
best information indicates that noise during operation is
unlikely to be a problem

B

acoustech

Vibrodrive on site (24 metres)

Range to 50 dBr at Windfarm 2

Eolte-
nose Hriped ‘Harbour Harbour
Epeoles Herring | Cod Db Doiphin Coiphin porpolss sanl
. wloal el Wl oal
e ol ol e ol owl el w
Fange o 80 dEM 110 1o £ 5®o 500 2000 200
N

acoustech
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Near field effects? == TNO oo

e e s s

Other Anthropogenic Sources of Interest
M A Ainslie

Effects of Noise on Fish, Fisheries, and Invertebrates: A BOEM Workshop on Data
Gaps and Research Needs, 20-22 March 2012, Town and Country Resort, 5an Diego,
CA

.\“ acu_u_ntel:h

ar
TNO e e TNO 0 e e
Overview Objective
Background Characterise properties of sources otherthan seismic survey sources,
Soundradiated by surface ships impact pile drivers and wind turbines

Soundradiated by explosives
Noise mapping: Case study with shippingtraffic and dredging noise
Sound budgets

Conclusions

= p
== - | TNO 5 )
shallow

wiater ‘Wenz 1962

D

Other sources of anthropogenic sound

il
Wy
|

\\

Shippingvessels
Persistent
Raised background (Wenz)
Case study: dredger noise

Sources covered by other speakers
Seismic Sources. Michael Jenkerson
Pile Driving: James Reyfl
Wind Farms. Jeremy Nedwell
Sources notcovered by other speakers
Echo sounders
Search sonar: fisheries, military, coastguard
Acoustic deterrents
Transponders and communications systems
Other: Scientificinstruments, minesweeping equipment, acoustic
cameras
See Ainslie (2010)for typical source levels and frequency ranges

Explosions
Short duration
Highintensity -
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Jai |

Sources of underwater noise =

TNO [g;etien
T e s s

» Increasing concern aboutimpact ofunderwal

Explosions

+ Offshore construction (dredging, pile drxigg

' Seismicsurvey (air guns) ———————

\

Acoustic deterrents

+ Shipping

+ Sonar

+ Communications systems

» Dffshore machineryfinstallations
See Alnslle (2010} for typical Souros levels and freguency rENges

Dutch North Sea (Exclusive Economic Zone)

TNO |oyten
T il ——

» Area in 1000 km?
NLEEZ: 57
Morth seatotal: 758
USAEEZ 11,300

o

Shipping (ll)

|

_, Leyel (4B | pRaiHz@Am)
g i

1200

L B0
Frequency {Hz)
» Monopole source level (speciral density):

i
SL_,=230 733.94lcgmf+9.1]'logmilir

+ Depends only onfrequency f (hertz)
+ No correlation identified with vesseltype or speed

TNOQ [t
Fine e s sy

. =

Sources of underwater noise =

| o
» Increasing concern aboutimpact of underwater sound:

Explosions

+ Offshore construction (dredging, pile driving). James Reyff
+ Seismic survey (air guns): Michael Jenkerson
+ Shipping
' Sonar
Acoustic deterrents
+ Communications systems

' Offshore machineryfinstallations (wind turbines): Jeremy Nedwell

¥ VESSEL TRAFFIC ON THE NORTH SEA

= =
| =

Shipping (I}

) Shippingin Dutch M Sea:
) ~ 340 ships
) 57,000 km2
y ~ G ships per 1000 km?

) Global shipping:
1 ~ 80,000 ships
) 360,000,000 km?
» ~ 0.2 ships per 1000 km?

Hikdebrand

=
J Ow' |
. [
—
| ™O oo ]

Shipping (lll): Dependence on vessel type

» McKenna etal 2012
T types of ship

- Radiatednoise level (RNL)referredto 1 m
dBre 1 pPa? Hz

Santa Barbara E
Chanﬂe\,CA(ZUUQi_ -l -
i .
Ty ot :
. I ..
S . =i
" .
e . .
) T .
. Broadband: 20 Hzto 1 kHz
!
b Spod o
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TNO [g;etien
T e s s

| 8

Shipping (IV): dependence on ship speed

Arveson & Vendittis 2000
Single cargo ship “Overseas Harriette”
Radiatednoise level (~ SLy)

Speed: & to 16 knots

DHPOLE SOURCE &Y. SPECTRAL DENSITY LEVEL

Wales & Hed 02

Sl converted to Sly
for comparison

S (4 o1 P )

L, (1348 m
L |
Frosuancy 1 Ha

TNO |oyten
T il ——

Anon. 1949

Explosives (ll)

154 Garmen pTSrACnEROWIY Dam it s ST 00
e e

: £l
TNT. Tris pimcgranh e et of a daisie cpomre, he i be
e —-

Sencase cnrne
Exrioawe Ginkat
Doeronr UETONATION
Charge mass=30mg
Time=14 ps,
| 5
J i | -SE gv: =: "::r
I — | s
) S A RIS
Explosions (IV): | K L
Source energy; peak pressures” N

] B Weston 1960

Energy depends on TNT equiv. chargetnass:—— s
Shock wave (= 200 Hz): 1 Mfkg e
Bubble pulse (=200 Hz): ~2 MJ/kag (depth dependent)

Energy source level (shockwave) [Ainslie 2010]:

SLg = 231+ 10log, W dBrepPa’m’s

Peak pressure: Distance atwhich g, of 20 kPaisreachedin deep

water s B
5=130 mfor 2 g seal bomb Pep =524 l\W
s=49km for 100 kg ordnance _?;f;‘s;e'"m";sswm ks
5 =18 kmfor 5000 kg shocktrial

FHWG “Agreementin Principle for Interim Criteria for Injury to Fish

from Pile Driving Activities™ [FHWG 2008] (assume Lz yintended)
Ly, =206 dBre 1 uPa (zero to peaksoundpressure =20 kPa)

MPa

| 8

|

TNOQ [t
Fine e s sy

Explosions (1)

Dutch North Sea:
Disposa WW2 ordnance:~10 GJ/y [Ainslie et al 2009] (shock
wave)
Estimated order of magnitude requirementfortotal Morth Sea
~300,000tonnes ordnance (300,000 gigajoules)
requires 100 GJh 000 year
Beaufort's Dyke (Irish Sea)
~1,00,000tonnes ordnance (1,000,000 gigajoules)
requires 100 GJY
Global:
Ship shocktrials: 3300 Gy [Hildebrand 2004]

anrion

e

TNO |oten
foor il ——

Explosives (lll)

o= v, pnrase
W
[l

o

P
O

4
-

eaaTos u e
[y

—

—~
Lo sesenns

SaTioN 0 Th
TAL PRESSURE FuLsE e
SEcouE ARD TRIRD PULALS

= |

TNO |ooten
fior il s m—

Noise mapping: Case study

Heavy shippingtrafficwith nearby dredgers
Extension Port of Rotterdam, NL
“Maasviakie 27 (MV2)
Background measurements, 2008 [Dreschler et al 2009
Dredgernoise measurements, 2009 [de Jong et al 2010]
Trailing suction hopper dredgers
Source level
Environmentalimpact (workin progress)

B-57



Appendix B: Presentations

s

TNO [g;etien
T e s s

Summary of source level measurements
Dipole source level in 1/3-octave bands [dBre 1 uPa?md

IR

YhEm a0 w0 e B
Toequaecy (-cetslpt]

NL dredgerfleet

| Envelope MV2 dredgers
(various activities) De Jong et al 2010)

TNO |oyten
T il ——

Comparison with UK dredgers

Dipole source level in 1/3-octave bands [dBre 1 uPa? m?

anraan s el gl

1.l hirm CEET
[

All UK dredgers (while dredging)
Robinson etal 2011

N
ey (1ostrapt]

Envelope MVZ2 dredgers
(various activities) De Jong et al 2010)

TNO |oooton
T il s m—

| d

Sound budgets: how to compare apples with
pears?
Proposal: use free-field
(see lightning session);
Rankmain sources in Dutch North Sea
Air guns & MJ
Ships (340 ships)3MJ
Pile driving 0.7 MJ
Explosions 0.5 MJ
Selected sources worldwide (order of magnitude estimates based on
Hildebrand 2004, Ainslie etal 2009)
Ships (280,000 TOOMJ
Air guns (3900 GJiy): 300 MJ
Ship shock (3900 GJfy): 0.5 MJ x 3300/11=100MJ

as a measure of environmental cost

P

TNOQ [t
Fine e s sy

| 8

Comparison with UK dredgers

Dipole source level in 1/3-octave bands [dBre 1 uPa? md

" . " 7 b T w-mfnﬂﬁim‘?\' CREL)
All UK dredgers (while dredging)
Robinson etal 2011 Envelope MV2 dredgers

(various activities) De Jong et al 201

-
TNO i e
Maasvlakte-2: shipping traffic + dredgernnoise
24 hour simulation: SPL[dB re 1 uPa?

15 km

w0008 104800

s

TNO |ooten
fior il s m—

| d

Conclusions ()

Shipping:
Persistentlow intensity background
Characterised by source level (SLay, SLg or RNL)

= B e

[d@=4m)

e

Explosives:
Oceasional, high intensity
Characterised by energy, peak pressure (and duration)
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TNO [g;etien
T e s s

g == |

Conclusions (ll): Free-field energy

Largest coniributors to sound energy in the Duich Morth Sea[Ainslie
etal 2009]:

Air guns, shipj

ng (1to 10 MJ)

Pile driving, explosions (<1 MJ)

Echo sounders, sonar~0.001MJ
Worldwide (order of magnitude estimates):

Shipping, air guns, explosions (100

Sonar, pile driving?

TNO |oyten
T il ——

iy .
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BOEM: Information needs and data gaps

» Presentation name: Other Anthropogenic Sources of Interest
+ Author (affiliation): Michael A Ainslie (THO)
+ Information needs
+ How are source properties related to environmental impact?

Brandon M. Casper
+ Data gaps
» Surface ships: Measurements of radiated noise; dependence
on ship size, propulsion type, propeller depth ...
» Explosions: Propagation of shock wave in shallow water
» All sources: Energy budgets, effectiveness of mitigation
measures

University of Maryland

* Acknowledge this diversity, but try to promote
— More speciose than any other vertebrate on the categories that fishes can be placed in to allow

planet us to make some generalized predictions of
noise exposure responses

* Found in just about every body of water on
the planet * Briefly present several ichthyological topics
when considering noise exposure in order to

* Therefore, an amazing amount of diversity promote further discussion and ideas

FOmsAng arear
1200 naeal maben arcs

salinity, temperature, depth,
light, presence or absence of land, currents,
season, food web, habitat, life stage,
reproductive state.............

'
&1
5!!1

* And of course our role
— Fishing
— Habitat degradation
— Chemical pollution
— Noise Pollution?

B-60
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Fry iy deveig e e
d s The b iad p- e

:Largen developed ovaries o testes could also be more
susceptible to damage

o1

TR pS——_———

e How differenf is the auditory scene between different
species?

- Between different Irfe stages?

- Pmducﬂon ofstress hormones or other stress
responses

H en talk on Injury and Effects on Fish
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. Hearing Thresholds for Select Species .
160
I =~ Saimo

Table 1; Groupings. of Fish by Sensitivity to Selsmic Sound and Ecological Association
Ecological Assaciations
Large Pelagic | Small Pelagic | Dermersal Reel Shallow/Estuary In River
Fish Categories Cod
- = || mE
samvrury | gt — - = — Different methods for producing sounds
o .t e o — We likely have only begun to understand the
sound 2| e | o || B2 — extent that acoustic communication exists among
ole
fishes
fish wger Dorado Herring Red Snapper salmon . N .
Porterl il I R Rl el + Anthropogenic noise could be masking these

100 1000
- Frequency in Hz -

and/or ability to produce sounds for

on the type as well as presence or absence of communication with its auditory scene?

the swim bladder? * |f anthropogenic noise is masking a fish’'s

* What other anatomical features may be useful auditory scene, how important is masking in
when predicting effects of noise exposure? terms of the overall fitness of the fish?

BOEM Workshop 2012, San Diego, Effects of Meise on Fish, Fisheries and Inverte brates

Antecedents:

I —————
- Between September and October 2001 and in October 2002 the natural
rhythm of annual records of giant squids {Archifeuihis dux) stranded in the
area of the West coast of Asturias (Spain) experienced a significant
increase (Guerra et al., 2004a, 2004hb; 2011)

- These events were coincident with the proximity of vessels using
compressed air guns for geophysical prospection, producing sound waves
of low frequency (below 100 Hz) and high intensity (200 dB re 1 pPa at 1m)

- None of the lesions could be related to known causes of death, however,
the presence of geophysical prospecting vessels suggested that the death
of these animals could be related to effects produced by noise exposure
{Guerra et al., 2004b)

- The concern on the effects of climate change and of increasing ambient
noise levels on cephalopods sensory systems combined with a lack of
infarmation on the sensitivity of the statocysts when exposed to noise, lead
to a series of Controlled Exposure Experiments on Mediterranean Sepia
officinalis, Oclopus vulgans, Loligo vulgans and Mex coindet]
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BDEM Workshop 2012, San Disge, Effects of Noise on Fish, Fisheries and Invertebrates

Capture and Maintenance :

- Cephalopodspecimens were caught from theCatalanCoast (NW Mediterranean
Sea) over a period of 2 years, between February 2008 and August 2010, and kept

in a closed system of redrculaing naturalseawater (at 18-20¢C, salinity 35%.and
natural oxygen pressure) consisting of 2 mechaniclly filtered fiberglassreinforced
plastic tanks of 2000L capacity, that were connected to each other.

BDEM Workshop 2013, San Disgs, Effects of Noise on Fish, Ficheries and Invertebrtes

Control specimens Exposed specimens

Sacrifice & Analysis

Sequential Sacrifice

ExperimentalTank C & Analyss
e
R —
s

78 5 1 itk
= Ine T i =

Sacrifice & Analysis ‘—/ 2

BOEM Workshop 2012, San Disgo, Effacts of Noise on Fish, Fisharies and invertabrates

SEM. S=pia afficinalis (A, B, E} and
Octopus vuigaris [C, D) msp, A0
sacrificed 45h sfeer sound exposire.
E sacrificed T2hsfter sound expazure

SEM. Sepia officinalis msg, merificed 96h efter mund sxpazure.

BDEM Workshop 2012, San Diege, Effects of Noise on Fish, Fisheries and Invertebrates

Cephalopod specimens :

- Afirst set of 30 individualsof Sepia officinalis were caught and kept for several
weeksto observe and anahse ther adaptation to captivity. These animalswere
swimming, eating, mating, laying eggs and behaving normally over theentire
observation period

- The analsis (LM, SEM & TEM) of their inner sensory statocyst epithelium was
usedasafirst control and did not revealany lesion.

- 164 adukt andyoung specimensfrom Sepia officinai’s, 10from
Octopus vulgaris, 9from Loligo vulgaris and 4 from lllex coindeti

BDEM Warkshop 20132, San Disgs, Effects of Noise on Fish, Ficherier and Invertebrater

Results (1/6):

SEM. Control Sepiz officinalis {4 & B);
Detopus vulgaris (€ DJ macul dxtics
‘princeps; Octopus vulgaris inner sec

BOEM Workshop 2012 San Disgo, Effacts of Noise on Fish, Fisharies and invertsbrater

TEM. Callular orgenirstion of contrd Sepic LM {A) e TEM (B-E}. Octopurs wurlgaris maaria
gjﬂ:':k i 21 48h after sound expasure.
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BDEM Workshop 2012, San Disge, Effects of Noise on Fish, Fisheries and Invertebrates

TEM. Genersl nervousargeniztion of Sopin TEM.
officinalis mocula stotica prine=ps % B) and

Dctogus vulgaris macula stotica prineps
[msp), from on individuo) scrificed ABh sfter

ozl epitheSum in the metonet of Octopis
vlgaris [C, D). Controd snimels.

BDEM Workshop 20132, San Disgs, Effects of Noise on Fish, Ficherier and Invertebrztes

SEM. Sepia officingis. Linning ephitcium of

[, E}. Control snimais

specmens |G, H}

BOEM Workshop 2012, San Disgs, Effects of Noise on Fish, Fisharies and Invertabrates

Low G i &

Exposure E
Corresponding author:

Michel André
Technical University of Catalonia, Barcelonalech, Spain
michel.andre@upc.2du

Needs to:

determine sound characteristics, threshold levels and quantify the lesions in
the under posure experiments;

- explain the mechanism onset of these lesions, in particular to determine if
the ¥ it can be in open i

look for effectson larvae and possible recovery processes

- ifthese animals are more
motion or acoustic pressure, or to a combination of both.

to particle

BDEM Warkshop 2012, San Dicge, Effects of Noise on Fish, Fishesies and Invertebrates

Results (5/6):

SEM. Sepio officinalis (D} and Ocmpus
“l@nrxn_.* (E, F) cristo-arpula system. Contrdl
-

: o
SEN [4-E} and inalis
R

-E szcrificed 96h sfier sound expazure f, G: sscrificed
24h efter sound expamire. Insert in G szerificed 38h
fter sound exposure

BDEM Workshop 2013, San Disgs, Effects of Noise on Fizh, Ficherier and Invertebrzter

Conclusion, Future Research and Perspective:

Theseresultsshowed:

- lesionsnewto cephalopod pathology

- EXpOsureto sounds maycause serious lesionsonthe statocyst sensory
epitheliums.

theselesions are consistent with & massive acoustic trauma found in terrestrial
species.

Further investigation is neededto:

determinethreshold | evels and to quantify the | esions inthe statooysts;

explainthe mechanism onset of these lesions, inparticular to determine if the

laboratory conditions can be reproduced inopen environments;

- definitively understand if these animals are more sensitive to particle motion
or acoustic pressure, or to a combination ofboth.

Future electrophysiological experiments coupled with post-mortem imaging
techniquesare needed to determine the tolerance to noise thresholds of
cephalopods.
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Injury and Effects on Fish
Physiology

Michele B. Halvorsen
Michele halvorsen@@pnnl.gov

Pacific Northwest

Prcel Cpeated oy Batclle Since 1965

Underwater Noise - Components

» Sound is energy that can do work — thus, it can cause
damage

m Frequency
® Intensity
= Spectrum
» Two components of any sound wave
w Pressure
m Particle motion
» Near field (pressure & particle motion)
» Far field (mostly pressure, but some motion)

Pacific Northwest

Hakorsen, MBS BOEM San Diego 2012_— Prowdly Opevsted by Battclle Sinoe 1965

Underwater Noise Effects - Auditory

—rpuszPl: ——Tidl k- Chk Smmon —#-Sa% Sms —8-Dab

£
, g
Auditory z
= Changes in hearing ~ "
threshold e

= Hair cell damage

‘Saimon: Halvorsen et.al., 2009; Bass: Holtet.al., 2010;
Dab: Chapman & Sand 1572; Karl von Frisch-zar

Halorsen, ME BOEM San Dlego 2012

Underwater Noise Effects

» Energy development in marine environments
» Installation
» Decommissioning
» Exploring
» Concern for aquatic animals
» Behavioral responses
» Onset of effects
» Barotrauma
» Auditory - TTS
» Pile driving exposures in the laboratory
» Blasting exposures
» Tidal turbine exposures
Pacific Northwest

Hahorsen, MBS BOEM San Diego 2012 Prosndi Cperated by Battclle Sinor 1965

Underwater Noise Effects - Barotrauma

» Contraction and expansion of free gasin body
» Change in state of gas from soluble to free-form
» Swim bladder — (buoyancy state, hearing)
= Rupture
= Damage surrounding tissues
» Natural blood-gases
= Solubility changes
= Gas comes out of solution
» Bubbles form in blood and tissues
« Damage to tissues, vessels, organs
» Equilibration state is very important
= Neutrally buoyant fish
= Tissue-gas equilibration with surrounding water
= Physiological state of fish at exposure is critical
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Exposure and Assessment

» Expose fish to impulsive sounds
» Sound Exposure Level
» Barotrauma injury assessments of

neutrally buoyant fish

» Examples of injuries

Fish loading

N e

]
s
=
w
[*]
o
=
18]

HaNorsen, ME BOEM San Diego 2012

Barotrauma Effects Response Model

Fish Index Trauma - FIT

Response Weighted Index (RWI)

RWI=F (Wxl)

Mortal Injury Vits | Moderate Injury Wt3  Mild Injury

i 1 hr Hemorhage: gut, capillaries

Hematoma: major organs

Hematoma: swimbladder

» Ranked by physiological costs or impairments

» Grouped by Mortal, Moderate, Mild

Pacific Northwest

Hakorsen, MB BOEM San Diego 2012 Proandi Opevated by Battclhe Sinor 1965

Tissue Damage

Swim bladder
Intestine ‘

Prosle Opeated oy Batclle Since 1965

Hahorsen, MS BOEM San Diego 2012

Physiological Assessment

» Expose fish
» Biological exam of fish

= Death

= Auditory system-TTS

= Tissue damage- Barotrauma

= Ultimately, reported data difficult to interpret and extrapolate

» what does %' number of injuries mean to fish ?

» Tool assessment of the biological response
» Fish Index Trauma (FIT Model)

» Quantifies a qualitative assessment

= Addresses ‘meaning’ of injuries

= Monttoring / effects criteria

Pacific Northwest

Hanorsen, MB BOEM San Diego 2012 Pl pesates s Battclle Since 1965

RWI = Z (njury % Weignt)

Swim

Liver
nm:m hemorrhage

Injury 1 1

Weight 3 5
Calc(l x W) 3x1 5x1

Product 3 5

b3 3+5
RWI 8

Hahorsen, MB BOEM San Dlego 2012

Brief Summary

» Defined trauma threshold:
SEL.ym 210 dB re 1pPaZ-s
SELe, 181dB re 1uPa2-s
960 number of impulses

SEL.ym 211 dBre 1uPaZ-s
SELe 179dB re 1uPa2-s
1920 number of impulses

» FIT model has been applied to various sound sources
= Pile Driving {(Halvorsen et al. 2011)
= Rock Blasting (Carlson et al. 2011)
= Tidal Turbine (Halvorsen et al. 2011)

Pacific Northwest

Hahorsen, M5 BOEM San Dlego 2012 ool Openated by Battclle Since 1965
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Injury and Effects on Fish Physiology:

Injury and Effects on Fish Physiology

Michele B. Halvorsen Battelle, Pacific Morthwest National Laboratory
Data Gaps:
» 2injury pathways, Hearing and Barotrauma

» Define a level of detrimental TTS, probably specificto
hearing sensitivity group

» Combining TTS with Barotrauma? — Barotrauma may be
more sensitive

Further development of the FIT Model
Performance testing on fish after ensonification
» TTS and Barotrauma

Pacific Northwest

Halorsen, ME BOEM San Dlego 2012 Pty Opesated by Battelle Since 1965

A FEW WORDS ABOUT SOUND AND
INVERTEBRATE INJURY

Dr. Jerry Payne
Fisheries and Oceans
Canada

Hahorsen, ME BOEM San Dlego 2012

Michele B. Halvorsen Battelle, Pacific Northwest National Laboratory
Needs/ Gaps

» Effects of depth on fish response (depth might be protective)
» Extrapolation of biological responses to other signals

» Testing various size classes within a species
|

Different groups: Physoclistous, physostomous, no swim
bladder

» Understand process of injury accrual (do silent breaks =
“restart” for accumulation?)

» Exploration of assays to detect the presence of specific
proteins (biomarkers) in blood

» Appropriate metric or group of metrics
» Received sound levels: pressure and particle motion

Pacific Northwest

Prosty Opesated by Battelle Sinee 1965
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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

NO SCIENTIST IS EVER AT A LOSS FOR MORE
STUDIES THAN HE THINKS CAN BE DONE TO
DEFINE THE TOXICITY OF A CHEMICAL. IN
COMMITTEE ONE SOMETIMES GETS THE
FEELING THAT NO ONE WITHOUT A DEGREE IN
TOXICOLOGY SHOULD BE ALLOWED TO TAKE A
BATH.

ROYAL SOCIETY

On the altraction of larval fishes lo reei sounds

David A, Mamn*, Brandon M. Casper’, Kelly 5. Doyle®, Timoty © Tricas’

N iy o4 M St binsnacere o e 1A, 85 AL Srsar Semih 1 Parstd, Pl BITSL BTN (L
- " L [y a——,

B
[

GROWTH OF AQUACULTURE SHRIMP

* THE STUDY NOTING EFFECTS ON CHRONIC
EXPOSURE TO LOW LEVELS OF
SOUND/VIBRATION INDICATES NEED FOR
FURTHER INVESTIGATION

* SEAHORSE AS SUPPORTING EVIDENCE

INVERTEBRATE BEHAVIOR: THE HERD
OF ELEPHANTS IN THE ROOM

» HOW CAN WE APPROACH DICK CHENEY'S
“UNKNOWN UNKNOWNS" WITH RESPECT TO
POTENTIAL EFFECTS ON COMMUNICATION,
FORAGING, NAVIGATION, PREDATOR-
AVOIDANCE, REPRODUCTION AND HABITAT
SELECTION?

WHEN THE “FORCE" IS MAINLY FOR RESEARCH
NEEDS OF KEY CLIENTS.

SOUND AND INVERTEBRATE INJURY
DR. JERRY PAYNE

FISHERIES AND OCEANS, CANADA
CONCLUSIONS (1 SLIDE)
RECOMMENDATIONS (2 SLIDES)
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CONCLUSIONS

The slate is mostly blank with respect to studies on the
potential for various sources of sound to effect delayed
martality or sub-lethal injury in invertebrates.
The few studies that have been carried cut with crustaceans
and a cephalopod indicate a potential for sound to elicit sub-
lethal biochemical/physiological fhistopathological respons
It is important to note that such biomarker response
different colors, from the benign to potentially injurious.
The information gap on invertebrates makes it all but
ible — in most instances ~ to pass informed opinion on
related to potential risks/no risks associated with
om seismic, pile-driving, sonar or vessel traffic.

d industry on the extent to which field
studies could be useful for assessing effects on animal
behavior — e.g. the question of seismic and alteration of
crustacean catch.

Avail of opportunistic field studies to obtain biomarker data
e.g. caging of animals in relation te pile driving or seismic

Provide information (if only for assurance) on whether
rooplankton assemblages might be significantly affected by
loud socunds e.g. seismic surveys. Carry out dose-res
studies to assess sub-lethal and potentially injurious effects
in a keystone zooplankton species such as Calanus.
-ourage basic studies to grapple with the difficultissue of
tle but possibly impaortant effects on animal behavior.
Priority would likely be regionally driven in relaticn to
specific species and concern.

Importance of Sounds for Animals—
Sound Production and Sound Detection

David Mann

UNIVER! N 7

RECOMMENDATIONS

Carry out laboratory or small scale mesocosm studies to
assess the effects of sound on commercially important
invertebrates such as lobster, crab, shrimp, scallop and
squid. Parameters for consideration would include behavior
and pathology which could invelve biochemical,
physiological and histopathological endpaints.

Although difficult, a special attempt should be made to focus
on deriving some dose-response relationships, including
under chronic conditions of exposure.

Carry out exposures with actual sources of sound or sound
tracks, to the extent feasible.

RECENT LEGAL RULINGS

« Environmentalists failed to establish that

there was a probability of irreparable harm
to marine mammals — Justice Michael
Kelen

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

Invertebrate Sound Production

Snapping shrimp—generate a
cavitation bubble to produce
very loud, broad-band sound

Spiny lobster—associated with
defense. Not clear it is audible
to the lobster.

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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Red Grouper

Soliath Groupar

G iy . Acoustic Cc unicatio
Characteristics of Fish Sounds 1€ SOMIURICton

* Tend to be stereotyped

* Sounds by different members of same family
can be similar

communication g
— E.g. toadfish, cusk-eels, groupers likely short (typically <100's
— But, not always, e.g. some sciaenids of meters).
* Exception could be deep
or if there are very loud
fishes

Some Unknowns

Large-Scale Mapping

* ~ 300 Hz harmonic
* Glider with hydrophone
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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
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How Fish Hear

| -
00//DB 12 18 00 06 12 18 00 06 12 18 00 08
Aug 20 Aug 21 Aug 22 Aug 23

-’M )l‘u:: ;‘1" v ‘__.._"_:_x’:‘.d '
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b

Aug 18

200300 HZ
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Richard R. Fay
Marine Biological Laboratory
Woods Hole, MA

Masking — Originally described aspects

of human hearing performance

(e.g., Fletcher, 1940)

First applied and developed for human hearing

Simplest case —

Signal of interest — pure tone
Interfering sound — white noise

Masking Fundamentals and Assumptions

Filter bank or hypothetical detection channels

CRis known for §

l

Hypothetical filter handwidth (BW)

Fre

BW(Hz) = 10(CR/10)

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

Auditory Scene Analysis (ASA)

— definition: the process by which the human
auditory system organizes sound into individual,
perceptually segregated streams according

to their likely sources.

The term was coined to describe human hearing
by psychologist Albert Bregman (1990).

These are related concepts that help define
the hearing process of human beings and all
other animals.

Masking assumptions (Fletcher):

*The receiver is the human ear composed of many
independent, frequency-selective channels (filters).

+Detection of the signal tone uses a detection channel or
filter centered on the signal frequency.

«Detection filters have a finite bandwidth that admits
both the tone signal and noise components falling
within the filter.

*When the tone is at masked threshold, the noise
power equals the signal power within the filter.

«At the detection threshold for the signal, the ratio
between tone signal power and noise power (level
per Hz) can be specified. This is the S/N at threshold.

+The signal-to-noise ratio in dB at signal threshold is
called the Critical Masking Ratio (CR).

+The CR in dB can be used to estimate the width of the
detection filter (Bandwidth=10cR/10).

+For Human listeners, the width of the detection filters
increases with center frequency according to a linear
function (Glasberg & Moore, 1990).

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

+Masking is a linear function of noise level (1 dB
increment in masking for 1 dB increment in noise level).

*These aspects of masking have been confirmedin a
variety of animals (mammals - including marine
mammals, birds, amphibians and fishes), including that
all ears contain a filterbank of detection channels.

+It is likely that masking functions similarly in all
animals, including sea turtles and invertebrates.
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The usual or “natural” ambient noise already causes
masking for most fishes in most environments.

So, any increment in these 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 is present, the
thresholds for detecting the usual sources will be
raised (i.e., all sources will be harder to detect).

Consequences of masking for the fithess of fishes

There is no research on this question, so we don’t
know what effects on fitness and survival might occur
caused by anthropogenic noise.

We can guess that extra noise in the environment could
interfere with communication (social and reproductive),
predator and prey interactions, and orientation to
environmental features.

One thing is certain — As noise levels are raised above
the “natural” ambient levels, all noise sources may —

*Render the weakest sounds undetectable

*Render all sound sources less detectable

*Reduce the distance at which sound sources can
be detected.

Auditory Scene Analysis

The ability to segregate sounds from different sources,
and to assign sounds to independent sources.

Bregman (1990) introduced the notion of Auditory Scene
Analysis (ASA) generally, with the focus on human
speech and music perception.

“Dividing evidence between distinct perceptual entities
(visual objects or auditory streams) is useful because
there really are distinct physical objects and events in
the world that we humans inhabit. Therefore, the
evidence that is obtained by our senses really ought to
be untangled and assigned to cne or another of them”
(Bregman 1990, pg. 13).

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

*Real signals and noises are more complex than this, with both
signals and noise having arbitrary spectral shapes and bandwidths.

*There has been very little research on this aspect

of masking in fishes, and no certain way to make guantitative
predictions about the masking effects of arbitrary spectral shapes on
arbitrary signals.

«e.g., the masking effect of vibratory pile driving on the detection of
communication sounds of the cod cannot be predicted without
further research. All we can be sure of is that only the noise levels in
the vicinity of the communication sound spectrum cause the
masking.

Masking Effects on Distance of Source Detection

Spherical and Cylindrical Spreading

p—r]
——— Cyfincrical

5dE

|
I

signal level (dB)

[ Range reduction
Ll )
10 — 10 1000 10000

range (meters)

Any increase in ambient noise reduces the distance at which any
source can be detected.

Cylindrical spreading — 32% distance reduction / 5 dB

There is no threshold — any noise increment = distance reduction

Bregman -
2 types of ASA—

PRIMITIVE — Bottom up, involuntary, not dependent
on cognition or attention, automatic, and | would say,
the ASA shared with all animals.

SCHEMA-BASED - Top down, memory-based, arising
from learning and experience.

2 further types —

SEQUENTIAL — Those sensory features that tie together
a temporal stream as if from a single source.

SIMULTANEOUS — Features of a sound that distinguish
one simultaneous source from ancther
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Sequential scene analysis

Principles of Gestalt Psychology (visual analogy),
including PROXIMITY and SIMILARITY, - “an
automatic tendency of brain tissue,” and | would
say, one of the primary purposes of the brains of
all animals.

ASAIn hearing has been classically demonstrated
using sequential tones — Miller and Heise (1950)

The guestion is, “do you hear one source or two?”

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.

Auditory Scene Analysis capacities have been
demonstrated so far in:

+Human beings

+Several other mammal species
+Several bird species

+Goldfish

| think we can believe that all vertebrate animals
Must have this capacity.

What does this mean for anthropogenic noise effects?

Miller and Heise (1950): The "Trill' Threshold and stream segregation

Periodic Tone Pulse Train - 1 Stream

A

Frequency Modulation, or Trill - 1 Stream

No Trill, Rep. Rate Halved ('Fissien'),

ASA — simultaneous sources

*Not the mere recognition of species-specific sounds in
noise or distracters.
-Not the mere detection of sources in the presence of
noise or distracters.
+Not dependent on directional hearing — (e.g. asin
individual instruments in an orchestra
in a monophonic recording)
+It is the disentangling of acoustic components of one
source from those of others, and then the perceptual
segregation of these sources.
«It is the determination that the signal in question arises
from an independent source.
Acoustic factors that promote segregation: asynchronous
onsets and offsets, differences in pitches and timbres, and
differences in AM or FM patterns.

hearing out

As for the consequences of masking, we don’t know —
no critical experiments have been done.

One thing we do know, however, is that in order for
any sound to be useful as information or perceived
properly, it must first be segregated from all
simultaneous sounds so that its source can be
usefully determined.

And we know that for source segregation to take
place against a noise background, the S/N must be
higher than that required for mere detection.

In other words, the noise level that interferes with
signal detection through masking will be above that
required for source segregation — source segregation
will be disrupted at lower S/N than signal detection.
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Scene analysis assumptions

S/N required for tone detection (masking CR)

ional S/N required for source segregation

White

Conclusions

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

“We know very little about the masking of arbitrary
signals

“We know alm
masking for fish b

*We know that fish are capable of Auditory Scene
Analysis.

What to include
+ Species
True "small” pelagic and mesopelagic ones (no bentho-
pelagic r:-nes?e
- herring (Clupea harengus)
- mackerel (Scomber scombrus)
- blue whiting (Micromesistius potassou)
- sandeel (Ammodytes sp., Hyperoplus sp. ++)
- mesopelagic species (Myctophids, ++)
- salmon and trout (xx, Safmo salar, S. trutta)

. e |

P ——

i - —— =

The point is that the r
enough for useful sol

information to

The additional S/M required for source segregation is
not known, but for goldfish the va

s about 4 dB

greater than the critical masking ratio for tone-in-white
noise masking (Fay, 2011).

on of a signal is not
ing. All effective sources

y-used (t

Behavior of Pelagic Fish in
Response to Man-made Sources

John Dalen
Institute of Marine Research,
Norway

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

INSTITUTE OF HARINE RESEARCH

HAVFORSENINGEINSTITUTTET

What to include, cont

Sources

+ Only sources producing sound energy within the
frequency ranges of hearing in actual fish species,
i.e. at low and very low frequencies < 1000 Hz

hammers (piling)

fishing gear - trawls

explosives — blasting (construction and demolition)
sparker (seismic)

airgun (seismic)

very low frequency sonar (mostly military — a few
within geophysics)
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What to include, cont
Surroundings and habitats

- free swimming fish — shoalsischools or single specimen

- caged fish have as often undesired and rarely known resfrictions in
behaviour responses and pattems
== left out herel

From hammers - piling

All potential relevant studies are either on caged fish and/or on
demersal and bentho-pelagic species

Swimming behaviour of herring during
acoustic surveying and pelagic trawl
sampling

A study showing herring beaviour related to pelagic trawling in the North Sea
but the reponses to the trawd are rather diffieult to distinguish from the response
to the ship — re Alex De Robertis "Responses of Fish o Ship Noise™
*  Major findings: The heming avoided the trawl by
- increasing the horizental swimming speed -
undertook verical migration towards the bottom

Misund, O.A, & Aglen, A 1992. Swimming behaviour of fish schools
in the North Sea during acoustic surveying and pelagic trawl
gnpllng. ICES J. Mar.Scl. 49: 325-334.

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 impacts from man-made sound on fish and such
stimuli leading to changed behaviour must be
understood in a species specific, size specific and
ﬁbio;fogica! state specific context, and seasonal

context!

From fishing gear - trawls

2 relevant kinds of trawl
- demersal trawls / bottom trawls

- pelagic trawls

Pelagic Fish Behaviour during Trawl
Sampling off Angola

(Sardinella sp. - Sardinella maderensis and 5. aurita)

S ‘\- -

Kyrkjebo, E. & Misund, O.A 2011. Pelagic Fish Behaviour during
ﬂwl Sampling off Angola. OpenOceanJour 2011, 5, 22-29,
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Pelagic Fish Behaviour - Trawl Sampling - Angola,
cont

— Entening Ssh
’,

Foot rope ibgttom
of travd

Echogram from the trawl sonde (echo sounder on the head rope looking
{g\\mrds} — fish entering the trawl.

Pelagic Fish Behaviour - Trawl Sampling - Angola,
cont

Main outcome of shoal behaviour

+ Depending on the intensity and type of reactions, the
altered behaviour patterns were classified into two
categories:

- Adjust Reactions: did not lead to a sudden disintegration
of the school organisation but caused the whole school
gradually to change swimming direction and move closer
to one side or to the bottomn of the trawl.

- Fright Reactions: Characterised by a sudden
simultaneous mass response, with individual fish
swimming in different directions and the collective
school organisation collapsing for a few seconds.

&

From explosives

Most studies are either on caged fish and/or on demersal and bentho-pelagic
species

Cited sludy: Exposing blue whiting to small charges of explosives just
behind a fishing vessel to "force” the fish to the bottom to be more
exposedicatchable to the bottom trawd (increase catches).
+ Depth of fish: 150-200 m
+ Blasting: The fish concentrated and maoved towards the bottom — stayed
there for 10-15 min and then lifted again to previous preferred depths
+ The blue whiting got habituated after 5-8 blasts with 5-10 min between each
stimulation/blast

Dalen, J. 1973. Controlling behaviour of blue whiting in relation to
ling. Experiments in the North Sea. SINTEF Working Report 73-
-K, SINTEF, Div. 48, NTNU.

From sparkers (seismic)

Investigations of impacts on herring in a nearly

closed bay
The bay holding hermring
shoal(s), vessel and
features of the positioning
' system

Dalen, J. 1973, Stimulating
herring shoals with sound.
Report to the Norwegian
Research Council of
Tevhnology and Natural

-£ 5 Sciences,

Investigations of impacts on herring in a bay, cont

1+ Sheal trajector from
& time/ position 1 to
=i i*2, response
ol angle a = Ao+ BSi
Sishoal B:boat
with sonar

Investigations of impacts on herring in a bay, cont

Main results for changes in swimming speed, v, and swimming direction, a, prior
to and after stimulation

Plot Average Variance

v[mis] |vim/s]| a[] | v[m/s] (v[m/s]| o]
prior | after | after | prior | after | after

1-7 0,37 0,33 51 015 0,11 27

813 | 0.41 0,40 50 013 0,12 37

* Mo signi changes in swimming speed
* Signi changes in swimming direction
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From airgun(s) - seismic
+ Studies based on 3D seismic surveys

+ Based on experimental studies

Pilot study 1984: 3D seismic survey North Sea (S00), cont

Seismic area: § x 9 nautical
miles (11 x 17 km)
Observation area: 35 x 18
nautical miles (85 x 33 km)

Estimated SPEL:
- 210 dB/1 pPa at 100 m 204
- dB/i1 pPa at 200 m 200 dB/M1
pPaat 300 m

AB. resa

Schetch of fish bet
blasting

A

Pilot study: 3D seismic survey North Sea (SO0}, cont

Specific observation:

Changes of the fish distributions and behaviour patterns of the fish along the
course lines of the seismic vessel from immediately before to just after airgun
shooting proved that the fish were affected.

Pilot study 1984: 3D seismic survey North Sea (SO0)
System set-up

- Source: 1 airgun array (44 x 57 m}); 40 airguns

1 Towing depth: 6 m
Chamber volume: 77 832 cm? (4752 cu.in.)
"% Source level: 2499 dB/fpPare 1m
{calibrated)
Supply pressure: 138 Bar (2000 psi)
" Firing interval: 10s/25m

-Dalen, J. & Knutsen, G.M. 1987, Scaring effects in fish and harmful
effects on eggs, larvae and fry by offshore seismic explorations.
erklinger: Proc. Symp. "Progress in underwater acoustics®”, 1987:
=99, Halifax 1986.

Pilot study 1984: 3D seismic survey North Sea (S00)

Main outcome: The horizontal and vertical distributions of
both pelagic fish and groundfish as observed by
hydroacoustic methods and trawling within the
observation area surrounding the seismic operations
area, were consistently changed after 6 days of airgun
operations compared to the distributions prior to the
operations.

== Blue whiting: Changes in distribution were observed
nautical miles from the centre of the seismic area.

outtoca. 17

=> Blue whiting: The echo abundance in the seismic area was reduced by 54
% after & days of air gun operations compared to that prier to the cperations.

A

Pelagic fish distribution and abundance in
relation to a seismic shooting off the
Norwegian west coast (S0O0) -1999

System set-up

= Source: 2 airgun arrays, flip-flop operated
= 10 streamers

- Towing depth: 8m

- Firing interval: 10 5/ 25m

- 51 parallel transect, each 51 km long,

- Adjacent transects separated by 500 m.

Slotte, A, Hansen, K., Dalen, J. & Ona, E. 2003. Acoustic mapping of
pelagic fish distribution and abundance in relation to a seismic
g&mﬂng area off the Norweglan west coast. FishRes 67 (2004) 143—
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Pelagic fish and seismic shooting off the
Norwegian west coast (SO0), cont.

o] . REEEEE 3R 4

Ringhorne
Dome. Survey
lines and
bathymetry of
the surrounding
area.

i v - - ]

Seismic area Ringhorne Dome off the Norwegian

g west coast.

5}

Log trandfarned area echo abundance

Pelagic fish and
seismic shooting
off the Norwegian
west coast (SO0),
cont.

Area echo abundance (S,) of
pelagic fish inceased
significantly both in western
and eastern direction from
the shooting in survey 1 (B
days /B lines), survey 2 (4%
days/ 9 lines),

but not in survey 3 (1%: day / 4
lines)

Fishermen’s stories
(anecdotal expressions)

+ Mackerel

* When a seismic vessel comes into the area the fish
"gets wild” (echo sounder observations):
=> more difficult to catch by purse-seining
=> for trolling the catches are strongly reduced

and stay low as long as the seismic

+ Sandeel

+ When a seismic vessel comes into the area the
catch rates are strongly reduced

A

51
i 2 & 1
ss8c suveys ¢ - e L}
3 ] 3

Pelagic fish and seismic shooting off the
Norwegian west coast (SOO0), cont.

mic shosting + N EEEE EEEEEm L1} ENEEEEE m
52 T
3§ 748

- — -

24 68

s2|r
£

304 05 5 7 B 9 MW 11 12 13 14 15 15 17 1B 19 W N B I

April 1993

Time lines of seismic blasting and the three acoustic surveys (51-53).
51: Glines, 52: 9lines, 53: 4 lines

Pelagic fish and seismic shooting off the
Norwegian west coast (SOO), cont.

Main outcome

+ The study indicates there could be a long term effect of
the seismic shooting: i.e. that highly migratory fish like
herring and blue whiting tends to leave and/or avoid
seismic blasting areas.

+ The fish distribution were found at larger depths 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.

A

Experimental studies: From airguns

Investigations of impacts on herring in a nearly
closed bay

The bay holding hesring
shoal(s), vessel and
features of the positioning
system

Dalen, J. 1973, Stimulating
herring shoals with sound.
Report to the Norwegian
Research Council of

ﬁ Tevhnology and Natural
Sciences.
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Investigations of impacts on herringin a bay,
cont

142 Shoal trajector
i-1 from time/
o = position i-1 to
= / i+2,
e i response angle
‘ o = Au + BSi:
S: shoal
B: boat with
sonar

Knowledge gaps

+ Perform studies on "seismicsand herring”:
=> impact distances, behaviour studies, impact on
catching effort,
"pricr to — during — after the seismic activity”

+ Perform studies on "seismicsand mackerel”:
== 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

A

Responses of Fish to Ship Noise

(A perspective from fisheries acoustics)

Alex De Robertis
Alaska FisheriesScience Center, 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

vmis] |vImis] | a[] |v[mis] | vImis] | al]
prior | after | after | prior after after

14 | 058 | 080 | 75 | 006 | 020 2
59 | 032 | 059 | 99 | 011 | 024 a7

+ Significant changes in swimming speed
+ Significant changes in swimming direction

m, J. 1973, Stimulating herring shoals with sound. Report to the
egian Research Council of Technology and Natural Sciences.

-

Thank you for your attention!

Ships are loud
Their sounds propagate long distances

b. Bulk Carrior 16 kGT [7.4 ms™T]

Iy

& e

3 £

g i
167 m, S 3
16000 tons g i
9100 HP & o

30 -24 +18 12 6 CPA 6 12 18 24 30

Time from CPA [minutes]
Closest point of approach (CPA) =3 km

Mactenns et 2l 2042
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Ships can dominate low frequency noise

This is a major concern for auditory masking.

Fish movement consistent with vessel directivity

Swimming direction of fish
schools in front of vessel

° 0
]

:..'J:fz
Moo o

n =
&

3
@

Progaler shadig by hul
Higher Frequencies (» 1001s
Hz)

alartic hawing and cprat
Misund ard Aglen, 1282

Noise reduced Is emit
substantially less sound

Conventional vessels (1 Lknt)

R. Mitson

Fish react to approaching vessels.

Strength of the response is highly ]

variable

Responses are stereotyped i "rl =
+dive towards seafloor - —
~acoustic abundance deceases e T
~depth-dependent )

Undstursed Aeacting Reovery Eau

Herring acoustic abundance
(8, m* nmi?)

Tima from CPA (sec)

The ICES recommendation for
research vessel noise

10-1000 Hz- Minimize fish avoidance.

At ranges > 20 m the vessel noise shall not
exceed 30 dB above (pressure based) hearing
threshold of herring and cod.

{ie. < 30 dBy at > 20 m)

So, what is the impact on
fish avoidance ?
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Simultaneocus comparisons of conventional and noise-reduced vessels

Conventionalvessel
Herring ®| 8 _ ~ ¥

e ol 2007, 0= mobosa wed wilice, 230

Side by side measurement on pollock:

When different. noise-reduced vessel detects more
+Locationdependent

+Time of day dependent

*Mot easily explainable by receive level

T
EF
E L
= TE
g 1 g
: i
i g=
3
3 2
g
o8
EBS (2006 EBS (2008
Fehdeph  f0u0m  E-10m

D Rabertis and Witson, 2011

Fish are sensitive to low-frequency
particle motion

Roach avoiding 216 Hz source

g

Accoleration (ms?)

acocicracion threshokds for four
4 pran and Sand

975). and Pesiersen (15803

(3974), Hawkins and J
Hrem Karsen, 199)

Simultaneous comparisons of conventional and noise-reduced vessels

Conventionalvessel

Noisereducedvessel

gt ()

200 . 200 sec. A 0
ey vy e tem) fhoasarl Vo

Geas il 2007, 3= mobosiy aed wilace, 2330

(Himmr)
Lessons learned _

Noise-quieting is largely about fish decision making, not
perception.

*  Sounds from ships can be reduced
*  Stimulus is for reactions is unclear

*  Behavioral rule of >30 dB above pressure-based hearing
threshold overly simplistic

*  Behavior is complex (day/night), location, physiclogical state

Responses to trawling vessels

Reactions begin=1km
prior to vessel arrival

Strong reactionsto trawlwarps
{7, 14 Hz vibration)

angagars ana Tjsstnaim, 2008
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Flow-induced particle motion at short
ranges may explain herring observations

Large vessel (7€ m, 400D tons | Smaller vessal (65m, 1650 tons)

Low noase. Higher noise,
Larger flow field = larger smaller flow fisld = smaller
reaction 7 reaction 7

Sedet o 208
Controlled exposures :
In general, these sound elieit el
sLower in fraquency
~More sudden
~Louder
=Similar to predators
sLarger contribution from particke motion
EE A Sonar Undisturbed
Sl ’
Escape response
TTRra Dieksator ot o 2012

Information needs:

Move beyond mean pressure as stimulus
Metrics eliciting reactions (rise time, frequen
Particle motion, particularly in near field

+Understand the link between perception and reac .

Consider realistic 50Urces, complex DENAVID  reww wmn  +

Habituation? i

N
or predict ? L == ‘.‘

Acoustic metheds ?

«Scaling from individual to population effects is a major
challenge.
Chranic effects of lbwleve| exposure on fitness?
Effects of auditory masking?
Moise-dependent distributions?

=Ship noise can be reduced- is it werth deing?

Presentation: Responses of Fish to Ship Nelse
Alex De Roberlis, Alaska Fisheries Science Cenler, NOAA

Think like a fish

a Signal
Propagation
— ¥ Sensory abilities
+

@ Information
content of
| o 23 signal
+
) Combire risk with
environment,
experience, and
internal state

Measure or predict behavior ?

Measurement (easier)

€., Sonar measurements of

Prediction (difficult)
behavior fram ship,
Abundance INCreates as a

L i -
4 function of range duo to fith
{m} reactions
-
n |
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Gear-Specific Effects

« Bottom trawls: fish at the bottom
* Longlines: food search behaviour

* Gillnets: swimming activity

Different catching principles

A
Trawls and Longlines
Cod and Haddock
25°00" 26700 700"
72040
Longlines ]| |]
1h
i
- e ]
iy
il
72°00° [ININR!
ﬁ (Engas et al. 1996)
Cod and Haddock:
Seismic Sounds Scare Them Away
il |I||| ll
Vessel log (nmi)
ﬁ (Engas et al. 1996)

Species-Specific Effects

* Hearing ability

« Swimming capacity

Habitat preference/site fidelity

* Predator avoidance behaviour

Different behaviour patterns

Trawls/Longlines — Cod/Haddock:
Seismic Sounds Cause Catch Reductions

700 B Befoe
Bl During
— 600+ B Afer
=
W 500
<
o 400+
=5
3004
5
-— 200
3]
O 100 +
0

Center 13 7-9 16-18
Distance (nmi)

(Engas et al. 1996)

Conclusions:
« Trawls and longlines: decreased catch rates
+ Cod and haddock: avoidance responses

Conclusions supported by three
peer review studies:

+ 50 — 70% for cod and haddock (Engas et al. 1996)
+ 55— 80% for cod (Lekkeborg and Soldal 1993)
+ 52% for rockfish (Skalski et al. 1992)

A
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However, things change and develop

Gillnets and Longlines
Haddock, Redfish, Greenland halibut

Seismic area:
8 x 46 nmi

Catching principle:
* Gillnet: swimming activity

* Longline: feeding motivation

Hearing ability:
* Greenland halibut: no swim bladder
* Haddock: swim bladder close to ear

A new study in 2009

What did we learn?

Seismic area:

8 x 46 nmi

Four chartered fishing vessels

Gillnets:
» Greenland halibut
» Redfish (Sebastes)
Longlines:
# Greenland halibut
» Haddock

Gillnet catch rates increased

100 +132% 350 +86% Before

u D

0 300 " i:;: ° )

250

200

150

104
201 50
1] = a

Greenland halibul Radfish

. r > A

=]
=3

CPUE {numbers)
2

[
(=]
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Longline catch rates decreased Longline: Greenland Halibut and Haddock
70 50 Before teaaomn
=D
% -16% 40 -24% -A:Erng
50
3 4 30
E
2 % 20 (690N
w29
5 10 10 .
0 0 _." L g
Greenland halibut Haddock = .'
‘ . b A 1\ :-_ F58°30N
ﬁ 0 e 140E 15°0E 16°0E

Y - o Y -
50
o o r=0.56 N
0] p<0.05 B
ﬁ 30 E %’ ‘%
c L ]
g » s ’
O g
10 g -
g (2]
Before 15-20 10-15 5-10 0-5 o
ﬁ Distance (nmi) ﬁ Before  During  After
- Vesteralen vs. Nordkappbanken
How do we explain these results? | (Engls et al 1996)
- Gillnet catches increased: :” °fzi5°”a'izspe;25
ay andnmi® 12 vs.
» increased swimming activity ! g
- Longline catches decreased: e
» decreased feeding motivation
* Differences between species
» differences in hearing and behaviour _ N s
ﬁ .14'0:E .|5'ﬂ‘E 16°0°E :
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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)

A » Sound source characteristics

Thus: Extrapolation between
species, gear and habitats???

4

Conclusions:

"Effects of Noise on Catches”
Svein Lekkebaorg
Irstitute of Marine Research, Bergen, Norway

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
2 «increased gilinet catches

Information needs and data gaps:

"Effects of Noise on Catches”
Svein Lokkeborg
Institute of Marine Research, Bergen, 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&

displayed. Your
computar may not
have anough
memory to open the
Imnage, or the Image
may have bean cor...

Effects of Sound on Fish Catches:

Statistical Approaches & Considerations
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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 physics from Imperial College (University of London) and in
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 with the seabed. Dr. Ainslie has 25 years’ experience in underwater acoustics, with
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, where he currently holds the position of Visiting Professor. His publications
include the book ‘Principles of Sonar Performance Modeling’ (Springer, 2010) and 32 peer
reviewed journal articles. He is a fellow of the Acoustical Society of America and of the UK
Institute of Acoustics (IOA), and in 1998 was awarded the IOA’s A B Wood medal for his work
on seabed interactions and sonar performance modeling.

Michel André
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, Toulouse, France. He holds a Master degree in Bioquemistry, a Master
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 mechanisms of the cetacean bio-sonar, as well as the extraction of the
information from their acoustic signals.

Thomas Carlson

Program Manager

Marine Sciences Laboratory

Department of Energy Pacific Northwest National Laboratory

D.r. Carlson has over 30 years of experience working in underwater acoustics and risk
assessment. Current activities are investigation of the effects of anthropogenic sound on fish and
marine mammals and development and application of active and passive acoustic systems for
detection, classification, and localization of fish and marine mammals. He is also currently
active in the development of models to quantify the exposure and assess the risk of barotrauma
and hearing system impacts to fish and marine mammals and laboratory and field studies 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 Aquatic Bioacoustics Lab of
Dr. Arthur Popper at the University of Maryland, College Park. Dr. Casper’s research interests
have centered on the 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 fishes. He has been an invited speaker at several Acoustical Society of America
annual meetings and the Second International Conference on the Effects of Noise on Aquatic
Life in Cork, Ireland. He also recently returned from an international collaboration focusing on
shark hearing abilities in Perth, Australia with labs from University of Western Australia and
Dartmouth College. Dr. Casper received his Biology degree from Ohio University, his Master’s
degree in Marine Biology from Boston University, and his Ph.D. in Biological Oceanography
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 expertise in long range omni-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 Daly is a fisheries biologist with NOAA's National Marine Fisheries Service in
Charleston, South Carolina. She has extensive experience in assessing impacts to marine
mammals from anthropogenic noise under the Marine Mammal Protection Act and currently
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 adverse impacts from coastal construction activities such as pile driving and renewable
energy development.
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Alex De Robertis

Research Fisheries Biologist

National Marine Fisheries Service's Alaska Fisheries Science Center
Seattle, Washington

Dr. DeRobertis is a research fisheries biologist with the National Marine Fisheries Service's
Alaska Fisheries Science Center in Seattle, Washington. His interests have been slowly
increasing in latitude and up the food chain; he started as a zooplankton ecologist working off the
west coast and now works primarily on fish in Alaska. His work is focused on fisheries
acoustics, and involves the application of sonar to understand the abundance, distribution and
behavior of marine organisms. He has a longstanding interest in sensory biology and animal
behavior, and has worked extensively on the 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 Columbia, Canada). She accidentally landed in marine bioacoustics 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 hearing experiments. Christine worked for the Canadian Government (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 Curtin University in Perth, Western Australia. Christine’s interests are underwater sound
(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. Fay spent one year (1974-1975) as Assistant Professor of
Otolaryngology at the Bowman Gray School of Medicine before being appointed Associate
Professor of Psychology at Loyola University Chicago in 1975. He stayed at Loyola, reaching
the rank of Professor and Distinguished Research Professor, Director of the Interdisciplinary
Neuroscience Minor, and Director of the Parmly Hearing Institute until 2011. He began summer
research at the Marine Biological Laboratory, Woods Hole, MA in 1993 where he was a
Whitman Investigator until 2010. Dr. Fay was appointed Adjunct 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 journals. He is the founding co-editor of the Springer Handbook of Auditory
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 the National Marine Fisheries Service at the Narragansett
Laboratory in Rhode Island, USA. He holds a bachelors degree in ecology from Rutgers College
in New Jersey and a doctorate from the College of William and Mary in Virginia. His
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 identification, ecosystem ecology, and climate change. His current research is on the
effects of growth on the early maturation and survival of Atlantic salmon and the factors
controlling the recruitment of haddock. He has served as chair of several ICES committees
including the North Atlantic Salmon Working 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, completed a Master’s degree in 1966 in marine mammal
acoustics, a Ph. D. in animal behavior at the University of California, Santa Cruz in 1970, and 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 conducting field research on whales, penguins and many species of seals. He helped
pioneer Time-Depth recorders, published papers and books on fur seals, and convened an
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 ATOC, low- and mid-frequency sonar, seismic air guns, and explosions. There he
convened expert panels to write noise exposure criteria for marine mammals (published 2007)
and for fish and turtles (being written). He led workshops on acoustic resonance, rectified
diffusion, shipping noise, and monitoring underwater ambient noise. He has also worked on
acoustics from legal (Department of Justice) and treaty (Department of State) standpoints. From
2006 to 2009 he was Program Manager for the Joint Industry Program, 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.
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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
a long record of conservation gear research in New England’s fisheries. Prior to joing The
Northeast Consortium, he served for 9 years as Director of Marine Conservation at Manomet
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 Aberdeen, Scotland and has worked extensively on bycatch reduction and conservation
engineering programs throughout Europe and North America. Dr. Glass has been a featured
lecturer on sustainable fisheries topics at numerous international conferences and has published
extensively in scientific journals. His 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 the environment and the animals. Dr. Halvorsen has been Pl and Co-Pl for projects
involving the effects of noise on fish, these projects were funded by Naval Operations (ERD),
BOEMRE, CALTRANS, NCHRP, Snohomish PUD, and DOE. Recent research completions
include assessment of the barotrauma response of juvenile salmon to high energy impulsive
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 response of marine fish species to noise generated by tidal power electric power
generators, and development of analysis models to obtain response metrics from diverse
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. Anthony Hawkins is currently the Managing Director of Loughine Limiteed, a small
company carrying our research and providing advice for a variety of clients including the UK
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government, the Scottish Government, and the European Commission. His interests include
marine fisheries and their management; underwater acoustics, including the sounds made by
marine organisms and the imact of man-made sounds on aquatic organisms; fish behavior and
fish migrations; and the marine environment and its evaluation and conservation. His 46-year
research career has focused on the 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 sources for over 15 years and has been evaluating marine vibrator seismic
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. Johnson has worked on fish and wildlife conservation issues for the past 34 years,
specializing in assessing the effects of human activity on endangered and threatened species. Mr.
Johnson has studied bowhead whales in the Beaufort Sea, fur seals in the Bering Sea,
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 Fish and Wildlife and Parks in the Department of the Interior on endangered
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 to restore the Everglades. Since 1998, Mr. Johnson has overseen the National Marine
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. He has conducted many
behavioural field investigations using underwater camera and telemetry technology to study
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 studied problems such as methods for fish abundance estimation, harvest strategies,
selectivity and bycatch. He has been working on three aspects related to ecosystem effects of
fishing activities: mitigation measures to reduce bycatch of seabirds in longline fisheries, impacts
of trawling on benthic communities and lost fishing gears (ghost fishing). Dr. Lekkeborg has
also been working with issues related to interactions between fishing activities and the oil
industry, in particular effects of seismic activity on fish behaviour and fisheries. Dr. Lagkkeborg
has published 50 peer-review papers based on his scientific research activities. During his two
sabbaticals, he worked as visiting scientist at Hatfield Marine Science Center in Newport
(Oregon, USA) and at the Fishing Technology Service (FIIT) of the Fisheries Department of
FAO (Rome, Italy). He is member of ASA Standards Working Group on Effects of Sound on
Fishes and Sea Turtles, ICES-FAO Working Group on Fishing Technology and Fish Behaviour,
ACAP Seabird Bycatch Working Group, and Referral Group of Southern Seabird Solutions
Trust.

Joseph Luczkovich

Associate Professor of Biology and an Associate Scientist
Institute for Coastal Science and Policy

East Carolina University

Joseph Luczkovich is an Associate Professor of Biology and an Associate Scientist in the
Institute for Coastal Science and Policy at East Carolina University. He was educated at Lehigh
University (B.S. Biology), Rutgers University (M.S. Ecology), The Florida State University
(PhD Biological Sciences), and completed post-doctoral fellowship at the Harbor Branch
Oceanographic Institute, in Ft. Pierce, Florida. It was at Harbor Branch that he was introduced to
the sound production of drums and croakers (Family Sciaenidae) by R. Grant Gilmore. After
this post-doc, he worked at Humboldt State University and NC State University, and then joined
the faculty at East Carolina University. He has published extensively on the use of passive
acoustics in monitoring sound-producing fishes. Dr. Luczkovich has used the passive acoustic
approach to determining spawning areas of Sciaenidae, which make sounds during their
spawning activities, with males making the sounds as advertisement calls to attract females. By
recording sounds of captive specimens of each of the four species (silver perch, Bairdiella
chrysoura, weakfish, Cynoscion regalis, spotted seatrout, C. nebulosus, and red drum, Sciaenops
ocellatus), Dr. Luczkovich and colleagues were able to identify the species making the calls
simply by listening to captive fish and comparing these sounds to field recordings. These
recordings were analyzed for their spectral properties and correlated with plankton samples,
which lead to the maps of spawning areas for each species. One sound recorded in this study was
difficulty to identify: “the chatter” sound. Previous researchers had misidentified it as being
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produced by weakfish, but the ECU group realized that it was produced instead by striped cusk
eels (Ophididon marginatum). From these recordings, Luczkovich and the ECU Sciaenid
Acoustics Research Team (SART) discovered that silver perch became acoustically inactive
when bottlenose dolphins (Tursiops truncatus) making signature whistles were in the area. He
has recently being using acoustic data loggers to monitor the impact of anthropogenic noises
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 Ahgeak MacLean is the Protected Species Coordinator and Fishery Analyst for the
North Pacific Fishery Management Council. Mr. MacLean joined the Council staff in May,
2011. Before joining the Council staff, he spent six years as the Bering Sea and Polar Marine
Program Director for The Nature Conservancy where he worked closely with Bering Sea
commercial fishing interests to reduce potential impacts to protected species and habitat. Mr.
MacLean has also worked for a private ecological consulting firm and State and University
wildlife management departments. He has extensive experience living and working in rural
Alaska. Mr. MacLean received a Bachelor of Arts degree in Biology from Whitman College in
Walla Walla, Washington and a Master of Science degree in Wildlife and Fisheries Sciences
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 laboratory studies marine bioacoustics with a focus on hearing and sound production in
fishes and marine mammals. Laboratory studies utilize neurophysiological techniques to
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 estuaries of Florida. New research is aimed at studies on spawning aggregations of
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. His labe is also involved in studies of the hearing abilities of manatees and
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, having amassed an extensive
and strategic collection of Australian ambient sea noise. His primary 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, spread between north Western Australia, around the southern Australian coast to the
central NSW coast. Since 1994 he has carried out research projects studying the impacts of
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. Miksis-Olds is a Research Associate, Applied Research Laboratory; Assistant Professor,
Graduate Program in Acoustics, College of Engineering; and Assistant Professor, Wildlife and
Fisheries Sciences, College of Agreiculture at Penn State University. In terms of current
research, Dr. Miksis-Olds’ research employes acoustic methodologies to answer biological
questions in both the marine and terrestrial environments. Her primary interests include animal
behaviour and communication, the effect of anthropogenic activities on animals and their
environment, and the development of technology to observe animals in their natural
environment. Aspects of acoustics, biologiy, oceanography, ecology, and engineering are
combined to create the interdisciplinary approach necessary to extend the study of animals 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 Polytechnic Institute, his MSEE in
1981 from Stanford University, and his Doctor of Science in Oceanographic Engineering in 1987
from Massachusetts Institute of Technology and Woods Hole Oceanographic Institution. Dr.
Miller was on the faculty of the Department of Electrical and Computer Engineering at the Naval
Postgraduate School from 1987 through 1995. Since 1995 he has been on the faculty of The
University of Rhode Island where he holds the rank of Professor of Ocean Engineering and
Oceanography. Dr. Miller is currently on leave from URI at the NATO Undersea Research
Centre in La Spezia, Italy. He 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 Dynamics/Marine Ecosystem Analysis Professor and the
St. Petersburg Downtown - Peter Betzer Endowed Chair in Biological Oceanography at the
University of South Florida’s College of Marine Science. Dr. Murawski is currently engaged in
research contributing to improved understanding of the impacts of human activities on the
sustainability of ocean ecosystems. He serves as Director and Principal Investigator of the
Center for Integrated Modeling and Analysis of Gulf Ecosystems (C-IMAGE), which is a 13
institution consortium investigating the Gulf oil spill impacts. His current areas of interest
include understanding the Gulf of Mexico Large Marine Ecosystem in terms of multiple,
simultaneous stressors through the application of integrated ecosystem assessments. Specific
research includes understanding the prevalence of fish diseases in relation to the Deepwater
Horizon spill, and work on new assessment techniques for Gulf reef fishes.

From 2005 to 2010, Dr. Murawski served as the Director of Scientific Programs and Chief
Science Advisor for NOAA Fisheries Service. In addition to these duties, he was also the
NOAA Ecosystem Goal Team Lead. As Goal Team Lead, he was responsible for out-year
strategic planning and budget development for all of NOAA's ecosystem activities which amount
to $1.2 billion in 2008. Prior to this, he was the Director of the NOAA Fisheries Office of
Science and Technology and served as Chief Stock Assessment Scientist for the Northeast
Fisheries Science Center in Woods Hole, Massachusetts (1990-2004).

During his career, Dr. Murawski has been a key representative on several national and
international committees and councils. He roles included: official U.S. delegate to the
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-Ambherst 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 Vibration Research, Southampton University, setting up the A B
Wood laboratory. In 1993 he left to set up Subacoustech Ltd, a specialist consultancy in
underwater acoustics. For the last 30 years, he has been interested in underwater bioacoustics,
from the subtle behavioural effects of noise on the environment up to the effects of blast on
divers. He has first-hand experience of underwater 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 effluents.
More recent work has involved pilot studies on the 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 of Delaware’s College of Marine Studies, Ann Pembroke has
studies marine resources and impacts on coastal and OCS ecosystems for over 30 years. Her role
as an environmental consultant supporting impact assessment and permitting for offshore
projects brings the applied research perspective to this workshop. Ann has recent and on-going
experience with deepwater port and offshore wind development projects in Maine,
Massachusetts, Rhode Island, New York, New Jersey, and Delawate. Permitting for thise
projects required an understanding of the activities during site exploration, development,
construction, and operation that affect marine resources. Ann’s background is in marine benthic
and plankton ecology, specializing in impact assessment. She has managed environmental
impact assessments for major coastal and offshore projects, with a particular emphasis on
energy, dredging, dredged material disposal, port development, and offshore wind. Ann also
recently completed an evaluation of the effects of EMF from underwater cables on marine
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 has been directed towards understanding basic structure and function of the auditory
system in vertebrates, with particular interest in the ear of fishes and its sensory hair cells. These
investigations frequently involved a wide number of teleost species (e.g., goldfish, zebrafish,
cichlids, American 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 City University of New York and his undergraduate degree from New York
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 in the coordination and running of complex research projects. Dr. Racca’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 other work, of his innovative use of CCD imagers in high-speed videography
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 and localization, include propagation modeling and monitoring of underwater and
airborne sound. His is active in the development 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 sound impacts. He has been the lead acoustical investigator on numerous projects
studying impacts to marine mammals and fish. He provided testimony to the national Fisheries
and Hydroacoustic Working 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 Transportation Officials. More importantly, his expertise, flexibility and timely
efficient work have assisted projects in sensitive agency consultations regarding underwater
noise impacts to aquatic species. His expertise in this area includes the measurement of
underwater sound, evaluation of methods to reduce underwater construction sounds, and
prediction of underwater sound levels from marine pile driving. Mr. Reyff has authored several
papers on this subject and submitted many papers at national and international scientific
conferences.
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Kimberly Skrupky
Marine Biologist
BOEM

Ms. Skrupky holds a Bachelor of Science degree in Environmental Science with a concentration
in Wildlife Conservation and Resource Management from the University of Maryland. She has
been working on issues involving protected species and acoustics for 13 years- working at
NOAA for over five years, Marine Acoustics, Inc. for over four years, the last three years spent
at the Bureau of Ocean Energy Management.

Brandon Southall
President and Senior Scientist
Southall Environmental Associates

Dr. Brandon Southall is President and Senior Scientist for Southall Environmental Associates
(SEA), Inc. based in Santa Cruz, CA and a Research Associate with the University of California,
Santa Cruz (UCSC). He completed Master and Ph.D. degrees at UCSC in 1998-2002, studying
communication and hearing in seals and sea lions. From 2004 to 2009, Dr. Southall directed the
U.S. National Oceanic and Atmospheric Administration (NOAA) Ocean Acoustics Program,
within the National Marine Fisheries Service, Office of Science and Technology. In 2009, Dr.
Southall founded SEA, a research and consulting small business focusing primarily, but not
exclusively, on noise impacts on marine life (see: www.sea-inc.net). Brandon has an extensive
technical background in leading laboratory and field research programs, as well as applying
science in national and international policies. He also serves as a technical advisor and to
international organizations regarding environmental impacts of conventional and alternative
offshore energy development, as well as commercial shipping. He has published nearly 50 peer-
reviewed scientific papers and technical reports, and has given hundreds of presentations on
related subjects to scientific, regulatory, Congressional, and general public audiences
internationally.

John H. Stadler
Marine Habitat Coordinator, Habitat Conservation Division, Northwest Region
National Marine Fisheries Service, Portland, OR

Dr. Stadler has a B.S. in Biology from the University of Washington, a M.S. in Fishery Sciences
from the School of Fishery, University of Washington, and a Ph.D. in marine biology from the
Rosenstiel School of Marine and Atmospheric Sciences at the University of Miami. He was
introduced to the world of acoustics during his Ph.D. research, which examined species
recognition by the notchtongue goby, Bathygobius curacao. He joined the National Marine
Fisheries Service in 2000, where he has worked on ESA-listed salmon and essential fish habitat
issues. He is the staff lead for acoustic issues, primarily relating to pile driving, for the Habitat
Conservation Division, and participated in a mulit-agency work group that established interim
criteria for assessing the risk of pile driving to fishes along the U.S. West Coast.
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Alan Thornhill
Chief Environmental Officer
BOEM

Dr. Alan Thornhill was named as the first Chief Environmental Officer (CEO) in November
2011, transitioning into the new Bureau from his previous tenure as Science Advisor to the
Director (both MMS and BOEMRE) which he began in March 2010. Previously (2001-2010),
Dr. Thornhill was the first Executive Director of the Society for Conservation Biology, where he
launched the executive office, oversaw the development of a professional staff, and initiated
programs that saw the global membership triple in seven years. Other experience includes, the
Director of Learning and Communications for the Science Division at The Nature Conservancy,
and Professor of Ecology and Evolutionary Biology at Rice University in Houston, Texas. For
the past six years, Dr. Thornhill has taught in the Masters Program in the College of Natural
Resources at Virginia Polytechnic Institute and State University. Dr. Thornhill earned his
Bachelors and Ph.D. degrees in Ecology from the University of California, Irvine.
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Name Affiliation Email Phone
Michael Ainslie TNO Defense, Security, and Safety, The Hague, Netherlands Michael.ainslie@tno.nl
Kristen Ampela HDR kristen.ampela@hdrinc.com 858 603 3482

Brian Anderson

Liquid Robotics, Inc.

brian.anderson@liquidr.com

Michel Andre Laboratory of Applied Bioacoustics, University of Catalonia, Michel.Andre@upc.edu

Barcelona Spain
David Aplin World Wildlife Fund david.aplin@wwfus.org 907-235-1995
Matthew Balge Normandeau mbalge@normandeau.com

Christopher Bassett

University of Washington, Mechanical Engineering/Applied Physics
Lab

chassett@uw.edu

206-616-6359

Robert Bocking LGL Limited bbocking@Igl.com 2508886153
Scott Bodwell Bodwell EnviroAcoustics LLC BodwelIPE@comcast.net 207 607-1924
Christiana Boerger US Navy christiana.boerger@navy.mil 310-770-1411
Ann Bowles Hubbs-SeaWorld Research Institute abowles@hswri.com 858-602-8379
Jessica Bredvik U.S. Navy jessica.bredvik@navy.mil 619-532-4182
Francesca Brega eni S.p.A. - E&P Division francesca.brega@eni.com 39 02 52063104
Rick Bruintjes University of Bristol, United Kingdom rick.bruintjes@bristol.ac.uk 441179545945
Louis Brzuzy Shell Exploration and Production Company louis.brzuzy@shell.com 8323372088

Ann Bull BOEM Pacific Region ann.bull@boem.gov 805-389-7820

David Burley Canada-Newfoundland and Labrador Offshore Petroleum Board (C-  |dburley@cnlopb.nl.ca 709-778-1403
NLOPB)

Megan Butterworth BOEM megan.butterworth@boem.gov 703-787-1771

Thomas Carlson

Battelle PNNL, Portland Oregon

thomas.carlson@pnl.gov

Brandon Casper

University of Maryland

bcasper@umd.edu

Giovanni Castellazzi

University of Bologna

giovanni.castellazzi@unibo.it

+39 051 2093503

Ross Chapman

University of Victoria

chapman@uvic.ca

2504724340

Jonathan R Childs

U.S. Geological Survey

jchilds@usgs.gov

650-329-5195

John Christian

LGL Limited

jchristian@Igl.com

709-754-1992

Doug Clarke

Engineer Research & Development Center

Douglas.G.Clarke@usace.army.mil

601-634-3770
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Phone

Rodney Cluck

BOEM

Rodney.Cluck@boem.gov

703-787-1087

Cheryl Ann Cooke

SPAWARSYSCEN PACIFIC

cheryl.kurtz@navy.mil

619-553-5313

Ted Cranford

Quantitative Morphology Consulting, Inc.

Ted.W.Cranford@gmail.com

619-226-7944

Jennifer Culbertson BOEM/DEA jennifer.culbertson@boem.gov 7037871742
Jim Cummings Acoustic Ecology Institute listen@acousticecology.org 505.466.1879
John Dalen Institute of Marine Research. Bergen, Norway john.dalen@imr.no +47 55238500
Jaclyn Daly NOAA NMFS jaclyn.daly@noaa.gov

Angela D'Amico SPAWAR Systems Center Specific angela.damico@navy.mil 619-553-1794
Erica Dazey Geo-Maring, Inc edazey@geo-marine.com 9724235480

Alex De Robertis

NOAA; Alaska Fisheries Science Center

alex.derobertis@noaa.gov

Paul DeMarco

U.S. Army Corps of Engineers

Paul.M.DeMarco@usace.army.mil

904-232-1897

David Demer NOAA/SWFSC david.demer@noaa.gov 858-546-5603
Christine Denny Normandeau Associates, Inc. cdenny@normandeau.com 352-372-4747
Nancy Deschu BOEM nancy.deschu@boem.gov 907 334 5243

Chuck Dickerson

US Army Corps of Engineers - ERDC

Charles.Dickerson@usace.army.mil

601-634-3484

Robert Dooling

University of Maryland

rdooling@umd.edu

301-405-5925

Peggy Edds-Walton

Science Education and Enrichment (SEE), Walton Consulting

seewalton@gmail.com

951-789-0593

Lee Ellett

Scripps Institution of Oceanography

lellett@ucsd.edu

858 534 2434

Richard Fay

rfay@Iuc.edu

Roy Fransham

SPAWARSYSCEN PACIFIC

roy.fransham@navy.mil

619-553-5330

Kevin Friedland

NOAA/NMFS

kevin.friedland@noaa.gov

(401) 782-3236

Ingebret Gausland

Curtin University

igauslan@online.no

Roger Gentry

E & P Sound and Marine Life Joint Industry Program

Roger.gentry@comcast.net

Robert Gisiner

US Navy

bob.gisiner@navy.mil

7036955267

Christopher Glass

University of New Hampshire

cwtb@cisunix.unh.edu

Suzanne Graham

US Navy, SPAWAR

suzanne.graham@navy.mil

619-553-5734

Dawn Grebner

Greeneridge Sciences, Inc

grebner@greeneridge.com
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Charles Greene Greeneridge Sciences Inc. cgreene@greeneridge.com 805-967-7720
Jackson Gross USGS Northern Rocky Mountain Science Center jgross@usgs.gov 4069947408

Christopher Gurshin

Normandeau Associates, Inc.

cgurshin@normandeau.com

603-319-5304

Michele Halvorsen

Battelle PNNL, Sequim, WA

Michele.Halvorsen@pnl.gov

Alexis Hampton

Normandeau Associates, Inc.

ahampton@normandeau.com

352-372-4747

George Hart

US Navy

george.hartl@navy.mil

360-315-5103

Anthony Hawkins

Loughine Ltd. UK; University of Aberdeen UK

a.hawkins@btconnect.com

00 44 1224 868984

Danny Heilprin

ECORP Consulting, Inc.

dheilprin@ecorpconsulting.com

858-220-8872

Kathy Heise

Vancouver Aquarium

kathy.heise@vanaqua.org

604-988-8823

Thomas Hoff

Mid-Atlantic Fishery Management Council

thoff@mafmec.org

302-526-5257

Brian Hooker

BOEM

brian.hooker@boem.gov

Joseph lafrate

Naval Undersea Warfare Center - Newport

joseph.iafrate@navy.mil

401-832-5279

Michael Jenkerson

Exxon Mobil Exploration Company

mike.jenkerson@exxonmobil.com

1-832-755-1093

Keith Jenkins

Marine Mammal Program, U.S. Navy

keith.a.jenkins@navy.mil

619-553-3350

Carliane Johnson

SeaJay Environmental LLC

carliane@seajayenv.com

415-871-0721

Chip Johnson

US Navy, US Pacific Fleet

chip.johnson@navy.mil

Craig Johnson

NOAA Fisheries - Office of Protected Resources

craig.johnson@noaa.gov

301 427-8462

Josh Jones

Scripps Institution of Oceanography

j8jones@ucsd.edu

(206) 306-5979

Terri Jordan-Sellers

USACE-Jacksonville District

Terri.Jordan-Sellers@usace.army.mil

904-232-1817

Erik Kalapinski

Tetra Tech CES

erik.kalapinski@tetratech.com

857-272-6276

Agatha-Marie Kaller

BOEM

arie.kaller@boem.gov

504-736-2983

Katherine Kim

Greeneridge Sciences, Inc.

khkim@greeneridge.com

858-354-0194

Harry Kolar IBM Research kolar@us.ibm.com
Sarah Kotecki National Marine Mammal Foundation sarah.e.kotecki@nmmpfoundation.org | 757-560-2158
Petr Krysl University of California, San Diego pkrysl@ucsd.edu 858-822-4787

Murphy LaBouve

CGGVeritas

murphy.labouve@cggveritas.com

Jennifer Laliberte

Geo-Marine, Inc.

jlaliberte@geo-marine.com

972-543-4162

Saapuany Jo 1517 :a xipuaddy



v-d

Name Affiliation Email Phone
William Lang RAI southmec@yahoo.com 985-626-3256
Kevin Lee Applied Research Laboratories, The University of Texas at Austin klee@arlut.utexas.edu

Derek Lerma

Tierra Data Inc

derek@tierradata.com

760-749-2247

Michael Letourneau

National Marine Mammal Foundation

mike.letourneau@nmmpfoundation.or
g

877-360-5527 Ext.
103

Jill Lewandowski

BOEM

jill.lewandowski@boem.gov

Mark Liddiard

HR Wallingford Ltd

m.liddiard@hrwallingford.com

Svein Lgkkeborg

Institute of Marine Research, Bergen, Norway

svein.loekkeborg@imr.no

Joseph Luczkovich

Institute for Coastal Science and Policy, East Carolina University,
Greenville NC

luczkovichj@ecu.edu

2523289402

Alexander JASCO Applied Sciences alex@jasco.com 250-483-3300
MacGillivray

Steve MacLean North Pacific Fishery Management Council steve.maclean@noaa.gov 907.271.2809
David Mann University of South Florida dmann@marine.usf.edu

Rob McCauley

Centre for Marine Science and Technology, Curtin University,
Western Australia

R.Mccauley@curtin.edu.au

Sara Melvin

sara.melvin@gmail.com

6198187047

Mark Messersmith

USACE

mark.j.messersmith@usace.army.mil

843-329-8162

Jacqueline Meyer

NOAA's National Marine Fisheries Service

jacqueline.pearson-meyer@noaa.gov

707-575-6057

Jennifer Miksis-Olds

Applied Research Lab, Penn State.

jim91@psu.edu

Jim Miller

University of Rhode Island

miller@uri.edu

Kevin Moody

kevin.moody@dot.gov

Steven Murawski

University of South Florida ((formerly) NOAA)

smurawski@usf.edu

Lars Petter Myhre

Statoil

LMYH@statoil.com

+47 48072177

Jeremy Nedwell

Subacoustech Environmental Ltd

Jeremy.nedwell@subacoustech.com

+(44) 1489 891849

Jene Nissen

U.S. Fleet Forces Command

richard.j.nissen@navy.mil

757-836-5221

Tom Norris

Bio-Waves, Inc.

thomas.f.norris@cox.net
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Bernard Padovani SEICHE Measurements bpadovani@seiche.eu.com 7132015726
Rich Patterson Kongsberg Underwater Technology, Inc. rich.patterson@kongsberg.com 425-245-1521
Jerry Payne Department of Fisheries and Oceans, Canada PayneJF@DFO-MPO.GC.CA 709 772 2089
Ann Pembroke Normandeau apembroke@normandeau.com 603-637-1169
Brian Polagye University of Washington bpolagye@uw.edu 206 543 7544
Arthur Popper University of Maryland apopper@umd.edu 301 405-1940

Michael Porter

HLS Research

mikeporter@hlsresearch.com

Roger Pugliese

SAFMC

roger.pugliese@safmc.net

8435714366

Cynthia Pyc BP Exploration Operating Company Limited cynthia.pyc@bp.com (403) 233-1317
Roberto Racca JASCO Applied Science Roberto.Racca@jasco.com
Andy Radford American Petroleum Institute radforda@api.org 202-682-8584

Shannon Rankin

Southwest Fisheries Science Center, NOAA

shannon.rankin@noaa.gov

858-546-70702

Michael Rasser

Bureau of Ocean Energy Management

michael.rasser@boem.gov

703-787-1729

Kevin Reine Engineer Research & Development Center Kevin.J.Reine@usace.army.mil 601-634-3436
James Reyff Illingworth & Rodkin Inc. jreyff@illingworthrodkin.com
Aaron Rice Cornell University arice@cornell.edu 607-254-2178

Rodney Rountree

Marine Ecology and Technology Applications Inc

rrountree@fishecology.org

508-566-6586

Ida Royer USGS idaroyer@yahoo.com 360-450-1582
Debbie Rutecki Normandeau

Carl Schilt Bigleaf Science Services bigleaf@gorge.net

Amy Scholik-Schlomer [NOAA-NMFS amy.scholik@noaa.gov 301 427-8402
Donna Schroeder BOEM donna.schroeder@boem.gov 805-389-7805

Cory Scott

Dept. of Navy

cory.l.scott@navy.mil

619-532-4463

Gail Scowcroft

University of Rhode Island

gailscow@gso.uri.edu

401-874-6119

Joseph Sisneros

University of Washington

sisneros@u.washington.edu

206-543-8893

Kimberly Skrupky

BOEM

kimberly.skrupky@boem.gov
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Leandra Sousa

North Slope Borough

leandra.sousa@north-slope.org

907-852-0350

Brandon Southall

Southall Environmental Associates; University of California Santa
Cruz

brandon.southall@sea-inc.net

John Stadler

NOAA National Marine Fisheries Service Northwest Region

John.Stadler@noaa.gov

Michael Stocker

Ocean Conservation Research

mstocker@OCR.org

415-488-0553

Mike Stoneman

Fisheries and Oceans Canada

mike.stoneman@dfo-mpo.gc.ca

613-990-6218

Mindy Sweeny

Normandeau Associates Inc.

msweeny@normandeau.com

508-548-0700

Bruce Tackett RAI bruce.a.tackett@gmail.com 214 293 7002
Pete Theobald National Physical Laboratory pete.theobald@npl.co.uk

Eric Theriault Canada-Nova Scotia Offshore Petroleum Board etheriault@cnsopb.ns.ca (902) 496-0742
Alan Thornhill BOEM Alan.Thornhill@boem.gov

Sally Valdes BOEM OEP/DEA sally.valdes@boem.gov (703)787-1707
Stephanie Watwood NUWC Newport stephanie.watwood@navy.mil 401-832-4929
Kate Wedemeyer BOEM kathleen.wedemeyer@boemre.gov 907-334-5278
Amy Whitt Geo-Marine, Inc. awhitt@geo-marine.com 870-919-2636
Sheyna Wisdom Fairweather Science sheyna.wisdom@fairweather.com 907-267-4611
Mark Wochner Applied Research Laboratories, The University of Texas at Austin mwochner@mail.utexas.edu 512-835-3182
Gary Wolinsky Chevron Energy Technology Co. gawo@chevron.com

CB Wright Bigleaf Science cbworks@msn.com 503-853-5883

Patrick Yasenak

US Navy

tyler.yasenak@navy.mil

360-315-2452

John Young

Continental Shelf Associates

jyoung@conshelf.com

832-294-8053
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DISCLAIMER

This Literature Synthesis was prepared under contract between the Bureau of Ocean Energy
Management (BOEM) and Normandeau Associates, Inc. The document has been technically
reviewed by the BOEM and has been approved for publication. Approval does not signify that
the contents necessarily reflect the view and policies of BOEM, nor does mention of trade names
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1 Background and Overview

1.1 Introduction

The Bureau of Ocean Energy Management (BOEM) Environmental Studies Program convened a
workshop in March 2012 (hereafter referred as the Workshop) to identify the most critical
information needs and data gaps on the effects 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 the Workshop and maximize the contributions of the participants this Literature
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 Workshop considered renewables, including offshore wind development, as well as oil and
gas, and all the operations needed to implement these activities and decommission them after
their termination. The Workshop also covered exploration, including the use of devices 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 energy developments, the Federal Energy Regulatory Commission (FERC) has the
primary regulatory responsibility for these developments. Wave and tidal energy development
activities were not, therefore, given prominence at the Workshop, although this 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 Workshop (the Report) comprises this Literature Synthesis
(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 previous syntheses (e.g., Popper and Hastings 2009) left off and provides an initial
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 presentations. Thus, this Literature Synthesis was prepared to enable all speakers and
participants at the Workshop to focus on new data and ideas rather than review older material.
The Workshop itself was intended to go beyond the thinking of earlier groups and take
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, any United States or international organization, or the scientific community with
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guidance on information needs and data gaps. During the Workshop, participants developed
revised lists of information gaps and data needs and provided guidance on priorities for agencies
and researchers. Indeed, the lists were modified during the Workshop 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 literature, and highlights those studies that are most important for current and
future understanding of the topic at hand. Additional literature, and many more citations, can be
found in the following sources:

e Van der Graaf et al. (2012) — A report of a technical Working Group on underwater
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 et al. (2012)—A set of comprehensive reviews on effects of man-made sound on
humans. The principles discussed in this book are highly relevant for all animals, and
there are valuable discussions of metrics.

e Bingham (2011)—Proceedings on a 2009 Workshop titled “Status and Applications of
Acoustic Mitigation and Monitoring Systems for Marine Mammals” and published by the
Bureau of Ocean Energy Management Regulation and Enforcement (BOEMRE; the
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 monitoring studies in the Alaskan Arctic and determines priority research
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 Webb et al. (2008)—A book that reviews fish hearing, sound production, and related
topics. Reviews cover anatomy and physiology of the auditory system as well as behavior
and physiology of hearing and sound communication.

e Boyd et al. (2008)—A review by the European Science Foundation of effects 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 basic ideas are important for thinking about effects of sounds, with particular
emphasis on physiology and physical damage.

e Nowacek et al. (2007)—A review of the effects of sound on marine mammals from a
behavioral perspective.

e Wahlberg and Westerberg (2005)—A paper examining potential effects of wind farm
sounds on fish.

e Inter-Agency Committee on Marine Science and Technology (IACMST) (2006)—A
summary report of a United Kingdom working group on the effects of underwater sound
on marine life.

e National Research Council (NRC) (2005)—A review by the National Academies of
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 different terms are used in this document to refer to the animals of interest,
following biological convention. The major groups being dealt with are generally referred to as
fish and invertebrates. Fish is a general term that will be used, unless otherwise specified, to
refer to members of two taxonomic classes: Osteichthyes (bony fishes) and Chondrichthyes
(cartilaginous fishes; also often referred to as elasmobranchs). Two groups of jawless vertebrates
also regarded as fish, the lampreys (class Agnatha) and hagfishes (class Myxini), are not
included in this synthesis due to a paucity of information on their hearing or use of sound. A
general discussion of fish biology can be found in the text by Helfman et al. (2009).

The Chondrichthyes have cartilaginous skeletons and includes sharks, skates, rays, and
chimaeras. As will be discussed, very little is known about hearing, use of sound in behavior, or
how man-made sound may affect these animals (Casper et al. 2012a). However, since
elasmobranchs are critical parts of the marine ecosystem, they are species of considerable
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.

2 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 economic importance, questions will be raised about potential effects, and
what is needed to assess such effects. Specific invertebrate groups will be discussed at
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 Synthesis and the output of the Workshop. Moreover, to facilitate understanding of what
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 Aquatic Acoustic Archive (often referred to as A3)
(http://aquaticacousticarchive.com).

Data are a collection of observations or measurements. Data can be used to generate reports,
graphs, and statistics. When those data are processed to provide outputs, the resultant
information allows decisions to be taken, conclusions to be drawn, or hypotheses and theories to
be proposed and tested. In considering information needs, the concern is with information
required to support future management decisions or operations by BOEM and by the energy
industry. In considering data gaps, the priority is to seek any absence of observations and
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 different sources. In the field of underwater sound
effects, where information is used to underpin management decisions, it is 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 detection of any other sound that is of interest. However, noise is also used to describe
background levels of sound in the sea, including the naturally occurring and spatially uniform
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 ships or oil and gas platforms, or to distant man-made sources, which cannot be
located or identified. Where others have used the term ambient noise or background noise to
describe naturally occurring sounds from distributed sources 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



http://www.dosits.org/
http://aquaticacousticarchive.com/

Appendix E: Literature Synthesis

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 effects of sound (or any stimulus) on organisms, 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 refer to long-term changes in the physiology and/or behavior of an animal. These
generally do not lead to mortality themselves, but they may result in reduced fitness that leads to
increased predation, decreased reproductive potential, or other effects. 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 explosions and other sources. Such 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 necessarily at high levels, and may result from increased shipping or other
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, sometimes described as synergistic effects or aggregate effects, arise from the
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 sounds they produce. This term is to be seen as synonymous with 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 often used for communication of reproductive state, location, presence of
predators or competitors, or for finding other members of the same species. These sounds are
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also often intercepted where one species hears the sounds of another and may use such
information as a warning of the presence of predators or to track down prey (Myrberg 1981).

These sounds of natural origin are important to the animals concerned and throughout this
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, to 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 requires that BOEM adhere to all relevant federal regulations. Of particular relevance
among these regulations are the NEPA, the Magnuson-Stevens Fisheries Conservation and
Management Act (Magnuson-Stevens Act), and the Endangered Species Act (ESA). Under
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 governing parts of the project. In the Outer Continental Shelf (OCS), fisheries and
threatened or endangered marine species are two of the resources that could be affected by
BOEM activities. Among other things, the Magnuson-Stevens Act gives the National
Oceanographic and Atmospheric Administration (NOAA) the authority to examine potential
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 evaluate potential impacts, or taking, on marine species
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 causes individuals to vacate 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
dB re 1 pPa for pinnipeds) and Level B harassment with the potential to disturb a marine
mammal in the wild by causing disruption to behavioral patterns such as migration, breeding,
feeding, and sheltering (SPL of 160 dB,s re 1 pPa for impulse sound 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 geared towards identifying the knowledge gaps that remain so that BOEM can conduct
thorough and scientifically based assessments of impacts on fish, fisheries, and invertebrates.

Under the OCSLA, BOEM was given the mandate to conduct scientific research to address
impact issues associated with the offshore oil and gas leasing and minerals 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 the information needed for assessment and management of environmental
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 spills associated with OCS production, or impacts on the marine biota that may
result from drilling fluids and cuttings discharges, pipeline emplacement, or onshore
facilities.

e Monitor human, marine, and coastal environments to provide time series and data trend
information for identification of significant changes in the quality and productivity of
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 from activities that generate sound, whether it is the transport 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 of their activities. The benefits of 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 questions provide a basic background on the soundscape, and inform understanding 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
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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 population-level consequences and affect the stability of an
ecosystem. In NEPA analysis, impacts generally must result in population-level effects 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 the 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 expansion of the energy industry will similarly expand the potential impacts of
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 permitting process. These assessments will involve evaluation of the effects of sound
sources in causing physical injury, behavioral disturbance, and population level impacts 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 them 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 two strands of information are then brought 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 the relationships between environmental stressors and their ecological
effects. The likelihood that an adverse effect upon biological receptors may occur as a result of
exposure to potentially harmful sounds is evaluated, and a conclusion is reached about the
severity of the effects. Risk assessment can be used to construct what-if scenarios 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 different responses occur at different levels of exposure (i.e., where there is a
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. The inherent variability in a receiver’s response and limited understanding of the
ecosystem, its components, and their functional interdependencies may result in a complex or
poorly understood dose/response relationship. If that is the case, then ecological risk must be
assessed in a more general way. Semi-quantitative methods involving scoring systems or
qualitative ranking schemes may be developed to provide a qualitative level of risk.
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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 information that is required to assess adverse effects and then perform a risk analysis 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 ecologically and economically important. These characteristics are discussed below by
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 the Beaufort Sea (Figure 3-1). The Arctic OCS has three planning areas
designated by BOEM: Beaufort Sea, Chukchi Sea, and Hope Basin (see Figure 3-1). As
described in the Fishery Management Plan (FMP) for Fish Resources of the Arctic Management
Area (NPFMC 2009a), both of these are dominated by the clockwise, wind-driven Beaufort
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?2 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 Chukchi Sea for most of the year, with complete cover generally observed from early
December to mid-May. Even in the height of summer, the Chukchi Sea remains about 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 depth is 4,683 m. Ice coverage is
greater in the Beaufort Sea than in the Chukchi Sea, with only a narrow pass opening 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 Acoustics Workshop held on February 9 and 10, 2009, in
Anchorage, Alaska, reviews acoustic monitoring studies and underwater noise in the Alaskan
Arctic and creates objectives for monitoring natural and anthropogenic noise (Small et al. 2011).
There is also evidence to suggest that changes in ambient noise in Arctic waters may be
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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tes

Arctic Circle

Figure 3-1.  U.S. Arctic Outer Continental Shelf (OCS) region showing the Bureau of Ocean
Energy Management Planning Area boundaries, the U.S. Exclusive Economic 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) from Russia but with U.S. EEZ jurisdiction granted by the Soviet Union in 1990
(International Boundaries Research Unit 2011).
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Sea ice in the Arctic affects distribution and movement of 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 to breed, spawn, feed, or grow to maturity. EFH areas in the Arctic OCS have been
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). These three species are targeted in fisheries elsewhere and are the only species
considered to exist in sufficient biomass to support a commercial fishery in the Arctic
Management Area. In addition, a host of other key species with potential for commercial harvest,
should conditions change, were analyzed in the Environmental Assessment 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 FMP outlines procedures for establishment of Habitat Areas of Particular Concern
(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 defined
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 broad, shallow platform approximately 67,000 km? in area that leads to
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 Shelf
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 of the Atlantic OCS is found in the Programmatic Environmental 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 Atlantic OCS region provides habitat that supports a wealth of species including
commercially and recreationally important fishes and shellfish and endangered and threatened
species. Regional Fishery Management Councils are required to describe, identify, conserve and
enhance areas designated as EFH (NEFMC 1998). In addition, the councils must minimize
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 species in the New England region, 14 species in the
Mid-Atlantic region, 73 species in the South Atlantic, and an additional 23 highly migratory
species (sharks, tunas and billfish) (Table 3-2). Species designated with an asterisk (*) on this
table are known or suspected to be soniferous or sound-sensitive. Many HAPCs exist for certain
habitat, species or life stages in the Atlantic OCS: from river mouths in Downeast Maine®
(Hancock and Washington counties) for spawning Atlantic salmon (Salmo salar), to juvenile
Atlantic cod (Gadus morhua) habitat on the Northern edge of Georges Bank and the Oculina
Bank HAPC off Florida (Figures 3-3 to 3-5). Table B-1 in Appendix 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 resources that are commercially exploitable. Table 3-3 lists species designated as
target and ecosystem component species in the Arctic Fishery Management Plan (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.

E-14



Appendix E: Literature Synthesis

‘anada

nia Distnct ofgyl

ite_d

ates

Figure 3-2.  U.S. Atlantic Outer Continental

]

kg

Shelf region showing the Bureau of Ocean Energy

Management Planning Area boundaries and the U.S. Exclusive Economic Zone (EEZ)
boundary.

E-15



Appendix E: Literature Synthesis

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 lllex 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

E-16




Appendix E: Literature Synthesis

Common Name

Scientific Name

Common Name

Scientific Name

Blue runner*

Caranx Ccrysos

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
chamaeleonticeps

Spanish mackerel

Scomberomorus maculatus

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

\ermilion 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 tunaThunnus 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

E-17




Appendix E: Literature Synthesis

: _:\Hl

=4
¥

d N | Vermont

; Ne‘v}r Hampshire

Mas sach usetts

H2 N

Connecticut

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 region showing the Habitat Areas of Particular
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
Acrctic cod Boreogadus saida
Pacific herring Clupea pallasi

Saffron cod

Eleginus gracilis

Pacific cod

Gadus macrocephalus

Acrctic 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 Management Plan initially prohibits commercial fishing in the Arctic waters of the
Chukchi and Beaufort Seas until sufficient information is gathered to support sustainable
fisheries management.

Subsistence fishing in the Arctic OCS is economically and culturally important for many
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.
" 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 defined by the Board of Fisheries.” Subsistence use is typically defined by
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 System,® the 2007 harvest by subsistence fishing in the State Arctic region was
estimated at 163,182 pounds (Ib) (74,018 kilograms [kg]) of salmonids, 5,463 Ib (2,478 kg) of
saffron cod, 690 Ib (313 kg) of Arctic cod, and 87 Ib (39 kg) of king crab (Paralithodes spp.).
The species fished for subsistence purposes listed in the Arctic Fishery Management Plan
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 to state waters, and subsistence and recreational fisheries are also
conducted close to shore. Sound from energy-related activities in nearby Federal 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. These changes would
have the potential to allow fisheries to develop. For this reason, the North Pacific Fishery
Management Council (NPFMC) has adopted an FMP to be proactive in regulating natural
resource harvest in the Arctic before an unregulated fishery and the potential for resource
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 3—4 lists the many primary species of commercial importance in the Atlantic OCS and
their scientific names.

The fisheries and species of the Atlantic OCS provide a significant amount of revenue to the
United States. Some species are available in great quantities and sold for low prices (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 scallops; Table 3-6; Table B-3 in Appendix B). Most often the
revenue is somewhere in between. A majority of fisheries in federal waters of the Atlantic OCS
are managed by Regional Fishery Management Councils: New England Fishery Management
Council (NEFMC), the Mid-Atlantic Fishery Management Council (MAFMC), and the South
Atlantic Fishery Management Council (SAFMC). Other stocks and species are managed by
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 Ensis directus Salmon, Atlantic Salmo salar

jackknife

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 Scup Stenotomus chrysops

campechiensis

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

E-23




Appendix E: Literature Synthesis

Common Name

Scientific Name

Common Name

Scientific Name

Flounder, summer

Paralichthys dentatus

Shark, scalloped

Sphyrna lewini

hammerhead
Flounder, windowpane |Scophthalmus aquosus  [Shark, silky Carcharhinus falciformis
Flounder, winter Pseudopleuronectes Shark, smooth Sphyrna zygaena
americanus hammerhead

Flounder, witch

Glyptocephalus
cynoglossus

Shark, spinner

Carcharhinus brevipinna

Flounder, yellowtail

Limanda ferruginea

Shark, tiger

Galeocerdo cuvier

Flounder,American
plaice

Hippoglossoides
platessoides

Sharks

Chrondrichthys

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 Snhapper, 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

Cero

Mackerel, Spanish Scomberomorus Tuna, blackfin Thunnus atlanticus
maculatus

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

Oyster, eastern Crassostrea virginica \Wahoo Acanthocybium solandri

Oyster, 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 the populations of fishes in this portion of the Chukchi and Beaufort seas 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.

Canada lists the northern wolffish (Anarhichas denticulatus) and blackline prickleback
(Acantholumpenus mackayi) as species of special concern that may inhabit this area. Background
information on the species characteristics, distribution, and life history of Arctic fishes and
invertebrates can be found from several web resources: Arctic Ocean Diversity
(www.arcodiv.org), FishBase (www.fishbase.org), and Fisheries and Oceans Canada
(http://www.dfo-mpo.gc.ca/Science/publications/uww-msm/index-eng.asp). A review of the
knowledge of the species found in the Arctic OCS is provided in NPFMC (2009b).

3.4.2 Atlantic OCS Region

Several species on the Atlantic Outer Continental Shelf are listed as endangered, threatened,
candidates for listing, or species of concern. Atlantic salmon, four populations of Atlantic
sturgeon (Acipenser oxyrinchus oxyrincus), and shortnose sturgeon (Acipenser brevirostrum) are
the only currently endangered species found in the Atlantic OCS. All three species are
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 determination 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 3-5

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
OCS
Metric Tons | Pounds fisheries
Common Name | Scientific Name | (thousands) | (millions) landings
Menhaden Brevoortia 999.6 506.25 35 61%
tyrannus
Crab, blue Cal]mectes 708 156.04 10.97%
sapidus
Herring, Clupea 65.2 143.73 10.11%
Atlantic harengus
Lobster, Homarus 52.7 116.25 8.18%
American americanus
Scallop, sea Placopec'_[en 259 5705 4.01%
magellanicus
Clam, Atlantic | Spisula 17.0 37.47 2.64%
surf solidissima
Sqmdz northern _Ilex Ilex 158 3488 2 45%
shortfin illecebrosus
Clam, ocean | Arctica 14.4 31.70 2.23%
quahog islandica
Mackerel, Scomber 9.9 2177 1.53%
Atlantic scombrus
Haddock Melan'ogrammus 98 2163 152%
aeglefinus
Hake, silver I\/_Ie_rlucc_lus 8.1 1781 1.95%
bilinearis
Cod, Atlantic Gadus morhua 8.0 17.72 1.25%
Croaker, Micropogonias 0
Atlantic undulatus 73 16.17 1.14%
Goosefish Lophius 73 16.08 1.13%
(monkfish) americanus
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/stl/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

kObSt?r' Homarus 30948 | 3.44 (7.57) | 25.30%

merican americanus

Crab, blue Callinectes 15867 | 1.02(2.24) | 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 28.63 2.18 (4.80) 1.81%

summer dentatus

Cod, Atlantic Gadus morhua 28.14 1.59 (3.50) 1.78%

Shrimp, white Litopenaeus 2728 2.15 (4.73) 1.73%
setiferus

Clam, Atlantic | Spisula 2595 | 0.69(152) | 1.64%

surf solidissima

Oyster, eastern C_ra§5(_)strea 24.49 10.76 1.55%
virginica (23.67)

Haddock Melanogrammus | 5 25| 100 (220) | 1.38%
aeglefinus

Herring, Clupea 0

Atlantic harengus 21.08 0.15 (0.33) 1.33%

Clam, ocean | Arctica 2001 | 0.63(L39) | 1.27%

quahog islandica

Clam, softshell | Mya arenaria 19.97 5.94 (13.07) 1.26%

Goosefish Lophius 1923 | 1.20(264) | 1.22%

(monkfish) americanus

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/stl/commercial/. See

http://www.st.nmfs.noaa.gov/stl/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 | Under status review; 2011
Brazil
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 contains the definitions provided on the NMFS Office of Protected Resources
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 demersal fishes between Cape Hatteras and Nova Scotia, Robin
(1999) for fishes of US Atlantic waters, Bowman et al. (2000) for diets of northwest Atlantic
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 EFH-managed species in the North Atlantic and Mid-Atlantic regions are
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 to alter the noise environment in the Arctic because reductions in ice cover would
increase the access by vessels, as recognized by fisheries managers in the Arctic. These two
species should therefore be considered priority species. Priority should also be placed on
evaluating any noise impacts on king and snow crabs given their economic value in Alaskan
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), such as Atlantic menhaden (Brevoortia tyrannus) and Atlantic
herring (Clupea harengus), for their commercial importance based on value and volume
of landings

e Fishes, such as Atlantic cod, haddock (Melanogrammus aeglefinus), snapper
(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

1 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.

1 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 For invertebrates, noise impacts on the commercially valuable decapods, such as
American lobster (Homarus americanus), blue crab (Callinectes sapidus), and white
shrimp (Litopenaeus setiferus), Atlantic sea scallop (Placopecten magellanicus), and
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 often incomplete or unpublished. Several studies have indicated that over the past few
decades ambient noise levels in busy shipping lanes have increased 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 number of ambient noise measurements were 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) extended our knowledge of sound levels in the sea.*? He confirmed that in the
frequency region above 100 Hz, the ambient noise level depends on weather conditions, with
wind and waves creating sound. The level is related to the wind speed and decreases with
increasing frequency above approximately 500 Hz, falling with a slope of between 5 and 6 dB
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. In the mid-frequency range (around 10 kHz) sediment transport noise may 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 boundaries. This ambient noise depends on both 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 microphones) are as sensitive to these pressure 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 Hz, distant man-made sounds begin to dominate the sound
spectrum, with the greatest contribution between 20 and 80 Hz. Sound in this region 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 where vocalizations from large whales may dominate background sound levels at
certain times of the year, generating higher levels than man-made sound in some regions.

The data from Wenz (1962) and Knudsen et al. (1948) are generally accepted as providing
overall indication of the range of sea noise levels and the source of the dominant noise in each
frequency range. However, their measurements were undertaken over 50 years ago and in
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 has been increasing across much of the frequency spectrum (Andrew et al. 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 degree of
industrialization of the ocean. The volume of cargo transported by sea has been doubling
approximately every 20 years,* and it is likely that this has resulted in an overall increase in
sound levels at many locations. Offshore oil and gas exploration and production, 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. Sound from seismic surveys off Nova Scotia, western Africa, and northeast of
Brazil has been recorded on a hydrophone array moored along the Mid-Atlantic Ridge over
3,000 km away (Nieukirk et al. 2004).

An especially important information need in considering the impact of man-made sound in a
given area is therefore the prevailing level of sound in that area from all sources. A description of
the ocean background sound level and its characteristics is required. Then it is necessary to
determine where that sound is coming from and the contribution from different sources, both
natural and man-made.

3 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 locale will most likely be different from other (and even nearby) locales.
Thus, extrapolation is not possible at a detailed level, but it may be possible to make broad
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 especially wind farms, take place in relatively shallow water
compared to those examined by Wenz (1962) and others (e.g., less than 100 m). In coastal
waters, in addition to other sources of ambient noise (which includes distant shipping traffic),
local shipping traffic, pleasure craft, oil and gas platforms, other mechanical installations, and
local marine life may all add to the level of sound. Coastal sound levels may therefore be
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. However, it is important to consider whether further developments, in deep water or
coastal areas, may have detrimental environmental 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 inventories (sometimes called sound budgets)®® can be produced—showing the
quantitative contributions from different sources at different locations and at different times
(Miller et al. 2008). And these inventories can be projected forward into the future as the oceans
become more developed.

To prepare sound inventories, the different sources of underwater sound are examined and
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 sound propagation such as wind speed, wave heights, sound
velocity profiles, water depth, ocean bottom characteristics, etc.

Currently, there are insufficient measurements of ocean sound levels 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 long-term variation of sound in the ocean is a
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 the levels of sound of conducting a series of seismic surveys, or constructing a
number of wind farms?

1> 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, measurements of sound levels are required at a range of locations
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 the monitoring stations involved have been established to perform specific functions.™
This is reflected by a disparity of sensor designs and of data collection and transmission
protocols. Many other isolated measurements of ocean noise have been made in the course of
specific studies for military purposes or for the preparation of environmental statements.
However, there is no central repository for these data, nor are there any standards or protocols for
data collection. Is there a need for a Global Ocean Acoustical Observing System that might
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 routinely monitor ocean sound? In the European Community, the Marine
Strategy Framework Directive of 2008 now requires member states to define qualitative
descriptors for determining good environmental status™® and to monitor these over time. One of
the descriptors is underwater energy, which includes underwater sound (Descriptor 11). The
Directive is stimulating the development of ocean observing stations to monitor sound levels and
how they change with time, with the overall aim of determining any departure from good
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

16 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.
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other reefs or areas where sound-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 the basis of their noise characteristics (e.g., Jeffs et al. 2003; Tolimieri et al. 2004;
Stanley et al. 2012). Animals may use other acoustic features of the marine environment for
navigation, to facilitate foraging, and to seek shelter from predators. Some soundscapes, 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 certain soundscapes be chosen for closer study and the adoption of conservation
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 acoustic habitats dominated by biological sounds or containing particular
acoustical features important to animals

e Indicative of high biodiversity
e Used for key activities like spawning

e Likely to facilitate examination of conditions before and after exposure to man-made
sounds

e Of particular interest to the general public

e Representative of sounds that are particularly unusual

If so, we need to make concerted efforts to identify these soundscapes and their associated
acoustic habitats before extensive noise-making activities begin.

This aspect of ocean noise has hardly been explored. There are isolated measurements of noise
from different areas and at different times of year—sufficient to show that some acoustical
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 different soundscapes and the sounds that contribute to their particular
characteristics in a particular 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 noise. Or to soundscapes dominated by biological sounds—where there may be 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 (e.g., snapping shrimp [members of the family Alpheidae]; Au and Banks 1998). The
significance of these sounds is poorly understood for many species and it is not known if the
sounds serve a function in the lives of the animals or whether they are purely incidental. The role
of these sounds in communication between individuals has hardly been explored. The
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. Some of these sound producers have been identified but many
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
et al. 1947; Fish 1954; Hazlett and Winn 1962; Au and Banks 1998), the mantis shrimps
(Stomatopoda; Hazlett and Winn 1962; Dumortier 1963; Staaterman et al. 2012) and crabs
(Dumortier 1963). Amongst the mollusks, populations of the common mussel Mytilus give rise
to a crackling sound, while squid emit a popping sound (lversen et al.1963). Sea urchins
(Echinoidea) can produce a sustained frying sound (Fish 1954).

Some of the invertebrates that produce sounds have no clearly defined vocal organs, 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 the base of the second antenna (Moulton 1957). Californian spiny 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) crabs, stridulate (scrape hard parts of the body together) (Guinot-Dumortier and
Dumortier 1960; Field et al. 1987), while astacid crayfish squeak with their abdomen (Sandeman
and Wilkens 1982). The California mantis shrimp (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 produce impulsive sounds during feeding that appear to stimulate movement by
other individual crabs, including approach behavior (Tolstoganova 2002). King crabs also
produce discomfort sounds when environmental conditions are manipulated.

The sharp, explosive click or snap produced by the various species of snapping shrimp is
generated by a plunger mechanism on the enlarged claw (Johnson et al. 1947). The sound is
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 sounds may also serve other functions—perhaps
facilitating social interactions. The combined snapping within a large population of snapping
shrimp may generate a continuous crackle or frying sound that often interferes with sonar
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 uPa 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 puPa 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 so many species of fish (>32,400 known to date),™ it is still not clear how
widespread sound production is, although it is likely to be far more extensive than currently
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

9 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
a wide range of families and species and it appears to have evolved independently in many
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 underestimate (Kaatz 2002). Of these 800, over 150 species are found in the
northwest Atlantic (Fish and Mowbray 1970). Amongst the vocal fishes are some of the most
abundant and important commercial fish species, including Atlantic cod, haddock (Gadidae), and
drum fishes (family Sciaenidae). Aristotle reported hearing sounds from fish (see Volume 1V,
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), both of whom traced a history of the field that is now known as Marine
Bioacoustics (Tavolga 1964, 1967). Myrberg (1981), Zelick et al. (1999), and Bass and Ladich
(2008) have produced more recent reviews. Fishes produce sounds when they are feeding,
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; Zelick et al. 1999; Bass and Ladich
2008).

Behavioral studies have indicated that fishes discriminate between calls produced by different
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 species often differ in their temporal characteristics (Brawn 1961; Hawkins and
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 information 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 of the temporal characteristics of fish
calls.

Fishes produce species-specific sounds (Hawkins and Rasmussen 1978; Myrberg and Riggio
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 Mowbray 1970; Ramcharitar et al. 2006).
Other species, like the damselfishes (Pomacentridae), which 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).

% 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
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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, for females to find males (Mok and Gilmore 1983; Ramcharitar et al. 2006;
Luczkovitch et al. 2008). There is still a lack of detailed knowledge of the location and
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 sound (both natural and man-made) on their propagation. It is 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). However, it is known that some of the more common commercial species
communicate by means of sound. There is a need to identify significant aggregations of sound
producing fishes and consider whether they need protection, before further deterioration takes
place in noise levels in the sea. There is also a need to identify concentrations of fishes that
might be engaging in acoustic and other activities related to their long-term fitness—such as
spawning grounds.

As with invertebrates, an effort should be made to sample and describe 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.

It is also important to examine the use of sounds by fishes in order to define the particular
characteristics of their sounds that are of interest to them and examine the effects of changes in
their acoustic habitats. Many fishes engage in communal sound producing, giving rise to
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, demographic, situational, or species differences in calling behavior. Vulnerability of
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 generated by different sound sources, both natural and man-made. Together with the
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 required, based on knowledge and measurements of the sources and of the propagation
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 efforts 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 particular sources generate particle motion that may be detected or affect fishes and
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 characteristics. It is also important to understand the potential changes in sound
characteristics when there are multiple sources of the same or different types occurring 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 underwater in a wide range of applications including the construction 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 involves the use of explosives to sever platform legs several 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 low-amplitude point sources of sound (Weston
1960). During an underwater explosion a spherical shock wave is produced along with a large
oscillating gas bubble that radiates sound. Considerable heat is liberated. Many explosives
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 material. This self-sustaining wave, known as a detonation wave, differs from the
shock wave. A short distance beyond the explosive blast, generally taken 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 exponential decay after the initial impulse. In contrast, the impulse rise time to peak
pressure with explosives such as black powder is around a millisecond (Urick 1983) and the
decay of the impulse following peak pressure is slower. This rise time affects the frequency
content in the signature of the explosion, with longer rise times lacking the highest frequencies.
There are hundreds of commercially available explosives and many variations in the chemical
mixtures of particular types of explosives. Each of them will differ with respect to features like
rise time.

In water, explosions from single charges have been extensively studied and are described by
Cole (1948) and Urick (1983). In some instances explosive charges are fired successively, rather
than in a single detonation, to minimize damage. Shaped charges are commonly used in
underwater structure removal to focus the blast energy toward the surface of the component to be
severed.

There are several guidelines for the protection of aquatic life during the use of explosives in
water (Young 1991; Keevin and Hempen 1997; Wright and Hopky 1998). Yelverton et al. (1975)
looked at the relationship between fish size and their response to underwater blasting. The
literature synthesis report for BOEM on the explosive removal of offshore structures is
especially informative on procedures to be followed in OCS waters (see Continental Shelf
Associates 2004).

The original shock wave is thought to be the primary cause of harm to aquatic life at a distance
from the shot point; the sound generated by the pulsating bubble may also contribute
significantly to damage (Cole 1948). Explosions beneath the substrate may generate seismic
waves, travelling along the interface, which may be detected by those animals with particle
motion detectors, including benthic fishes.
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The sounds generated by underwater explosions may travel great distances. Explosions with
energy Yyields 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 explosions. The bubble then oscillates with decreasing diameter until it vents to the
surface. The oscillating bubble creates a series of 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 the order of 20 to 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 seconds), as the
towing vessel moves ahead. The sound pulse is directed downwards to enter the seabed and the
reflected sound is detected by long hydrophone arrays streamed behind the vessel (streamers)
(Caldwell and Dragoset 2000).

There are two types of seismic survey: 2D and 3D. With 2D surveys, a single streamer and one
or more airguns is deployed. Single airgun sources are used occasionally for shallow water
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 presence of oil and gas. In contrast, 3D surveys, while more complicated and time-
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 square meters, towed a distance of several hundred meters behind the survey vessel.
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. Considerable sound energy is also projected horizontally
from the airguns. The source level of an airgun array measured in the far field and back
calculated to a point source is up to a zero to peak source level of 260 dB re 1 pPa m 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

2! Images and a further discussion of air guns can be found at
http://www.dosits.org/technology/observingtheseafloor/airgun/.
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in the 10 to 120 Hz bandwidth (Richardson et al. 1995), but higher frequencies do propagate
horizontally.

Because of their common use for seismic surveys there is a great deal of information about the
mechanics of airguns, their deployment and operation, and the characteristics of the acoustic
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 waves. The interface waves can generate large vertical and horizontal particle motion
components within the seabed at levels that can be detected by fishes and perhaps some
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 offshore 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 sediment interface and have large vertical velocity components that decay rapidly with
vertical distance from the interface (Brekhovskikh and Lysanov 1982). Such waves are much
more likely to affect bottom-living fishes than those in the water column. Shear waves and
interface waves travel slower than sound waves in the seabed and their peak energy is at lower
frequencies (Dowding 2000).

Of particular concern are high energy impulsive sounds generated by impact 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 about 10 m from the source (lllingworth & Rodkin 2001, 2007; Laughlin 2006;
Rodkin and Reyff 2008). However, the actual peak sound pressure levels vary substantially and
depend on numerous 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 kHz (Laughlin 2006; Rodkin and Reyff 2008). Moreover, it is
possible that the pressure levels at some distance from the driven pile are greater than at
locations closer to the pile when sub-surface waves, 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 continual chain of buckets that scrape 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 deposit it into 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 of a pipe and centrifugal pump. Firm material may require prior loosening
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 sequence 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 mechanical parts. Suction dredgers produce a combination of sounds from relatively
continuous sources including engine and propeller noise from the operating vessel and pumps
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 the material. Sometimes it is necessary to break up the substrate using explosives or
hammering before dredging is possible. Underwater sounds due to the use of explosives and rock
breaking by mechanical action can be considerably stronger than those of routine dredging
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 aggregate
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 the aggregate extraction process. The elevated broadband noise was dependent on the
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 comes during construction when 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 time, operational sound has the potential to cause disturbance over much longer
periods.

The principal sources of sound from an operational wind farm are the turbine noise and
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. Most of the noise appears to be generated below
about 700Hz and is dominated by narrowband tones (Wahlberg and Westerberg 2005; Madsen et
al. 2006).

Sound pressure levels within wind farms are not significantly higher than the background noise
(Nedwell et al. 2007a). The highest level noted by Wahlberg and Westerberg (2005) was a
narrow band tone at approximately 180 Hz. There is also a particle motion component to sounds
generated by wind farms, the sound component 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 large and increasingly larger commercial ships operating over wide-ranging
geographic areas. Most vessels, but particularly large ships, produce predominately low
frequency sound (i.e., below 1 kHz) from onboard machinery, hydrodynamic 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 & Heitmeyer 1991; Richardson et al. 1995; Arvenson and Vendittis 2000;
Wales & Heitmeyer 2002; Hildebrand 2009; McKenna 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 of kilometers and can increase ambient
noise levels in large areas of the ocean, interfering with sound communication in species using
the same frequency range over relatively large areas (see Southall 2005, 2012). Tens of
thousands of large commercial vessels are typically under way at any point in time, concentrated
in high-traffic and port areas and presenting an effectively continuous noise source in certain
ocean areas.

Background sounds have steadily increased as shipping and other anthropogenic uses of the
oceans and inland waters have increased. For instance, in much of the northern hemisphere,
shipping noise is the dominant source of underwater noise below 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 to nearly 100,000 large
commercial vessels, and shipping industry analysts forecast that the amount of cargo shipped
will again double or triple by 2025, with 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 System for large-scale monitoring and mapping of noise throughout the
Stellwagen Bank National Marine Sanctuary is currently monitoring noise from small and
medium sized vessels and other sources and evaluating the impact upon marine mammals and
fishes like the haddock.

A report produced by the International Council for Exploration of the Sea (Mitson 1995)
describes the criteria for radiated noise levels that must be achieved by research vessels,
specifically those used in fisheries acoustics. The report provides a target source level and
spectrum that has been cited by a number of other researchers as criteria for a vessel to be
regarded as quiet.

There also may have been a substantial increase in sound levels in coastal waters as a result of an
increase in the number of smaller pleasure and recreational fishing vessels. However, these
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 organisms 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 effects of these sounds.
The greatest contribution from fishing gears comes particularly from bottom trawls, which are
fitted with chains, rollers, and metal bobbins that generate irregular sounds as they come in
contact with one another 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 contact with the seabed. No published information on absolute levels or typical
spectra is currently available.

It is evident that many fishes will detect these sounds from fishing gears. However, the role
played by the distributed sounds from a fishing gear in terms of herding or directing the
movements of fishes is poorly understood (Wardle 1983).

22 5ee 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 vessels conducting abundance surveys. Through the International Council for
Exploration of the Sea (ICES), low-frequency (1 to 1000 Hz) limits for the underwater sound
radiated by research vessels were recommended to minimize vessel avoidance (ICES 1995).
Noise-reduced research vessels conforming to these recommendations are substantially quieter
than their conventionally designed (i.e., not noise-reduced) counterparts over a broad frequency
range (Mitson and Knudsen 2003). However, Ona et al. (2007) showed that contrary to
expectations, herring showed a stronger behavioral reaction when approached by the G. O. Sars,
a noise-quieted vessel, compared to the Johan Hjort, a conventional vessel, with much of the
reaction occurring after vessel passage (see also De Robertis et al. 2012). De Robertis et al.
(2008) analyzed depth distributions of walleye pollock (Theragra chalcogramma) detected by
both conventional (Miller Freeman) and noise-quieted (Oscar Dyson) vessels and found that in
daytime surveys, similar acoustic abundances were observed from both vessels. However, 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

Sonar is widely used by fishing and other vessels, including ships used for the siting of
renewable energy developments. Typical sonars include echo sounders, fish-finding sonars,
fishing net control sonars, side-scan sonars, multi-beam sonars, and a variety of sonars for
mapping the topography of the seabed. The principles of sonar operation are described by
Ainslie (2010). Sonars work at frequencies from 10 to 800 kHz with source levels up to and even
exceeding 240 dB re 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 the seabed. Some sonars are trained horizontally on to fish schools. Although ultrasonic
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).
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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 vector quantity with both magnitude and direction, particle motion is the oscillatory
displacement (m), velocity (m/s), or acceleration (m/s?) of fluid particles in a sound field.
Although some fishes are sensitive to sound pressure, most fishes and invertebrates detect
particle motion. It is therefore especially important to examine the magnitudes of both sound
pressure and particle motion generated at different locations by man-made sound sources.

With some sources, including both pile drivers and seismic airguns, it is likely that interface
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 motion may be of particular interest in terms of their effects on benthic 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 instrumentation and methodologies to characterize particle motion from various
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 sounds, especially for impulsive
sounds. The Dutch research institute, TNO, has recently published a set of standards for
measurement and monitoring of underwater sound (see TNO 2011). The document is intended to
provide an agreed upon terminology and conceptual definitions for use in the measurement
procedures for monitoring of underwater noise, including that associated with wind farm
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

2% Subgroups are currently being established by 1SO 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 ldentification 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

e 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 and analysis techniques applicable to complex environments such as
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 field sites for acoustic and animal testing that are acoustically
comparable to ocean settings and thoroughly characterized and under substantial
experimental control

e Simple instrumentation for measuring acoustic particle motion; perhaps a set of
equipment that can measure all the relevant parameters 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 it is
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
to the ears, and fishes without swim bladders). Metrics for fishes with swim bladders
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 swim bladders that are not linked to the ears might be best characterized in terms of
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). Weighting functions
are intended to reflect the degree of response of the animal to a range 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 hearing sensitivity curves (plotting the lowest sound levels detectable 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 conditions, often using auditory evoked potential (AEP) techniques. Indeed, most
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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 behavioral techniques, where the animal
demonstrates that it heard the sound through some behavioral response.

Although audiograms, properly obtained, can be used to estimate how well particular sounds
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 are needed to document and quantify any impacts upon fishes and invertebrates by
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 marine life is essential to rational
decision making and is an important goal. There are a wide range of potential impacts on fishes
and invertebrates (and other aquatic animals as well), ranging from death (mortality) to
behavioral responses. There is no set pattern to when one or another potential impact will occur,
and this may vary depending on many things, from the source acoustics to the distance of the
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animal from the source (and consequent sound level and spectrum), 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
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Figure 8-1. Relationship between sound levels and potential effects on animals (see text for
discussion).

In other words, there may be numerous consequences of exposure to man-made sounds that

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 importance is the issue of when fishes will respond to a sound, assuming it is
detected. Indeed, even if there is detection of a sound, there are still questions as to whether
animals will respond to that sound and whether the response is significant. In effect, 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 normal ambient and/or man-made). The relationship between signal and noise
(signal-to-noise ratio; SNR) is lowest, meaning that the signal is minimally greater than
the noise.

e Discrimination—the sound is sufficiently loud above background (a sufficiently high
SNR) that the animal can discriminate between two different sounds (e.g., sounds 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 Communication—animals can communicate, fully understand signals, and
use sounds normally.

Thus, even if an animal detects a sound, it may not be able to decide whether the sound is
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, if an animal encounters a sound multiple times and learns that the sound has no
immediate consequence, it may raise the threshold for when it will respond to that sound.

As discussed earlier, natural soundscapes have changed as a result of anthropogenic sound-
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 ultimate goal should be to understand the population consequences of acoustic exposure.
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 major unanswered question is whether there is a significant impact on the fitness of
individuals within populations that jeopardizes the viability of those populations. The National
Research Council (NRC) addressed this question in its 2003 report on marine mammals and
ocean noise (see NRC 2003), but the principles apply equally to all forms of marine life.

There is increasing recognition that sub lethal impacts (e.g., communication masking and
significant behavioral responses) from chronic exposure to sounds are perhaps amongst the most
important considerations for populations of animals, particularly as they interact with other
stressors such as fishing, habitat loss, and pollution.

9 Hearing and Sound Detection

Sound is important to fishes and other aquatic organisms. Many fishes, and at least some
invertebrates, depend on sound to communicate with one another, detect prey and predators,
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 understanding the kind(s) of questions that must be asked if we are to better
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 organisms detect sound and then respond to
different sound stimuli is rudimentary for many invertebrates and fishes.

The idea that animals may use something analogous to acoustic daylight (Buckingham et al.
1992) to gain an image of their surroundings is gaining momentum, but it is difficult to
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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. The problems arise from the numerous perturbations in the
sound field that results from wall and air interfaces surrounding test tanks, no matter 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 extent to which the introduction of higher background sound levels masks the ability of
marine animals to detect and interpret sound signals from their environment is largely unknown,
as is their reaction to man-made sounds. The better the knowledge one has of hearing and
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 of aquatic animals have been carried out in the free field or at specialized
facilities designed to provide appropriate acoustic conditions. Thus, studies have been carried out
in very specialized tanks (Hawkins and MacLennan 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 characteristics of underwater sounds should be readily controllable, and the
magnitudes, direction and spatial characteristics of particle motion and sound pressure
should be capable of being manipulated and measured.

e Underwater sounds of high amplitude can be generated.

e Quiet ambient noise conditions can be obtained and different background noise
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 organisms like fishes. Moreover, there has
been very little work on the significance of hearing for invertebrates: whether these 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 invertebrates are extremely abundant and important to aquatic ecosystems, but our
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 10 to 150 Hz. The animal was especially sensitive 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 others have suggested that many aquatic invertebrates can detect sounds. The sound
receptors may be many and varied, but two classes of organ have been suggested as likely
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 1980; Laverack 1981). In
these organs, sensory hairs are attached to a mass of sand or calcareous material. Statocysts are
undoubtedly stimulated by gravity and by linear accelerations and in many cases serve an
equilibrium function (Schone 1975). However, they are remarkably similar to the otolith organs
in fishes (though not evolutionarily homologous) and may also serve to detect the particle
motions associated with sound or vibration. Essentially, it is suggested that the tissues of the
animal move back and forth as a sound passes through, but the dense statolith lags behind,
stimulating the sensory cilia. Cohen (1955) has reported that the statocyst in the lobster is
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, cuttlefish (Sepiida), and the octopus (Octopoda) have complex statocysts (Nixon and
Young 2003). Again, because they resemble the otolith organs of fish, it has been suggested that
they may also detect sounds (Budelmann 1992). It has also been suggested that the paired
statocysts are functionally similar to the vertebrate vestibular system (Williamson 2009). They
may detect both linear and angular accelerations, giving the animal information on its spatial
orientation and rotational movements. The statocysts may also be involved in hearing. Early
reports suggested that squid were attracted to 600 Hz tones (Maniwa 1976) and that common
cuttlefish (Sepia officinalis) gave startle responses to 180 Hz stimuli (Dijkgraaf 1963).
Behavioral conditioning experiments have confirmed that European squid (Loligo vulgaris),
common octopus (Octopus vulgaris) and common cuttlefish can detect particle acceleration
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 bigfin reef squid (Sepiotheutis lessoniana) could detect sound
pressures using their statocyst organs, but their evidence was weak. More recently Mooney et al.
(2010) obtained electrical responses from the statocyst organs of the longfin inshore squid
(Loligo pealeii) at frequencies between 30 and 500 Hz with lowest evoked potential thresholds
between 100 and 200 Hz. The range of responses suggested that the statocyst acted as an
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accelerometer. It was suggested that squid might detect acoustic particle motion stimuli from
predators and prey as well as low-frequency environmental sound signatures that may 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 anatomical positioning of the hairs is
rather different. Moreover, although decapod statocysts may contain a number of sand grains,
these do not resemble the massive calcified otoliths found in most fish ears. It is likely 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. They include sensory cilia, either naked or
embedded within a gelatinous cupula, projecting into the water or situated in pits on the body
surface, as well as a great variety of other hair-like and fan-like projections from the cuticle,
articulated at the base and connected to the dendrites of sensory cells. Most of these are
considered to be receivers of water-borne vibration because they are highly sensitive to
mechanical deformation and in close contact with the surrounding water. Experiments with
decapod crustaceans and other invertebrates have shown a wide range of cuticular hair organs
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 the squid Lolliguncula, electrophysiological recordings by Budelmann and Bleckmann
(1988) have identified these epidermal lines as an invertebrate analogue to the mechanoreceptive
lateral lines of fishes and aquatic amphibians and thus as another example of convergent
evolution between a sophisticated cephalopod and vertebrate sensory system. Stimulation of the
epidermal lines with local water displacements generated by a vibrating sphere causes receptor
potentials that have many features that are known from lateral line microphonic potentials.

It is likely that the receptors found in invertebrates will be most sensitive to low frequencies
(below 100 Hz) 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 of clear experimental evidence. The thresholds that have been detected for these
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 invertebrates are sensitive to local water movements and to low frequency particle
accelerations generated by sources in their close vicinity. Some invertebrates, including
crustaceans, may be especially sensitive to substratum vibrations. A number of aquatic decapod
crustaceans produce sounds, and Popper et al. (2001) concluded that many are able to detect
substratum vibration at sensitivities sufficient to tell of the proximity of mates, competitors, or
predators. However, whether these invertebrates respond to propagated sound waves at 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 presentation of measured sound stimuli to fishes under experimental conditions presents
great difficulties. The relationship between sound pressure and particle velocity in an
experimental tank is extremely complex, and there is no reliable way of calculating the relative
levels of the two quantities (Parvulescu 1964). Both parameters should be measured, but
calibrated particle motion detectors are not widely available and this measurement is rarely done.
Audiograms (measures of hearing sensitivity versus frequency) and sound pressure thresholds
presented in the literature must be treated with great skepticism unless the sound field has been
carefully specified. Relatively few experiments on the hearing of 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 Atlantic cod (Chapman and Hawkins 1973), dab (Limanda limanda), plaice (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 hearing abilities examined under appropriate acoustic conditions. We are still largely
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 Atlantic salmon. The flatfishes do not have a swim bladder or other gas
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bubble that would increase hearing bandwidth and provide sensitivity to sound pressure. All
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).

-40

—#— Pleuronectes platessa (Plaice)
—8— Limanda limanda (Dab)
-50 A —A— Salmo salar (Atlantic Salmon)
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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 have adaptations that give them sensitivity to sound pressure as well as particle
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 to particle motion over the whole of its frequency range, even at the infrasonic
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 goldfish, catfishes (Siluriformes), and relatives, few of whom are 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 species having a gas bubble or swim bladder, the bubble changes volume in response to
fluctuating sound pressures. This produces particle motion at the ears that, in turn, has the
potential to cause the sensory epithelium to move relative to the otolith. Fishes with mechanical
connections between the swim bladder (or other gas bubble) and ear generally have lower
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 with these kinds of connections include some of the squirrelfishes (Holocentridae)
(Coombs and Popper 1979), drums, and croakers (Sciaenidae) (reviewed in Ramcharitar 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 1980; Buran et al. 2005; Deng et al. 2011). Indeed, there is evidence that
mechanical connections between the swim bladder (or other gas bubble) and the inner ear has
evolved independently many times in fishes, and there is substantial evidence that such
enhancements, as the Weberian ossicles, increase the hearing bandwidth and sensitivity of such
fishes (e.g., Coombs and Popper 1979; Fay and Popper 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; Popper and Platt 1979). Enger (1967) obtained a tentative audiogram for
Atlantic herring (Clupea harengus) in a small tank indicating that the fish was sensitive to pure
tones over the range 30 to 1,000 Hz, falling off steeply above 2 kHz (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, including shads and menhaden, can detect ultrasound (sound with 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 kHz to at least 80 kHz (Mann et al. 2001). In contrast, Pacific herring
(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 to
several kHz were found in other species of Clupeinae; the bay anchovy (Anchoa mitchilli),
scaled sardine (Harengula jaguana), and the Spanish sardine (Sardinella aurita) detected sounds
at frequencies up to about 4 kHz (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. Some 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 audiograms do not provide results for frequencies below 20 to 30 Hz because 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 values measured as particle acceleration decline (i.e., sensitivity increases) at
frequencies below 10 Hz, reaching the lowest value at 0.1 Hz. The authors put forward the
hypothesis that fishes may utilize information about the infrasound pattern in the sea for
orientation during migration, although behavioral responses have only been shown when the
source is within a few body lengths of the fish. There is also a possibility that infrasound is
being detected by the lateral line as well as the inner ear.
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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 evoking 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 evoking directional avoidance responses. Large
vessels, in particular, may generate especially extensive particle motion fields.

Within their relatively restricted frequency range some fishes are quite sensitive to sounds.
Indeed, in the sea the Atlantic cod is often not limited by its absolute sensitivity 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 biologically important signals (e.g., sounds from a predator or the sounds made by
conspecifics) will be affected not just by variations in natural ambient noise but will also be
masked by any extraneous sounds that raise the level of background noise. It should be noted
that many of the differences in sensitivity seen in the audiograms of different species might
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. Priority species for examination include the herring (to be repeated), the
mackerel, skates and rays, and jawless fishes like the lamprey.?* Behavioral audiograms are
required for these species under natural and varied noise conditions. Information is especially
lacking on the hearing abilities of larval fishes and on the changes that may take place with
growth and age. The information requirements are considered below under a number of
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;%
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 otolith organs) varies widely between species. This variation extends to the
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 otolith movement 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 reflects, at least to some degree, different response patterns in different species.
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 different lengths, and numerous other questions, 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. Thus, in addition the important general questions mentioned
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 of the critical issues to consider is the importance of the diversity in the morphology,
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 used to make highly informed decisions about other species. A number of species have
already shown great promise as experimental subjects in hearing and sound exposure
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 should represent actual hearing capabilities of fishes rather than the kinds of data
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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 response 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 conditions, where the ratio of particle motion to sound pressure can be varied and
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 systems that listen to the acoustic scene and can, from
this, learn a great deal about the environment and events within it (Bregman 1990; Bass and
Ladich 2008). Whereas 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 communication in many species.
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, the interference with detection of the acoustic scene is a consequence of noise
interfering with the ability of a fish to hear a biologically relevant sound. This is generally
referred to as acoustic masking, and it can be thought of in terms of the well-known cocktail
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 section considers effects of man-made sound on fishes and invertebrates. Since almost
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 question that is very hard to deal with is the potential effect of man-made sounds on
invertebrates. There are almost no data on hearing 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 data that indicate whether masking
occurs in invertebrates or to suggest whether man-made sounds would have any impact on
invertebrate behavior. The one available study, on effects of seismic exploration on shrimp,
suggests no behavioral effects from sounds from an air gun array with total capacity 635 in3 (10
L) and pressure 2000 psi (13.8 MPa) (Andriguetto-Filho et al. 2005).

There are also no substantive data on whether 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 Regnault and (1983) demonstrated the effects of
ambient noise (20 to 1,000 Hz) on the growth, reproduction, and metabolic level of shrimp.
Results showed increased metabolic rates and decreased food uptake from exposure to noise
leading to delayed growth and decreased reproduction in association with typical laboratory
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 have been no studies concerning how man-made sounds might affect elasmobranchs,
either behaviorally or physiologically. However, these species have well-developed ears and
there is substantial evidence 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 effects from
other than the most intense sounds is substantially lower than for fishes with gas bubbles, but
there are likely to be behavioral effects associated with masking and, perhaps at high 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 the most important concern is how man-made sounds alter the general behavior of
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 much greater distances from the source than those which will result in physical injury.
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 the 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 Engas 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 Atlantic cod that lasted for several days after termination 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 recent work (Slotte et al. 2004) showed parallel results for several additional pelagic
species including blue whiting (Micromesistius poutassou) and Norwegian spring-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. Moreover,
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 been disputed by Gausland (2003) who, 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, Lgkkeborg et al. (20123, 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 uPa (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) used underwater video and an acoustic tracking system to examine the
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 et al. 2004; Pearson et al.
1992; Santulli et al. 1999)

In an evaluation of the behavior of free-swimming fishes to noise from seismic 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 discharge) were on the order of 175 dB re 1 pPa*s and zero to peak
sound pressure levels were over 200 dB re 1 pPa (Jorgenson and Gyselman 2009; Cott et al.
2012).

Culik et al. (2001) and Gearin et al. (2000) studied how noise may affect fish behavior by
looking at the effects of mid-frequency sound 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 sturgeon to pinger sounds. They found that fish did not
exhibit any reaction or behavior change to the onset of the sounds of pingers that produced
broadband energy with peaks at 2 kHz 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 hearing 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 in the presence of pingers producing sounds that overlapped the frequency range of
hearing of this species (2.7 kHz to over 160 kHz).?® They found no change in catch rate in gill
nets with or without the higher frequency (> 20 kHz) sounds present, although there was an
increase in catch rate with the signals from 2.7 to 19 kHz (a different source than the higher
frequency source). The results could mean that the fish did not pay attention to the higher
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 behavioral observations on the
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?

% 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 rate, preventing their reaching spawning areas at the appropriate time, or
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 the motivation of the fishes exposed to man-made sound sources will also vary.
Existing data on behavioral responses for many species do not provide clear dose/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 when planning studies of behavioral responses to
sound. Most importantly, the behavioral responses of wild animals to sound will vary widely by
factors including, but not limited to, species, size and age class within a species, animal
motivation, and the environment. Thus, analysis of behavior becomes very complex.

One of the fundamental truths about behavioral effects is that experiments on animals 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 et al. 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 interpret (e.g., compare Engas et al. 1996 with Lekkeborg et al. 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 detailed data (e.g., video or the Dual-Frequency ldentification Sonar DIDSON, a high
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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 fishes showing more extensive movements will require the development of more
sophisticated tracking and sonar techniques. The overall aim must be to study the natural
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 the lives of the animals.
Before, during, and after studies may have particular relevance for examining the effect of new
developments in the aquatic environment (for example, in evaluating the impact of installing
offshore wind turbines or wet renewables).

For behavior 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 issue is how sound exposure affects behavior and ultimately survival.
Since behavior is species-specific, it will be difficult to generalize from one species to another.
For example, the behavioral effects 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 sound exposure. Just as extrapolation from species 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 developing 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 caveats when one looks at potential population level impacts. Stock
assessments often have large inherent statistical variability and uncertainty making it difficult to
detect true changes in the population. Further developments of methodologies 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 behavior 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%
(Engas et al. 1996; Lokkeborg and Soldal 1993). Reductions in Catch Per Unit Effort (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
et al. 1992). In contrast, catches by other methods (gill nets) have shown an increase during
exposure to seismic sound (Lokkeborg et al. 2012a, b). It is evident that both gear- and species-
specific effects may occur. The effectiveness of different fishing gear depends on different
patterns of fish behavior. Fish catches may fall because of behavioral changes affecting the
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 of investigating short-term effects is 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 long-term effects through catch statistics,
statistical models such as General Linear Models (GLM) have been proposed because they take
into account the appropriate environmental variables inherent in the system. It may 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
a need 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 lack of knowledge of the variability the fishes encounter on a daily
and seasonal basis. Changes in commercial catches are not necessarily a good indicator 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 need to be interpreted in terms of changes to the entire ecosystem (biological and
acoustic). This requires a team of people with different expertise in catch statistics, acoustics,
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 will have an impact upon the lowest sound levels that an animal (fish) can hear.
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. Masking
essentially refers to an increase in the threshold for detection or discrimination of one sound in
the presence of another. In effect, the masker interferes with the detection of the signal 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, that depend on the level of the
masker and the sound of biological relevance to the receiving 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 masker.
An example of energetic masking would take place in a train station where the sound
from an oncoming train makes it impossible to hear the sounds from the station
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 same masker can result in either informational or energetic masking, depending on the
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 a signal, even if the fish knows the signal is present, although the degree 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 have been studied, including fishes and amphibians (see discussion in Fay and Megela-
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 higher in level than ambient noise (or perhaps at a substantially different
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 of the 500-Hz signal will occur if the masker is 1,000 Hz and even less if the
masker is 2,000 Hz. 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 example, if a sound relevant to a fish is at 600 Hz and the threshold in a totally quiet
environment for that frequency is 10 dB, 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
masker is at 1,500 Hz at the same sound level, there may only be a few dB increase in the
hearing threshold for the signal. The degree of masking depends on the 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 signal when it is being masked by ambient noise, the signal has to be a certain level
above ambient (Fay 1988). In other words, the likelihood of a fish detecting a signal depends on
its ability to separate the signal from background noise (the difference in level between the
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 interrupted sound in different temporal patterns and at different amplitudes. A better
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 hearing are generally classified as permanent or temporary. Permanent Threshold
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 of the 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. After
termination of a sound causing TTS, normal hearing ability returns over a period that may range
from minutes to days, depending on many factors, including the intensity and duration of
exposure (e.g., Popper and Clarke 1976; Scholick and Yan 2001, 2002; Amoser et al. 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, 2006; 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) compared to fishes that do hear 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. 20044, b, 2006).

While data are limited, it appears that long-term exposure 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 series of sensory hair cells?” along the body of the fish that detects low
frequency sounds and water motion and informs the fish of objects and other animals in its
immediate vicinity (Coombs and Montgomery 1999; Sand and Bleckmann 2008; Webb et al.
2008). The lateral line is critical in schooling behavior, including in feeding for many

" 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 the effects of high intensity man-made sounds on the lateral
line and this showed no damage (Hastings et al. 1996). However, this was to pure tones, which
are unlike most 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 line can damage the cupula that overlies the hair cells, and this could result in loss 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 potential that man-made sounds 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 of responding to an environmental stimulus like a chemical
contaminant or an increase in noise but may nonetheless show physiological changes (e.g.,
Slabbekoorn et al. 2010; Kight and Swaddle 2011). They may, for example, show changes in
heart rate or breathing rhythm, or the levels of particular hormones in the bloodstream and
tissues may change. This response is often termed stress. There is a need for consistency and
clarity in describing stress. Stress is often a normal part of life, integral to stimulating and
maintaining healthy neuroendocrine responses and immune system activity (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 DNA, and slowed growth (Kight and Swaddle 2011). Various biomarkers may provide
indicators of the cascade of effects leading from behavioral changes to alterations in
reproduction and survival.
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Interpreting single measurements of endocrine responses to a stressor requires a good
understanding of the natural variation in hormones associated with the stress response. In free-
ranging animals, where blood is difficult or impossible to sample, it may be necessary to
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 superior measures of chronic stress because they provide integrated measures of the
magnitude and duration of physiological stress responses.

It is clear that fishes may experience acute effects 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, though, that may be more significant. The term allostatic load is applied to the
physiological consequences of chronic exposure to fluctuating or heightened neural or
neuroendocrine response that results from repeated or chronic stress. Normally, the body's stress
response, essential for managing acute threats, is essential for adaptation, maintenance of
homeostasis, and survival. However, repeated responses may damage the body in the long term
(creating the allostatic load). The effects can be measured as chemical imbalances in the
autonomic nervous system, central nervous system, neuroendocrine, and immune systems as well
as changes in growth rate, perturbations in diurnal rhythms, and changes in behavior. These
changes may introduce risks to individual fitness including loss in reproductive capacity. It is
important to distinguish between normal or tolerable variations in response to environmental
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 most easily observed and dramatic end-points in terms of
responses to sound for fishes (and invertebrates). Strandings are far more likely to be observed
for marine mammals, and are not considered here. There is only the most limited data on
mortality in fish. There have been several reports from Caltrans (2001) documenting fish
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 sonars below 1 kHz and from 2 to 4 kHz showed no
mortality (Popper et al. 2007; Halvorsen et al. 2012a). It is highly likely that immediate mortality
will only occur in response to certain sound sources, perhaps those with the most rapid rise
times. Additional information is needed to understand if immediate death is a substantial issue
for fishes exposed to the sounds used in energy-related work.
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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 by explosives the most commonly injured organ is the gas-filled swim bladder
(Yelverton et al. 1975; Keevin and Hempen 1997; Keevin et al. 1997). The swim bladder is a
gas-filled sac that functions as a hydrostatic organ allowing the fish to control its buoyancy.
When pressures oscillate rapidly as they do when an explosive shock wave passes through the
fish, the swim bladder will expand and contract rapidly to the point of rupturing. There is
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 using intense low and mid-frequency sonars have shown no tissue damage
(Popper et al. 2007; Kane et al. 2010; Halvorsen et al. 2012a), and similar 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). An abbreviated set of these effects were encountered when
exposing several different species to high intensity simulated pile driving signals (Halvorsen et
al. 2011; Casper et al. 2012b.; Halvorsen et al. 2012b.). These effects ranged from a small
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 sound exposure. Significantly, Casper et al. (2012b) have demonstrated that fish will
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 significant effects on the 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 effects of seismic signals upon crab larvae for exposures as
close as 1 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 uPa). 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 or damage to mechano sensory systems associated with animal equilibrium and
posture. However sub-lethal effects were observed with respect to feeding and serum
biochemistry with effects sometimes being observed weeks to months after exposure. A
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histochemical change was also noted in the hepatopancreata of animals exposed four months
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
635 ind (10 L) and pressure 2000 psi (13.8 MPa)No significant deleterious impact of seismic
prospecting was observed for the studied species.

André et al. (2011) suggested, based on studies 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 responses including changes in swimming behavior, schooling, and distribution
(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; Lokkeborg and Soldal 1993; Engas 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 snapper (Pagrus auratus). Evidence for damage showed up as early as 18 hours post-
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 species in the Mackenzie River Delta: northern pike (Esox lucius), broad whitefish
(Coregonus nasus), and lake chub (Couesius plumbeus) (see also Cott et al. 2012). Fish were
placed in cages in shallow water and exposed to five or 20 airgun shots, while controls were
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 controls in the northern pike and lake chub, with recovery within 18 hours of exposure,
while there was no threshold shift in the broad whitefish. It was concluded that these three
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species were not likely to be substantially affected by exposure 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) observed effects of seismic signals on fish larvae. Dalen and Knutsen (1987)
concluded that so few eggs and fry were present within the very small danger zone around the
airgun that the damage caused will have no negative consequences for fish stocks. They
calculated that the mortality caused by airguns might amount to an average of 0.0012% a day. In
comparison to the natural mortality rate of 5% to 15% a day, the effects of seismic-induced
damage would be insignificant.

10.12.2 Pile Driving

There are no substantive data on whether 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 Popper and Hastings 2009). The results of these studies have been 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 salmonids, 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 decrease the likelihood of
effects occurring (Stephenson et al. 2010; Halvorsen et al. 2011, 2012b).

Most recently, Halvorsen et al. (2011, 2012b) reported on a study 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 before testing. The investigators found that there
was a close link between the extent of physiological damage and the intensity of the sound
source. There were virtually no physiological effects to sounds below an SEL.,m of 210 dB re 1
UPa’s, and at this level the only effects were minor hemorrhaging that the investigators
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 pPa’s there were massive internal injuries that would likely result
in death.

The investigators have subsequently extended the study to examine recovery and found that
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 of the onset of physiological effects, this is always at
SELum Of greater than 203 dB re 1 uPa?s. In flatfish species without a swim bladder, there was
no effect with an SELcum as high as 216 dB re 1 puPa’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 noise produces sounds in the general hearing range of fishes (Amoser et al. 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 from small boats and ferries (Scholik and Yan 2001; Vasconcelos et al. 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) (Engas et al. 1995;
Engas 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 Hz) and that infrasonic frequencies may be responsible for the
observed avoidance reactions.

11 Current Exposure Criteria

Beyond knowing the potential effects of sound on organisms, it is also critical for BOEM, and
other agencies, to gain knowledge of the levels of sounds that may be of potential harm to
animals, as well as levels that are likely of no consequence. Developing such criteria or
thresholds for harm is not possible until there are sufficient data about the effects of sounds, but
once such knowledge is available, such criteria could be of immense value. Importantly,
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developing criteria is not limited to fish, or to sounds. There are regulatory criteria for many
man-made stimuli. 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 information) and an extensive body of literature on the overall effects of noise on
humans (see papers in Le Prell et al. 2012).

In considering effects of noise on fish, there are two approaches of importance. One is the
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 individual animals and populations. The criteria for behavior and physiology 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, 2012Db).

In developing criteria for physiological effects on fish, the critical factors to define are those
sound conditions that result in onset of physiological 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 of 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 likelihood 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 (Halvorsen et al. 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 the United States west coast by the Fisheries Hydroacoustics Working Group?®
(see reviews in Stadler and Woodbury 2009; Woodbury and Stadler 2009).2° The interim criteria
are:

%8 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/ha/env/bio/files/fhwgcriteria_agree.pdf.
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e Zero to peak sound pressure level: 206 decibels dB re 1 pPa
e SELcum: 187 dB re 1puPa?s for fishes above 2 grams (0.07 ounces).
e SELcum: 183 dB re 1uPa? 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.,m). 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¢m of 206 dB re 1 pPas.

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 depending on numerous factors. These include whether the animal detects the sound
(determined by its hearing threshold and whether the sound is masked by ambient noise; see
Section 10.6), the motivation of the animal to respond, the different ways in which different
species respond to a fright stimulus, and even perhaps on species 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 behavioral studies that provide guidance, and in even those few
cases where data are available, the work was generally done with fishes in cages or other
enclosures, where in many cases it was impossible 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 not behave normally and so it is impossible 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 of individuals at levels between 50 and 90 dB above the hearing threshold. These
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 shallow raceways (Nedwell et al. 2007b). There are some 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 dB 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, where
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
on received sound levels have been considered. When received sound level data are not
available, as is the case for many studies, no criteria can be discussed.

Many of the questions to be asked about behavior 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 marine life (e.g., Johnson, 2012; Lewandowski et al. 2012; Tasker 2012). Such
action can be expensive and place penalties upon development. Regulation must therefore rely
on robust scientific justification. Moreover the results of such understanding need to 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 effects 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, the Marine Strategy Framework Directive already requires EU Member States to
monitor underwater sound and register the use of selected man-made sources of underwater
sound. But currently there is insufficient information to build any rationale for the spatial
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 minimizing the noise associated with human activities is often possible, logical, and
beneficial. For example, efforts are currently underway within the International Maritime
Organization to engage the international shipping industry in implementing vessel-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 of vulnerable species may be especially important for
mitigation. Recent developments in the use of passive and active acoustic monitoring
technologies around offshore industrial applications were reviewed in an interactive forum
convened in November 2009 by the 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 common procedure for avoiding damage to marine mammals is the use of ramp-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 moving away. Evaluating whether the ramp-up
procedure is effective in removing fishes or invertebrates from an area prior to airgun operation
IS important 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 the timing of operations may be critical in ensuring effective mitigation of noise
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?

% 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 scientific knowledge must be applied consistently in supporting conservation
management decisions, and the basis for those decisions must be transparent.

There is an increasing need for integrated and relevant research and data synthesis and
coordination.

Access to central libraries of recorded and identified sounds can be of great help. Sharing
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 detectors and classifiers can be used for streamline analysis of data. Databases and
libraries should be regularly updated on a central system in order to avoid the duplication of
efforts. In this framework, the importance of the work of the Detection-Classification-
Localization Working Group must be emphasized. This group is exchanging information that
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 threshold — the minimum level at which an acoustic signal (e.g., a pure tone) 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 the presence of a masking sound or noise, the term ‘masked threshold’ is more
appropriate.

Acoustic intensity — The work done per unit area and per unit time by a sound wave on the
medium as it propagates. The units of acoustic energy flux are joules per square meter per
second (J/(m* s)) or watts per square meter (W/m?). The acoustic 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 measurement of hearing sensitivity (or lowest sound level 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 background electrical 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 range of frequencies over which a sound is produced or received. The
difference between the upper and lower limits of any frequency band.

Continuous sound — a sound for which the mean square sound pressure is approximately
independent of averaging time.

Critical band — one of a number of contiguous bands of frequency into which the audio-
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 difference between signal sound pressure level (SPL) and noise spectral
density level at which the signal is just heard above the noise

Cumulative pressure squared — The time-integrated value of the square of the sound pressure
over a certain time period.

Decibel (dB) — A logarithmic scale most commonly for reporting levels of sound. The actual
sound measurement is compared to a fixed reference level and the numerical value of a
power ratio expressed in decibels is 10 logg (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 underwater sound pressure is 1 micropascal
(uPa). The dB symbol is followed by a second symbol identifying the specific reference
value (i.e., dB re 1 pPa). 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 Geiger counter) or to enhance an experience (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 regards to exposure to sound, emission refers to sound from the source and
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 effects on behavior, 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 time it takes to go from the peak sound pressure to either zero
pressure or the minimum sound pressure in an impulsive sound wave.

Far field — A region far enough away from a source that the sound pressure behaves in 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.

E-116



Appendix E: Literature Synthesis

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 and high peak sound pressure relative to a continuous sound of comparable
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 single
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 below the hearing range of humans. These sounds have
frequencies below about 20 Hz.

Insonification — Irradiation with sound energy. See ensonification for complete differentiation
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 uniform distribution of energy. (See Henderson and Hamernik 2012 for 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 is not defined, but it is likely that it is involved in sound detection in many
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 close to a sound source that has either irregular sound pressure 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. This additional Kinetic energy does not propagate with the sound wave. The
extent of the near field depends on the wavelength of the sound and/or the size of the
source.

Octave — A doubling of frequency. One octave above 440 Hz is 880 Hz, whereas one octave
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 of fishes. They are located next to sensory hair cells of the ear and are
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 the 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 for developing assessments of the significance of sub-lethal effects and for
identifying the most important gaps in our knowledge.

Peak amplitude — The maximum deviation between the sound pressure and the ambient
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 overpressures — Overpressure is the pressure above the ambient level that occurs 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 sound 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. Air removal from the swim bladder is by expulsion through this tube to the
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esophagus. Physoclistous fishes have no such connection. Instead, they add gas to the
swim bladder using a highly specialized gas secreting system called the rete mirabile,
which lies in the wall of the swim bladder and extracts gas from the blood using a
counter-current system, 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
as a wave travels in a fluid or solid through dissipative processes (e.g., friction) that
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 exposure level (SEL) — The constant sound 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, sound-pressure-squared level. SEL is typically
used to compare transient sound events having different time durations, pressure levels,
and temporal characteristics.

Sound exposure spectral density — The relative energy in each narrow band of frequency that
results from the Fast Fourier Transform (FFT, a mathematical operation that is used to
express data recorded in the time domain 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) sound pressure using the decibel (dB) scale and the standard reference
pressures of 1 pPa for water and biological tissues, and 20 pPa 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 pressure is called the acoustic pressure or sound pressure. The units of
pressure are pounds per square inch (psi) or, in the SI system of units, pascals (Pa). In
underwater acoustics the standard reference is one-millionth of a pascal, called a
micropascal (1 pPa). The conventional definition of sound pressure level is in terms of
root mean square sound pressure.

Source level — characterizes the sound power (or RMS sound pressure) radiated by an
underwater sound source expressed in decibels. It is often expressed as the SPL referred
to a standard reference distance from a point monopole, placed in a lossless uniform
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 chamber found in the abdominal cavity 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 threshold shift (TTS) — A hearing threshold shift 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 levels of
sound over longer time periods. The mechanisms underlying TTS are not well
understood, but there may be some temporary damage to the sensory hair cells. The
duration of TTS varies depending on the nature of the stimulus, but there is generally
recovery of full hearing over time.

Threshold — The hearing threshold generally represents the lowest signal level an animal will
detect in some statistically predetermined percent of presentations of a signal. Most often,
the threshold is the level at which an animal will indicate detection 50% of the 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 lagena). The utricle is probably involved in determining head position relative to
gravity as well as in sound detection. It is the primary sound detection region 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 ossicles — A series of bones found in the otophysan fishes (goldfish, catfish, and
relatives) that connect the swim bladder to the inner ear. It is generally thought that the
Weberian ossicles act to couple the motions of the swim bladder walls in response to
pressure signals to the inner ear. Thus, the ossicles are functionally analogous to the
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 3-3 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 1 2278 2,278
complex
Discontinuous Seagrass Snapper Grouper 5 303 605
complex
Dry Tortugas National Park 1 318 318
Florida Bay Spiny Lobster 1 2,820 2,820
Florida Keys National Marine 534 99 11,673
Sanctuary
Gray's Reef National Marine 1 79 79
Sanctuary
Hardbottom Spiny Lobster 81 <1 15
Hoyt Hills Snapper Grouper 1 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 48 4 912
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 452 11 4747
Bottom
SS Nursery Areas Snapper Grouper 63 4 279
complex
Sandbar Shark Sandbar Shark 5 4,029 20,147
Special Management Zones |Snapper Grouper 51 10 501
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 5 432 432

Spawning

complex

* 21 October 2010, http://sharpfin.nmfs.noaa.qgov/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 25.9 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 47 10.39 0.73%
Skate, little 4.2 9.27 0.65%
Bass, striped 3.4 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 2.0 451 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 3.43 0.24%
Swordfish 1.5 3.38 0.24%
Clam, softshell 15 3.36 0.24%
Flounder, Atlantic, plaice 1.4 3.11 0.22%
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Percentage

of Atlantic
OCSs

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/stl/commercial/. See
http://www.st.nmfs.noaa.gov/stl/commercial/landings/caveat.html for caveats related to
NMFS commercial landings data.
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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%
Oyster, 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/stl/commercial/landings/caveat.html for caveats related to NMFS
commercial landings data
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Appendix Table B4

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 crab - No? Unknown Unknown
Northwestern
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 Yes Yes N/A
Georges Bank
éﬂﬁné;cl\;(;?n; 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

*! 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

No

Unknown

Silver hake -
Gulf of Maine /
Northern
Georges Bank

NEFMC

No

No

No

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

No

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?

Northeast
Skate
Complex

Barndoor skate -
Georges Bank /
Southern New
England

NEFMC

No

No - Rebuilding

No

Clearnose skate -
Southern New
England / Mid-
Atlantic

NEFMC

No

No

No

Little skate -
Georges Bank /
Southern New
England

NEFMC

No

No

No

Rosette skate -
Southern New
England / Mid-
Atlantic

NEFMC

No

No

No

Smooth skate -
Gulf of Maine

NEFMC

No

Yes

N/A

Thorny skate -
Gulf of Maine

NEFMC

No

Yes

N/A

Winter skate -
Georges Bank /
Southern New
England

NEFMC

No

No

No

Monkfish

Monkfish - Gulf
of Maine /
Northern
Georges Bank

NEFMC /
MAFMC

No

No

No

Monkfish -
Southern
Georges Bank /
Mid-Atlantic

NEFMC /
MAFMC

No

No

No

Spiny Dogfish

Spiny dogfish -
Atlantic Coast

NEFMC /
MAFMC

No

No

No

Atlantic

Mackerel,
Squid and
Butterfish

Atlantic
mackerel - Gulf
of Maine / Cape
Hatteras

MAFMC

No*

No*

No

Butterfish - Gulf
of Maine / Cape
Hatteras

MAFMC

No

Yes®

N/A

Longfin inshore
squid - Georges
Bank / Cape
Hatteras

MAFMC

No

No

No
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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
Atlantig Coas% 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
Bass Coagt No No No
Summer MAFMC
flounder - Mid- No No - Rebuilding No
Atlantic Coast
Tilefish Etllzfr:iir:: -C'\éleigt- MAFMC No No - Rebuilding® No
Shrimp Brown rock SAFMC
Fishery of the | shrimp -
South ),/Atlantic Southgrn 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
Atlgntic Coast Yes No es
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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

No

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

No

No

Warsaw grouper
- Southern
Atlantic Coast

SAFMC

Yes

Unknown

Unknown

White grunt -
Southern
Atlantic Coast

SAFMC

No

Unknown

Unknown

Wreckfish -
Southern
Atlantic Coast

SAFMC

No

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
FisheFr)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
E‘j:}e?f/ of the | of Mexico No Undefined Unknown
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*!
i![?:rﬁctuna - HMS No No - Rebuilding No
Black hark | HMS
S atlantiod Yes Yes N/A
Blacktip shark - | HMS
Gulf of Mexico™ No No No
géiiﬁtg)ﬂs;?triléfz HMS Unknown Unknown Unknown
Blue marlin - HMS
North Atlantic Yes Yes N/A
Blue shark - HMS
Atlantict® No No No
Bluefin tuna - HMS
Western Atlantic Yes Yes N/A
B thead - HMS
Dusky_shark - HMS Yes Yes N/A
Atlantic
Finetooth shark - | HMS
Altlanticlo No No No
Porbeagle - HMS
Aol No Yes N/A
Sailfish - HMS s
Western Atlantic Yes No - Rebuilding N/A
Sandbar shark - HMS
Atlanticl? Yes Yes N/A
Shortfi ko- | HMS
Atgnt:gl? axo Yes No Yes
Swordfish - HMS
North Atlantic No No 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 es

L 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).

2 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.

% Due to the large degree of uncertainty in the GARM I1 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.

4 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.

5 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.

1 1n 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.

12 This stock is part of the Large Coastal Shark Complex, but is assessed separately.

13 This stock is part of the Pelagic Shark Complex, but is assessed separately.
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