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Abstract

This Technical Report presents the outcome of a Working Group that was estab-
lished to determine broadly applicable sound exposure guidelines for fishes and sea
turtles. After consideration of the diversity of fish and sea turtles, guidelines were
developed for broad groups of animals, defined by the way they detect sound.
Different sound sources were considered in terms of their acoustic characteristics
and appropriate metrics defined for measurement of the received levels. The resul-
tant sound exposure guidelines are presented in a set of tables. In some cases numer-
ical guidelines are provided, expressed in appropriate metrics. When there were
insufficient data to support numerical values, the relative likelihood of effects
occurring was evaluated, although the actual likelihood of effects depends on the
received level. These sound exposure guidelines, which are based on the best scien-
tific information at the time of writing, should be treated as interim. The expectation
is that with more research, the guidelines can be refined and more cells in the tables
completed. Recommendations are put forward defining the research requirements
of highest priority for extending these interim exposure guidelines.
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Foreword

[This Foreword is for information only, and is not a part of the Technical Report
ASA §3/SC1.4 TR-2014 Sound Exposure Guidelines for Fishes and Sea Turtles.]

This Technical Report comprises a part of a group of definitions, standards, and
specifications for use in animal bioacoustics. It was developed and approved by
Accredited Standards Committee S3/SC 1 Animal Bioacoustics, under its approved
operating procedures. Those procedures have been accredited by the American
National Standards Institute (ANSI). The Scope of Accredited Standards Committee
S3/SC 1 is as follows:

Standards, specifications, methods of measurement and test, instrumentation, and terminol-
ogy in the field of psychological and physiological acoustics, including aspects of general
acoustics which pertain to biological safety, tolerance, and comfort of non-human animals,
including both risk to individual animals and to the long-term viability of populations.
Animals to be covered may potentially include commercially grown food animals; animals
harvested for food in the wild; pets; laboratory animals; exotic species in zoos, oceanaria or
aquariums; or free-ranging wild animals.

Publication of this Technical Report that has been registered with ANSI has been
approved by the ANSI-Accredited Standards Committee S3/SC 1, Animal
Bioacoustics. This document is registered as a Technical Report according to the
Procedures for the Registration of Technical Reports with ANSI. This document is
not an American National Standard and the material contained herein is not norma-
tive in nature. Comments on the content of this document should be sent to Standards
Secretariat of the Acoustical Society of America, 1305 Walt Whitman Rd., Ste. 300
Melville, New York 11747-4300. Telephone: 631-390-0215; FAX: 631-923-2875;
E-mail: asastds @aip.org.

As required by ASC S3/SC 1’s operating procedures, this Technical Report will
be subjected to periodic review by ASC S3/SC 1 at least every five years. However,
it is possible that the committee will revise or withdraw it at any time. Users should
check to confirm if a newer version is available.

The rationale for publishing this technical report is detailed in the Introduction.
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Chapter 1
Introduction

1.1 Background

In many countries, legislation requires the assessment of sound-producing activities
that may have an impact on animals in the aquatic environment (TNO 2011; Johnson
2012; Lewandowski et al. 2012; Tasker 2012, 2015; Dekeling et al. 2015; Gedamke
et al. 2015). There is also often a requirement to prepare environmental assessments
or statements that can lead to mitigation measures and/or restrictions for proposed
activities. Because few scientific data are available regarding the effects of sound,
particularly for fishes and sea turtles, assessment procedures and subsequent regula-
tory and mitigation measures are often severely limited in their relevance and efficacy.
This creates uncertainty among all stakeholders as to how sound-producing explora-
tion and operations should proceed.

In 1998 the U.S. National Oceanic and Atmospheric Administration (NOAA)
convened an international panel of experts to prepare noise exposure guidelines
for marine mammals. NOAA’s intent was to provide its regulatory staff with the
means of issuing permits on underwater noise production based on a set of orga-
nized principles and facts instead of on a case-by-case basis. The aim was to
reduce regulatory uncertainty for all stakeholders by replacing precaution with
scientific facts. The panel’s initial guidelines appeared in a seminal paper (Southall
et al. 2007).

In 2004, NOAA convened a similar panel to develop noise exposure criteria for
fishes and turtles with the same goals in mind. It included three members of the
marine mammal panel (WTE, RLG, and BLS) for continuity. When NOAA’s
support for this effort ended in 2006, the panel was organized as a Working
Group (WG) under the ANSI-Accredited Standards Committee S3/SC 1, Animal
Bioacoustics, which is sponsored by the Acoustical Society of America.

In addition, this Working Group, through its own efforts, obtained external funding
for the project (see Acknowledgements). The Working Group met eight times
between 2004 and 2010. It gathered and reviewed papers from both the peer-review
and grey literature that presented data on the exposure of fish and sea turtles to

A.N. Popper et al., ASA S3/SC1.4 TR-2014 Sound Exposure Guidelines for Fishes 1
and Sea Turtles, SpringerBriefs in Oceanography, DOI 10.1007/978-3-319-06659-2_1,
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2 1 Introduction

various sound sources. Subsequent smaller meetings were held from 2011 to 2013
to review and finalize this manuscript. During that time, findings were updated and
the revised document was continuously reviewed by the whole Working Group. The
guidelines presented here are primarily based on data in the peer-reviewed literature
up until mid-2013.

These Guidelines represents the Working Group’s consensus efforts to establish
broadly applicable sound exposure guidelines for fishes and sea turtles across the
complete range of taxa and sound types, and to consider many impacts, rather than
just injury. The Working Group adopts some of the general approaches used to set
sound exposure guidelines for marine mammals (Southall et al. 2007). However,
several factors make the present Guidelines differ in format and conclusions from
Southall et al. (2007). These factors include:

1) There are more than 32,000 species of fish compared to about 130 species of
marine mammals;

2) Fishes are much more diverse anatomically, physiologically, ecologically, and
behaviorally than are marine mammals;

3) Most fishes respond to the particle motion component of sound waves whereas
marine mammals do not;

4) Relatively few papers link exposure to effects in fishes; and

5) While there are few species of sea turtles, so little is known about their hearing
and the role of sound in their lives that it is very difficult to establish guidelines
for these species.

These guidelines are not intended to be a complete review of the literature. Rather,
the material cited is limited to those publications that provide background to help
explain how and why the guidelines were selected. Readers interested in more com-
plete reviews are directed to references mentioned in Chap. 1.2. As in Southall et al.
(2007), this report does not consider the commercial, societal, and practical consid-
erations of the conclusions reached. Instead, these Guidelines serve as the first step
in setting guidelines that may lead to the establishment of exposure standards for
fishes and sea turtles.

1.2 Background Literature

These Guidelines are written for scientists, regulators, environmentalists and others
who may not have a detailed knowledge of hearing or bioacoustics of fishes and sea
turtles. For readers without a background in bioacoustics, several web sites provide
lay-level information, especially the Discovery of Sound in the Sea site (www.dosits.
org) and/or the Aquatic Acoustic Archive (www.aquaticacousticarchive.com/). More
extensive reviews are cited in Hawkins et al. (2008), Popper and Hawkins (2012,
2015), and the report of a recent BOEM (Bureau of Ocean Energy Management)
workshop (Normandeau Associates 2012a, b). Additional background material can be
found in Webb et al. (2008), Au and Hastings (2008), and Coombs et al. (2014).



1.3 Terminology 3

A background on general effects of noise is found in Le Prell et al. (2012), while
a background in underwater acoustics can be found in Urick (1983) and Au and
Hastings (2008). A less technical account on underwater sound can be found in
Rogers and Cox (1988) and at www.dosits.org.

1.3 Terminology

In this review the term “fishes” refers to more than one species, whereas “fish” refers
to one or more members of a single species. A number of different expressions are
used to describe sounds produced by humans. For this report, we generally refer to
“man-made” sound, meaning any sound with a source caused by human activity.

The term “noise” is most often used to describe undesired sound, or sound that
interferes with detection of any sound that is of interest. However, noise has also
been used to describe background levels of sound in the sea, including the naturally
occurring 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 report the term “sound” 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 that cannot be located or identified. Where others have used the terms
“ambient noise” or “background noise” to distinguish naturally occurring sounds
from distributed sources, that usage will be respected.



Chapter 2
Aquatic Organisms of Concern

2.1 Fishes

There are over 32,000 extant fish species (Helfman et al. 2009; www.fishbase.org),
more than all other vertebrate groups combined. Fishes show extensive variability
in their behavior, ecology, and physiology. Moreover, fishes vary in their abilities to
detect and utilize sounds, and very likely also vary in their potential susceptibility to
damage by sound. The taxonomy and general biology of fishes is set out in Helfman
et al. (2009).

Many factors are likely to be important in the effects of sound exposure and their
longer-term consequences for fitness and survival, but one of the most important
of these is the presence or absence of a gas bladder in the body (see also Chap. 3.1).
Gas bladders, and their anatomical location within the body, make fish more suscep-
tible to pressure-mediated (sound pressure and barotrauma') injury to the ears and
general body tissues than species lacking gas bladders (Stephenson et al. 2010;
Halvorsen et al. 2011; Carlson 2012). The presence of a gas bladder is also likely to
increase the ability of many species of fish to detect sounds over a broader fre-
quency range and at greater distances from the source than fishes without such
structures, thereby increasing the range from the source over which man-made
sound sources have the potential to exert influence (Chap. 3.1).

! As discussed in more detail in Chap. 5.1, barotrauma is tissue injury that results from rapid pressure
changes (e.g., forced change in depth, explosions and intense sound) (e.g., Stephenson et al. 2010;
Halvorsen et al. 2011, 2012a).

A.N. Popper et al., ASA S3/SC1.4 TR-2014 Sound Exposure Guidelines for Fishes 5
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2.2 Sea Turtles

There are seven extant species of sea turtle: green (Chelonia mydas), hawksbill
(Eretmochelys imbricate), Kemp’s Ridley (Lepidochelys kempii), loggerhead
(Caretta caretta), olive Ridley (Lepidochelys olivacea), flatback sea turtle (Natator
depressus), and leatherback (Dermochelys coriacea). All of these generally share a
similar body form, although shell morphology is different in leatherback turtles
compared to the hard-shelled species.

There are few data on hearing abilities of sea turtles (Chap. 3.3), their uses of
sound, and their vulnerability to sound exposure. It has thus been necessary to extrap-
olate from other animal groups. Though there has been some discussion of using data
from marine mammals to predict turtle responses (e.g., Finneran and Jenkins 2012),
it is the view of the WG that, while still unsatisfactory, data from fishes provide a
better analogy at this time (see also Chap. 3.3). The rationale is that the hearing
range for turtles much more approximates that of fishes than of any marine mam-
mal, and the functioning of the basilar papilla in the turtle ear is dissimilar to the
functioning of the cochlea in mammals.

2.3 Eggs and larvae

We have separated out fish eggs and larvae for special consideration because of their
vulnerability, reduced mobility, and small size. Very few peer-reviewed papers discuss
the responses of eggs and larvae to man-made sound.
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Chapter 3
Hearing — A General Overview

3.1 Fish Hearing: Sensitivity to Sound!

All fishes have ears to detect sound and convey sensitivity to gravity and to linear and
angular acceleration (for more extensive reviews of fish hearing see Fay, 1988; Fay
and Megela Simmons 1999; Popper et al. 2003; Popper and Schilt 2008; Fay and
Edds-Walton 2008; Sand and Bleckmann 2008). The auditory portions of the ears are
the otolithic organs (saccule, lagena, and utricle), with the saccule being the primary
auditory organ in many, but not all, species. Each otolithic organ consists of a dense
calcareous mass contacting a sensory epithelium. Otolithic organs of all fishes
respond to particle motion of the surrounding fluid. As sound impinges upon the fish,
the otoliths’ greater density and rigidity causes them to move at a lower amplitude
and different phase than the surrounding tissue. Many fishes are also able to detect
sound pressure via the gas bladder or other gas-filled structures that re-radiate energy,
in the form of particle motion, to the otolithic organs (e.g., van Bergeijk 1967;
Chapman and Sand 1974; Rogers and Zeddies 2008). Particle motion is a vector
quantity with both magnitude and direction, and represents the oscillatory displace-
ment (m), velocity (m/s), or acceleration (m/s?) of fluid particles in a sound field.
In contrast, pressure is a scalar quantity with magnitude only, and is a form of stress
that is measured in terms of force/unit area (N/m? or Pa). (See Chap. 6.1 for further
discussion of sound).

Lying close to each otolith is a sensory epithelium that has embedded in it numerous
receptors: the sensory hair cells (reviewed in Popper et al. 2003). Each sensory hair
cell has a bundle of stereovilli (often called stereocilia) projecting toward, and often
contacting, the otolith. Relative motion between the otolith and the epithelium
results in a deflection of the cilia, thereby activating the hair cells. All fishes detect
particle motion in this way.

! The literature often refers to “hearing specialists” and “hearing generalists,” but this differentiation
has been shown to be inappropriate (Popper and Fay 2011) and will not be used herein.
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Fig. 3.1 Particle motion behavioral audiograms for four species that are particle motion-sensitive,
or where sensitivity to particle motion is dominant at the frequencies plotted. Atlantic salmon
(Salmo salar, Hawkins and Johnstone 1978); plaice (Pleuronectes platessa, Chapman and Sand
1974); dab (Limanda limanda, Chapman and Sand 1974); Atlantic cod (Gadus morhua, Chapman
and Hawkins 1973)

Figure 3.1 provides audiograms that illustrate the sensitivity (lowest sound level
detected) and the frequency range of hearing of several particle motion-sensitive
species including Atlantic salmon (Salmo salar), plaice (Pleuronectes platessa),
dab (Limanda limanda), and, at the lowest frequencies, Atlantic cod (Gadus
morhua).

The adaptations that provide fish with a sensitivity to sound pressure are gas-filled
structures near the ear and/or extensions of the swim bladder that functionally affect the
ear. The enclosed gas changes volume in response to fluctuating sound pressure, gen-
erating particle motion. In fishes where the swim bladder is near the ear (or connected
to it mechanically as in the Otophysi), the particle motion radiated from the bladder
is sufficiently large to cause the sensory epithelium to move relative to the otolith.
Fishes with these adaptations generally have lower sound pressure thresholds and
wider frequency ranges of hearing (Fig. 3.2) than do the purely particle motion-
sensitive species (Fig. 3.1).

The ability to detect sound pressure in addition to particle motion serves to
increase hearing sensitivity and broaden the hearing bandwidth (e.g., Sand and
Enger 1973a, b; Sand and Hawkins 1973, 1974; Fletcher and Crawford 2001).
Examples of species that detect sound pressure as well as particle motion include
Atlantic cod (Chapman and Hawkins 1973; Sand and Enger 1973a, b), European eel
(Anguilla anguilla) (Jerkg et al. 1989), and various species of damselfish (Family
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Fig. 3.2 Sound pressure behavioral audiograms for four species that are sound pressure-sensitive
in the frequency regions plotted. Common carp (Cyprinus carpio, Popper 1972); Atlantic cod
(Gadus morhua, Chapman and Hawkins 1973); soldierfish (Myripristus kuntee, Coombs and
Popper 1979); hardhead catfish (Arius felis, Popper and Tavolga 1981)

Pomacentridae) (Myrberg and Spires 1980). Some fishes that have a swim bladder
only detect particle motion (e.g., Atlantic salmon) (Hawkins and Johnstone 1978).
However, the relative importance of particle motion vs. sound pressure in the
hearing capabilities of such species is likely to vary, and is at least in part related to
the distance and connection between the anterior portion of the swim bladder and
the inner ear (Popper and Fay 2011).

Hearing range and sensitivity varies considerably among species (Figs. 3.1 and 3.2).
Some species with a swim bladder are sound pressure-sensitive at higher frequen-
cies (the Atlantic cod), while others having a swim bladder are not (Atlantic salmon).
At least three species of herring-like fishes (but not the Atlantic herring Clupea
harengus itself) detect sounds above 20 kHz (ultrasound). But for most species,
sensitivity to sound occurs from below 100 Hz to several hundred hertz, or several
thousand hertz in a few species (Mann et al. 1997, 2001). Predicting approximate
hearing sensitivity based on the anatomy of the ear and swim bladder is not always
possible due to the extraordinary variations found in the anatomy of the ears and
swim bladders in different species.

Behavioral audiograms have been published for only a few species of fish and
there are concerns about the usefulness of many of these. These concerns arise for two
reasons. First, many of these audiograms were obtained under poorly monitored
acoustic conditions and it is difficult to determine whether the fish were responding
to sound pressure or particle motion, as Rogers et al. (2015) point out. Secondly,
many audiograms were determined in conditions where background noise was



10 3 Hearing — A General Overview

not measured. Noise can result in the audiograms being masked (see Chap. 3.4)
so that the full hearing sensitivity of the animal cannot be determined. In fact, even
in Figure 3.2, the thresholds reported at some frequencies for the cod may be limited
by masking from ambient sea noise.

A related issue is that many contemporary hearing studies measure sensitivity in
terms of auditory evoked potentials (AEP) that are recorded from the ear or brain-
stem (reviewed in Ladich and Fay 2013; Sisneros et al. 2015). However, AEP
recordings may not fully reflect the hearing capabilities of animals (e.g., AEPs do
not include signal processing by the brain), and they often do not mirror audiograms
obtained by behavioral experiments. For these reasons, AEP data should be used
with caution in predicting the actual behavioral hearing sensitivity of the animal
and/or the degree of effect a particular man-made noise might have on fishes
(Sisneros et al. 2015).

3.2 Lateral Line System

The lateral line system consists of hundreds to thousands of flow sensors distributed
all over the head and body of bony and cartilaginous fish, as well as aquatic and
semi-aquatic amphibians (Cahn 1967; Coombs et al. 1989, 2014; Montgomery and
Coombs 1996; Coombs and Montgomery 1999; Montgomery et al. 2014). The most
conspicuous part of the lateral line system is a canal, the openings to which are often
seen along the length of the fish’s body. This and other canals on the head contain
groups of hair cell sensors (neuromasts) evenly distributed along the length of the
canal. In addition to the canals, most fishes also have free neuromasts distributed on
the surface of the skin.

Each lateral line neuromast has many displacement-sensitive sensory hair cells
that are essentially the same as those found in the ears of all vertebrates. Receptors
of the lateral line system respond to the relative motion between the body surface
and the surrounding water. This relative motion only takes place very close to sound
sources where there is a steep gradient of sound pressure and particle motion
(Denton and Gray 1982, 1993; Kalmijn 1988). As a consequence, the operational
range of the lateral line is usually restricted to no more than one or two body lengths
away from the source.

The lateral line plays an important role in predator avoidance maneuvers, prey detec-
tion, courtship and spawning, orienting to the direction of water flow (rheotaxis), station
holding in currents, and spatial imaging and exploration in the absence of vision
(reviewed in Dijkgraaf 1963; Bleckmann 1993; Montgomery and Coombs 1996;
Coombs and Montgomery 1999; Sand and Bleckmann 2008; Montgomery et al. 2014).

There have been no demonstrations to date of damage to lateral line systems as a
result of exposure to intense man-made sounds or other signals (Hastings et al. 1996),
although it is conceivable that damage may occur. Some man-made sound sources, such
as moving bodies (e.g., ships) and stationary bodies in a flow field (e.g., construction
piles in a water current) can generate damming phenomena and hydrodynamic wakes
that may function as both signals and maskers for the lateral line system.
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3.3 Turtle Hearing

Data on hearing by sea turtles is very limited. Electrophysiological studies on hear-
ing have been conducted on juvenile green sea turtles (Ridgway et al. 1969; Bartol
and Ketten 2006; Piniak et al. 2012), juvenile Kemp’s Ridleys (Bartol and Ketten
2006), and on juvenile loggerheads (Bartol et al. 1999; Lavender et al. 2012).
Ridgway et al. (1969) obtained an AEP audiogram to aerial and vibrational stimuli
that extended from below 100 Hz to 2000 Hz with the lowest threshold at 400 Hz.
Other studies using AEPs found similar low-frequency responses to vibrations
delivered to the tympanum (the external ear on the surface of the head) for the log-
gerhead sea turtle (Bartol et al. 1999) and to underwater sound stimuli for the log-
gerhead, Kemp’s Ridley, and green sea turtles (Bartol and Ketten 2006; Bartol and
Bartol 2011; Lavender et al. 2012).

Christiansen-Dalsgaard et al. (2012) used physiological methods to measure
hearing in an amphibious fresh water turtle, the red-ear slider (Trachemys scripta
elegans). They found that the tympanic ear was specialized for underwater sound-
pressure hearing with greatest sensitivity at frequencies between 500 to 600 Hz
(see also Willis 2015).

Martin et al. (2012) measured underwater thresholds in the loggerhead sea turtle
(Caretta caretta) by both behavioral and AEP methods. Behavioral sensitivity
showed the lowest thresholds between 100 and 400 Hz, with thresholds at about
100 dB re 1 pPa. AEP measurements on the same individual were up to 8§ dB
higher; however, both techniques showed a similar frequency response and a high-
frequency loss of sensitivity above 400 Hz of about 37 dB per octave (Fig. 3.3).

160
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Fig. 3.3 Behavioral and auditory evoked potential thresholds for the Loggerhead sea turtle (Martin
etal. 2012)
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Other preliminary measures of hearing in sea turtles indicated that the hearing
range was 50 - 1200 Hz (Lavender et al. 2012).

Morphological examinations of green and loggerhead sea turtles (Ridgway et al.
1969; Wever 1978; Lenhardt et al. 1985) describe the sea turtle as having a typical
reptilian ear with a few underwater modifications, supporting the proposal that fish
hearing, rather than mammalian hearing, is the better model to use for sea turtles until
there are much more data. The tympanum, on the surface of the head, is backed by
a thick layer of subtympanal fat, a feature that distinguishes sea turtles from both
terrestrial and semi-aquatic turtles. The middle ear cavity is connected to the throat by
a Eustachian tube (Wever 1978; Lenhardt et al. 1985). The ossicular bones of the
middle ear connect the tympanum to the inner ear. The bones consist of two elements,
the columella and the extracolumella. For semi-aquatic turtles, the columella is the
main pathway for sound input to the inner ear, and when the columella is clipped
while leaving the tympanum intact, the animal displays a substantial decrease in
hearing sensitivity (Wever and Vernon 1956)

The auditory sense organ within the inner ear of the sea turtle is the basilar
papilla, and also possibly the saccule (Wever and Vernon 1956). The basilar papilla
is positioned opposite the round window and lies within the pathway of fluid
displacement that results from motion of the columella in response to vibration of
the tympanic membrane.

3.4 Masking

Masking is the reduction in the detectability of a given sound (signal) as a result of
the simultaneous occurrence of another sound (noise). One of the most critical
issues with regard to behavioral effects of sound on fishes and sea turtles is whether
man-made sound interferes with, or masks, the ability of the animal to detect and
respond to biologically relevant sounds. In effect, masking raises the threshold for
detection by an animal. Masking may occur where a masking noise exceeds the
absolute hearing thresholds of an animal, and is likely to occur for most fishes and
sea turtles at some locations and times as a result of the varying level of ambient
noise that occurs in all aquatic environments (Fay 1974). In water, this ambient
noise may come from such sources as waves breaking on the shore, undersea earth-
quakes, precipitation, water moving across the substrate, animal vocalizations, etc.
For example, masking of sound detection by ambient noise in the sea has been
demonstrated for the Atlantic cod (Hawkins and Chapman 1975). In the natural
world, all types of sounds may be both signals of interest or interfering noise mask-
ers, depending on context. Masking of sound detection has been termed energetic
masking if it results from interaction between signal and masker at the periphery of
the auditory system. Informational masking, refers to the interpretation of informa-
tion from masker and signal by the brain (e.g., Durlach et al. 2003), resulting in
uncertainties about the characteristics of a complex signal as a result of the presence
of a masker. The masking of various biologically significant sounds by man-made
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sounds is probably more extensive than would be predicted from energetic masking
alone (Fay 2010).

Data on hearing for all vertebrates tested to date, including fishes, show that the
degree of masking is related both to the level of the masking noise and the frequen-
cies it contains. In fishes, pure tone sounds are masked most readily by noise at the
same and immediately adjacent frequencies, falling within a critical band (as shown
by Tavolga 1967, 1974; Hawkins and Chapman 1975). There is a complete lack of
data on masking of biologically important signals in fish and sea turtles by man-made
sounds with differing characteristics.

3.5 Auditory Scene Analysis

Auditory scene analysis (Bregman 1990) is an important aspect of auditory reception
in humans and animals. The term refers to the perceptual scene (but not necessarily
a scene with spatial dimensions) made up of all the animate and inanimate sources
producing or scattering sounds that are detectable by an animal. Auditory scene
analysis involves the animal perceiving its acoustical surroundings, or soundscape,
as a collection of different sources. It is assumed to exist for all vertebrate animals
(e.g., Fay 1998, 2000, 2008; Fay and Popper 2000). Organisms that hear tend to
segregate many of the different, simultaneous sound sources that impinge on them
to form this perceptual scene. It is also assumed that animals perceiving these indi-
vidual acoustic sources have a greater chance of behaving appropriately with respect
to them, and thus a greater chance of survival.

By performing auditory scene analysis, an animal can potentially perceive the
soundscape as a collection of sources, thereby giving the animal critical information
for environmental assessment, orientation, and navigation (Slabbekoorn and Bouton
2008; Clark et al. 2009; Fay 2009; Slabbekoorn et al. 2010). The critical point is that
man-made sounds may disrupt scene analysis as well as mask signals of importance
to an animal (Fay 2010).

3.6 Directional Hearing

Sound source localization, or directional hearing, is one of the most important aspects
of hearing for all animals, including fishes (Fay 2000; Sand and Bleckmann 2008) and,
presumably, turtles. It enables an animal to move toward a food source or a mate, or
away from a potential predator (Fay 2005). Directional hearing in fishes is based on the
detection of particle motion (reviewed by Schuijf 1975; Sand and Bleckmann 2008).
The degree of masking of a signal by any noise source also depends on the spatial
location of the noise source relative to the signal source (Chapman 1973; Chapman
and Johnstone 1974; Hawkins and Sand 1977). When noise and signal sources are
spatially separated, masking can be reduced by 7 to 15 dB.



Chapter 4
Classification of Fishes and Sea Turtles
with Respect to Sound Exposure Risk

4.1 Fishes

To develop exposure guidelines it is first necessary to place fishes in categories
depending on how they might be affected by sounds. We propose categories based
on the presence or absence of a swim bladder and on the potential for that swim
bladder to improve the hearing sensitivity and range of hearing (Chap. 3.1). Before
discussing the specific classification, however, additional background on hearing
mechanisms in fishes is required.

Most bony fishes have a swim bladder, used for buoyancy control, located in the
abdominal cavity that is used for buoyancy control. The swim bladder may also be
used for hearing, sound production, and/or respiration. Species with a swim bladder
and other gas chambers have a greater potential to suffer from physiological trauma
(barotrauma) than those without gas chambers. Sudden pressure changes, whether
from hydrostatic pressure or sound pressure, can cause rapid motion of the walls of
these cavities, particularly from impulsive sounds. These movements can result in
damage to nearby tissues such as the kidney and gonads. Additional effects result
from the motion of small bubbles that may occur in the circulatory system as a result
of trauma. Fish species that lack a gas-filled cavity, including jawless fishes, elas-
mobranchs (sharks, skates, and rays — Casper et al. 2012a), some flatfishes, some
gobies, and some tuna and other pelagic and deep-sea species, are not as vulnerable
to trauma from extreme sound pressure changes as fish with a gas-filled space. This
difference has been demonstrated by comparing the effects of pile driving sounds on
fishes with and without a swim bladder (Halvorsen et al. 2012c).

Fish species lacking a gas-filled cavity primarily detect particle motion and do
not detect sound pressure (e.g., Chapman and Sand 1974 in Fig. 3.1; Hawkins and
MacLennan 1976; Casper and Mann 2007a, b, 2009). Some species have a func-
tional physical connection between the swim bladder, or some other gas chamber,
and the inner ear (Popper and Coombs 1982; Braun and Grande, 2008). The hearing
abilities of these animals depend much more upon sound pressure, although such
fishes would also be expected to have particle motion sensitivity comparable to
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other fishes. Moreover, since these species hear better than others, they are more
likely to have their hearing affected by lower levels of masking, potentially resulting
in greater behavioral effects.

4.2 Sea Turtles

As discussed in Chap. 3.3, the ear of sea turtles appears to be adapted to detect
sound in water. The retention of air in the middle ear of these sea turtles suggests
that they are able to detect sound pressure.

4.3 Larval Fish

While few data are available on larval fishes, those species studied appear to have
hearing frequency ranges similar to those of adults (Higgs et al. 2002; Egner and
Mann 2005; Zeddies and Fay 2005; Wright et al. 2011), and similar acoustic startle
thresholds (Zeddies and Fay 2005). Swim bladders may develop during the larval
stage and may render larvae susceptible to pressure-related injuries (e.g., barotrauma).
Current concern over the effects of sound upon eggs, and especially for larvae
containing gas bubbles, is focused on barotrauma (see below) rather than hearing.
Only very few publications consider the effects of sound or vibration on fish eggs and
larvae (Banner and Hyatt 1973; Kostyuchenko 1973; Bennett et al. 1994; Govoni
et al. 2003, 2008; Jgrgensen et al. 2005; Bolle et al. 2012).

4.4 Categories

Based on the above discussion, animals have been grouped into the following cate-
gories for analyzing the effects of sounds upon them:

 Fishes with no swim bladder or other gas chamber (e.g., dab and other flatfish).
These species are less susceptible to barotrauma and only detect particle motion,
not sound pressure. However, some barotrauma may result from exposure to
sound pressure.

» Fishes with swim bladders in which hearing does not involve the swim bladder
or other gas volume (e.g., Atlantic salmon). These species are susceptible to
barotrauma although hearing only involves particle motion, not sound pressure.

* Fishes in which hearing involves a swim bladder or other gas volume (e.g.,
Atlantic cod, herring and relatives, Otophysi). These species are susceptible to
barotrauma and detect sound pressure as well as particle motion.

e Sea turtles

» Fish eggs and larvae
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Chapter 5
Effects of Sound Exposure

Sound, at higher intensities, may have a diverse range of effects on the animal.
These may include death, hearing impairment, damage to anatomical structures,
and changes in physiology, neural function, behavior, and development (Knight and
Swaddle 2011).

5.1 Death and Injury

Death and injury can result from exposure to very high amplitude sounds (Carlson
and Johnson 2010). In addition, the effects of changes in pressure (barotrauma)
must also be considered, especially for impulsive sounds.

Barotrauma is tissue injury that results from rapid pressure changes (e.g., forced
change in depth, explosions, and intense sound) (e.g., Stephenson et al. 2010;
Halvorsen et al. 2011, 2012a). Rapid changes in pressure can cause blood gases to
come out of solution. Rapid pressure changes can also cause gas volumes (i.e., swim
bladders) to expand and contract rapidly, thereby damaging surrounding tissues and
organs, and sometimes causing rupture of the swim bladder itself.

Injury to fish from barotrauma can be quite variable, both in cause and effect,
depending upon of the pattern of pressure changes and the physiological state of
the exposed fish (Stephenson et al. 2010; Halvorsen et al. 2011, 2012a, c).
Sudden changes in pressure are more likely to result in damage than are gradual
changes.

Barotrauma endpoints include lethal injury through immediate mortality or
delayed mortality (McKinstry et al. 2007) and a number of injuries with varying
severity from which full recovery is possible (e.g., Halvorsen et al. 2011, 2012a, c;
Brown et al. 2012; Casper et al. 2012b, 2013a). Injuries that are potentially recover-
able, such as fin hematomas, capillary dilation, and loss of sensory hair cells may
still lead to death if they decrease fitness and the animal is subject to predation or
disease. Mortality as a result of reduced fitness that leads to predation or disease is
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classified as indirect mortality, whereas death as a result of injuries is classified as
direct mortality (Halvorsen et al. 2011, 2012a).

Extreme levels of particle motion arising from various impulsive sources may
also have the potential to injure tissues although this has yet to be demonstrated for
any source.

5.2 Effects on Hearing

Hearing loss can be permanent or temporary. Permanent loss of hearing may be a
consequence of the death of the sensory hair cells in the ear, damage to the innervat-
ing auditory nerve fibers (Liberman 2015) or damage to other tissues in the auditory
pathway such as the swim bladder.

Temporary threshold shift (TTS) is a temporary reduction in hearing sensitivity
caused by exposure to intense sound. TTS has been demonstrated in some fishes,
and its extent is of variable duration and magnitude. TTS results from temporary
changes in sensory hair cells of the inner ear and/or damage to auditory nerves
innervating the ear (Smith et al. 2006; Liberman 2015). However, sensory hair cells
are constantly added in fishes (e.g., Corwin 1981, 1983; Popper and Hoxter 1984;
Lombarte and Popper 1994) and also replaced when damaged (Lombarte et al.
1993; Smith et al. 2006; Schuck and Smith 2009), unlike in the auditory receptors
of mammals. When sound-induced hair cell death occurs in fishes, its effects may
be mitigated over time by the addition of new hair cells (Smith et al. 2006, 2011;
Smith 2012, 2015).

After termination of a sound that causes TTS, normal hearing ability returns
over a period that is variable, depending on many factors, including the intensity
and duration of sound exposure (e.g., Popper and Clarke 1976; Scholik and Yan
2001,2002a, b; Amoser and Ladich, 2003; Smith et al. 2004a, b, 2006, 2011;
Popper et al. 2005, 2007). While experiencing TTS, fishes may have a decrease in
fitness in terms of communication, detecting predators or prey, and/or assessing
their environment.

Masking is a hearing impairment with respect to the relevant sound sources
normally detected within the soundscape (e.g., See Chap. 3.4 on Masking).
However, the consequences of masking for fishes and sea turtles have not been
fully examined. It is likely that increments in background sound within the hearing
bandwidth of fishes and sea turtles may render the weakest sounds undetectable,
render some sounds less detectable, and reduce the distance at which sound sources
can be detected. Energetic and informational masking may increase as sound levels
increase, so that the higher the sound level of the masker, the greater the masking.
Setting guidelines for masking is difficult because of spatial and other releases
from masking that are not yet fully known for fish, but are well known for mammals
and birds.

Table 7.1 presents definitions for these Guidelines. Effects on hearing include TTS
and masking. TTS is defined herein as any reduction in hearing threshold of 6 dB
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or greater in terms of sound pressure or particle motion. This level is selected since
changes of less than 6 dB are generally difficult to differentiate experimentally.

In these Guidelines, masking is considered to be the impairment of the ability to
detect sounds, including the auditory scene, by a reduction in signal to noise ratio of
greater than 6 dB. This level is suggested since it is unlikely that a change of less
than 6 dB is measurable experimentally in fishes or turtles. Also, masking only
occurs as long as the masker is present. A very short period of masking, such as
from a single pulse of sound, or widely separated pulses, may not affect fitness.
However, if impulsive sounds are generated repeatedly by many sources over a wide
geographic area then there is the possibility that the separate sounds may merge and
the overall background noise be raised (e.g. Nieukirk et al. 2004).

No studies have been conducted on hearing loss or effects of exposure to intense
sounds on hearing in any turtles. Moreover, there have been no studies to determine
if the hair cells in the basilar papilla of turtles are lost during exposure to intense
sounds or if turtles can recover hair cells lost through exposure to intense sounds.

5.3 Effects on Behavior

The National Research Council (NRC 2005) discussed the possible effects of sound
upon behavior, including communication between conspecifics and detection of
predators and prey. In its report, the NRC states that an action or activity becomes
biologically significant to an individual animal when it interferes with normal
behavior and activity, or affects the animal’s ability to grow, survive, and reproduce.
Such effects may have consequences at the population-level and may affect the
viability of the species (NRC 2005).

A significant issue in understanding the effects of man-made sound on fishes is
that studying their responses to sounds is difficult and costly to perform, especially
in the field. Many factors may influence the results, and a careful approach based on
well-designed experiments must be adopted. Behavioral studies on captive or caged
animals have been conducted (e.g., McCauley et al. 2000; Popper et al. 2007; Sara
et al. 2007; Mueller et al. 2010; Fewtrell and McCauley 2012) but results with
free-living animals may differ because of the many subtle factors that determine an
animal’s behavior in a natural setting.

A range of responses has been observed when the behavior of wild fishes has
been studied in the presence of man-made sounds. Some fishes have shown changes
in swimming behavior and orientation, including startle reactions (Pearson et al.
1992; Wardle et al. 2001; Hassel et al. 2004). The response may habituate with
repeated presentations of the same sound. Sound can also cause changes in schooling
patterns and distribution (Pearson et al. 1992). For example, the horizontal and
vertical distributions of both pelagic and demersal fishes were altered during and
after airgun operations (e.g., Dalen and Knutsen 1987; Engas et al. 1996; Engas
and Lgkkeborg 2002; Slotte et al. 2004; Lgkkeborg et al. 2012a, b). In some
circumstances, fish react to approaching ships, leading to concern by fisheries
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scientists that vessel avoidance will bias stock-assessment surveys by research
vessels (Mitson and Knudsen 2003). Fish can respond to approaching vessels by
diving towards the seafloor or by moving horizontally out of the vessel’s path, with
reactions often initiated well before the vessel reaches the fish (Vabg et al. 2004;
Ona et al. 2007). However, the stimuli to which these fishes are responding are not
always clear (Sand et al. 2008).

Researchers have also attempted to monitor sea turtle avoidance to sound during
an active seismic survey (Weir 2007; DeRuiter and Doukara 2010). Weir (2007)
observed fewer sea turtles near airguns as they were firing (as opposed to silent
airguns). However the source of agitation could not be identified; the turtles may
have reacted to the ship and towed equipment rather than specifically to the airgun
(Weir 2007).

Reductions in fish catches have been observed in commercial line and trawl
fisheries during and after seismic surveys (Skalski et al. 1992; Lgkkeborg and
Soldal 1993; Engas et al. 1996; Lgkkeborg et al. 2012a, b). In some studies catch
rates in static gillnets increased, and this result was attributed to a rise in swimming
activity by the fish in response to airgun sounds, thus making the fish more vulnerable
to capture by gillnets (Lgkkeborg et al. 2012a, b).

For the purposes of these Guidelines (Table 7.1), effects on behavior refer to
substantial changes in behavior for a large proportion of the animals exposed to a
sound. This may include long-term changes in behavior and distribution, including
moving from preferred sites for feeding and reproduction, or alteration of migration
patterns. This behavioral criterion does not include effects on single animals or
small changes in behavior such as a startle response or minor movements.

5.4 Population-Level Effects on Fitness and Survival

From a conservation perspective, the immediate impact of man-made sounds on
individuals or on schools of fish is less important than the long term impact on
populations and ecosystems, either alone or in combination with other stresses
(which will often include fishing). A reduction in the numbers of fish through expo-
sure to sound may or may not have a measurable effect on fish population recruit-
ment. Some fish populations go through a period of density-dependent mortality,
and removing a small number of animals may simply result in their replacement
through the improved survival of others. Nevertheless, a reduction in spatial distri-
bution of fish or a reduction in genetic diversity could, by disrupting the migrations of
a particular sub-population, have serious consequences at a local level. There have
been attempts to develop predictive models for marine mammals based on studies
of the disruption to individuals and examining the effects on key life functions like
feeding, growth, reproduction and migration (NRC 2005). But such models are still
in their infancy and are unlikely to be broadly applicable even for marine mammals,
much less for fishes and sea turtles.
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While individual organisms may be of major consequence from a conservation
and regulatory perspective when considering marine mammals (Southall et al. 2007)
and sea turtles, the greater concern with regard to fishes is with the impact upon
populations. While death of a single fish may have some importance if it is a
protected species, it may be more relevant to consider effects upon populations or
sub-populations. As noted above, such population effects could result if exposure to
sound has an impact on breeding or feeding success or alters migratory patterns.
Widespread impaired hearing or sub-lethal injuries may result in impacts on popula-
tions. Effects could last from the immediate period of sound exposure (e.g., masking)
to several weeks if fish are displaced from their preferred areas (Engés et al. 1996;
Slotte et al. 2004; Lgkkeborg et al. 2012a, b).



Chapter 6
The Nature of Man-Made Sound

The sounds originating from different sources may differ. The sound from a single
source may change during propagation, and the signal received by the animal may
differ from the sound close to the source (Ellison and Frankel 2012). Propagating
through water and through the substrate may change the characteristics of a sound.
Short, abrupt sounds may become lengthened and their onset smoothed as a result
of their transmission over long distances due to the effects of absorption, multipath
transmission, modal dispersion, and refraction, while repeated sounds and their
echoes can merge together to become more continuous (Nieukirk et al. 2004). While
there are a variety of models that help understand propagation, it is important to
keep in mind that sound propagation models designed for deep ocean environments
will not be appropriate in shallow water environments where the wavelength of the
sounds may approach the depth of the water and a modal or full wave model is
required (Hovem et al. 2012).

A number of other factors must also be taken into consideration. For example, the
sound field impinging on an animal may differ depending on the animal’s position
relative to the seabed (Hazelwood 2012; Hazelwood and Macey, 2015). Animals
near the seabed may not only detect water-borne sounds, but also sound that propa-
gates through the substrate and re-enters the water (e.g., as in pile driving and seismic
exploration). Moreover, animals may be affected by the particle motion component
of the sound field as well as the sound pressure, and near-field effects may increase
their exposure to particle motion.

In these Guidelines, a distinction is made between transient and continuous sounds.
Transient sounds are short-lived and can be impulsive or non-impulsive. Impulsive
sounds are typically abrupt, of brief duration, and may contain a wide range of
frequencies. Examples are the sounds made by explosions, seismic airguns, and pile
driving. Near their source, such sounds often have a rapid rise time, quickly reaching
a maximum value, followed by a period of decay. With increasing distance from the
sound source the time structure becomes drawn out and less impulsive in character.

Sounds from explosions can be especially abrupt, with very short rise-times.
Sounds from seismic airguns and pile driving are similar to one another, but they have
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longer rise times than explosive sounds. Some transient sounds may lack the extreme
properties of impulsive sounds, with much slower rise-times and longer durations.
Examples include sounds from marine construction work and some types of sonar.

Some sounds, especially impulsive sounds, may be either single, like the sound
from a single explosive charge, or repeated, like the sounds from seismic airguns or
pile driving. With repeated sounds, the duty cycle, duration, and number of sounds
need to be taken into account in assessing any effects upon animals.

Continuous sounds can be tonal (consisting of one or more frequencies, with or with-
out harmonics), or broadband (containing a wide range of frequencies), and can change
in amplitude with time. Some continuous sounds may be ‘rougher’ than others, with a
relatively high crest factor or kurtosis (Henderson and Hamernik 2012). Examples of
sources producing continuous sounds include ships, aircraft, dredgers, machinery opera-
tions such as drilling or wind turbines, and some active sonar systems.

With all sounds it is necessary to consider not only the frequency composition
but also the temporal structure. Sounds from some sources may rise in amplitude as
the source approaches and then fall as the source moves away from the receiving
animal. Examples include the continuous sounds from ships, or the impulsive
sounds from seismic airguns. Other sources like pile drivers may be stationary, but
the receiving animals themselves may be moving, resulting in the received ampli-
tude changing with time.

With such wide variations in sound sources and changes in the characteristics of
sounds as they propagate away from the source, it is necessary to employ a range of
metrics to describe sounds fully. These metrics are discussed below and also by
Southall et al. (2007), Ellison and Frankel (2012), and Ellison et al. (2012).

6.1 Metrics

6.1.1 Sound Pressure

In general, the metrics to be used in characterizing continuous sound in terms of
its risk of damage to fishes and sea turtles are the root-mean-square (rms) sound
pressure, the peak sound pressure, and, in some cases, the corresponding particle
motion (Chap. 6.1.2) in three dimensions. Sound levels are usually given as the deci-
bel (dB) value with respect to a reference value. For underwater sound the sound
pressure reference value used is 1 micropascal (pPa).

6.1.2 Particle Motion

Particle motion (displacement, velocity, and acceleration) stimulates the otolithic
organs within the ears of fishes. The measurement and analysis of this feature of all
acoustic fields must be undertaken in any study of fish hearing since it is likely to be
the major source of sound stimulation to a majority of fish species (Chap. 3.1).
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Acoustic particle motion is defined as that motion caused by a sound wave of a
given infinitesimal part of the medium relative to the medium as a whole, and it is
an integral part of any sound field. Unlike pressure, particle motion is directional in
nature and is typically described using three dimensional vector notation. In the far
field of a sound source (often defined as starting at a distance of about one-sixth the
wavelength of a sound from the source — van Bergeijk 1964), and away from any
boundaries, the particle velocity is directly related to the pressure as a ratio propor-
tional to the acoustic impedance of the medium, and the predominant vector is in the
direct path from the source. Within the near field of a sound source, the ratio of par-
ticle velocity to pressure increases with diminishing distance to the source. The gen-
eral relationship between pressure and velocity in both the near and far field of a
source was described by Siler (1969) who summarized earlier work (e.g., Harris and
van Bergeijk 1962; Harris 1964; van Bergeijk 1964). The three dimensional particle
motion field is quite complex near boundaries that include the air/water interface and
the seabed, as well as in shallow water (Parvulescu 1964; Rogers et al. 2015). In these
instances the particle motion is often unpredictable, and should be measured. Particle
motion levels can be given as rms or peak values expressed in dB with respect to a
reference value of displacement, velocity, or acceleration. While various reference
values have been used in the literature, efforts toward standardization are being made
by the International Organization for Standards in ISO/DIS 1683 (2013). This stan-
dard recommends the following: 1 pm (picometer) for sound particle displacement,
1 nm/s for sound particle velocity, and 1 pm/s? for sound particle acceleration.

6.1.3 Peak Levels

Peak sound pressure (or particle motion) is the maximum absolute value (either
positive or negative) of the instantaneous sound pressure (or motion) during a speci-
fied time interval and is properly denoted as p,,,.. Peak is a useful metric for charac-
terizing impulsive sounds. Peak-to-peak is the difference between the absolute value
of the maximum negative and positive instantaneous peaks of the waveform. Positive
and negative peak pressures may have different effects — negative pressures result in
expansion and cavitation while positive pressures result in compression. In measur-
ing peak levels, sampling must be at or above the Nyquist frequency (Nyquist 2002)
to prevent the actual peak from falling between adjacent sampling points.

6.1.4 Sound Intensity

Sound amplitude, as characterized by various sound-pressure and particle-motion
metrics described in Chap. 6.1.2 should not be confused with sound intensity, which is
defined as the time-averaged power per unit area (Coppens et al. 2000) in watts per
meter square. The sound intensity corresponds to local transport of sound energy
and is related to the product of the sound pressure and the particle velocity
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component in-phase with the sound pressure. Most laboratory studies involve com-
plex sound fields that have spatially varying and frequency-dependent relationships
between pressure and velocity. In these circumstances, sound intensity cannot be
estimated from individual pressure measurements, but requires measurements of
the pressure gradients using hydrophone arrays or a direct measurement of the par-
ticle motion using orthogonally orientated, neutrally buoyant, accelerometers.

6.1.5 Impulse

It has been recognized that neither rms nor peak levels are sufficient for character-
izing the total energy or temporal characteristics of single impulsive sounds such as
those generated by explosions, pile driving strikes or the discharge of seismic air-
guns. Impulse in this context is the time integral of pressure through the waveform
expressed in Pa-s. Impulse is sometimes alternatively defined as the sum of the pres-
sure over the duration of the waveform.

6.1.6 Sound Exposure Level

Another relevant metric is the sound exposure level (SEL), the time integral of the
pressure squared for an event, which is an index of the total energy in a sound. SEL
is usually expressed in dB re 1 pPa?s. In the far field, the SEL is proportional to the
total acoustic energy of the pulse.

However, the relationship between pressure and particle velocity is generally
assumed to be that for a plane wave (in which the acoustic energy flux density or
intensity is directly proportional to p?). In many underwater environments, where
the relationship between acoustic pressure and particle velocity is more complex,
the total energy flux density will not be equivalent.

For pulses and transient sounds, the acoustic energy flux density enables sound
exposures of differing duration to be related to one another for purposes of assessing
exposure risk. However, it should be noted that the SEL metric becomes less useful,
and possibly misleading, at longer exposure durations (Finneran and Schlundt 2010).

The SEL metric also enables the integration of sound energy across multiple
exposures from sources such as seismic airguns, pile driving, and most sonar signals.
Accordingly, SEL serves as an index for accumulated sound energy.

6.1.7 Cumulative Energy (Cumulative Sound Exposure Level)

A significant issue of concern is the accumulation of sound energy from repeated
impulsive sounds. If an animal is exposed to repeated sounds, such as multiple pile
strikes or repeated pulses from a seismic airgun, effects may be a function of the
energy in all the sound events accumulated over time.
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Recent studies of pile driving have often referred to SEL in terms of the single
strike (SEL,) as an index of the energy when the pile is struck once. In addition,
the SEL has also been used as an index of the total energy over the duration of the
sound-making activity (e.g., the period of driving of an individual pile or the passing
of a seismic array). In this case, the SEL is designated as the cumulative SEL
(SEL,,,) (Hastings and Popper 2005; Popper and Hastings 2009; Halvorsen et al.
2011, 2012a; Casper et al. 2012b).

SEL..,, is the linear summation of the individual sound events over the time
period of interest. If the SEL,, is approximately the same for all events, then the
SEL.., can be estimated as SEL+10log,o(N), where N is the number of impulsive
events. The period over which the SEL,, is accumulated must be carefully specified,
however. For example, SEL.,,, may be defined over a standard period (e.g., 12 hours
of pile driving) or for the duration of an activity (e.g., the full period of construc-
tion), or over the total period that the animal will be exposed. Whether an animal
would be exposed to a full period of sound activity will depend on its behavior,
including whether it stays in the vicinity of the sound or moves away. Movement of
the source itself will also have an effect.

Thus, complete characterization of SEL.,,, should include not only the number of
sound events, but also the time period over which the summation is performed, the
distribution of sound events within that period, and changes in the magnitude of
the individual sound events. Both the magnitudes of the individual sound events and
the number of events will influence effects upon animals. The effects on the tissues of
a fish may be very different depending on the time between strikes, with more tissue
recovery possible with longer periods between sounds. At this time, nothing is known
about how different inter-strike intervals might affect animals, and the lack of such data
makes it hard to provide full guidance on effects of impulsive sounds.

There are some data on the effects of impulsive sounds on fishes (Chap. 7.1), and
these data are instructive in developing initial guidelines. Importantly, while the
studies were done relative to pile driving, the similarity of pile driving to other
impulsive signals (e.g., from airguns) suggests that the results reported are relevant
for other impulsive sources.

6.1.8 Frequency Weighting

The hearing of different species is frequency-dependent. Rather than express
received sound pressures in terms of their levels over a broad bandwidth, levels can
be weighted by the frequency response of hearing for the animal. This approach has
been widely used for examining exposure of humans to sound (e.g., Henderson and
Hamernik 2012).

Southall et al. (2007) developed M frequency weighting functions for five
functional hearing groups of marine mammals, with the same mathematical structure
as the C frequency weighting used in human hearing. This method was designed
specifically to represent the broader bandwidth at which auditory effects (TTS and/or
Permanent Threshold Shift - PTS) might occur for higher exposures.
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A similar attempt at weighting has been made for individual species of fish and
other animals by Nedwell et al. (2007) (see also Chap. 7.2). Their dBht (Species)
metric expresses the level of received sound pressure weighted by a filter that reflects
the frequency-dependent sensitivity of hearing for the species of interest.! The dBht is
not an absolute sound level unit. Rather, it is said by Nedwell and his colleagues to
provide a prediction of the perceived loudness of the sound to the animal.

The application of weighting requires reliable measures of hearing sensitivity
versus frequency (audiograms), but these are only available for a few fish species.
As discussed in Chap. 3.1, confidence in the validity of audiograms for many spe-
cies is limited because of the poor acoustic conditions surrounding the experiments,
uncertainties as to whether particle motion or pressure is the relevant sound dimen-
sion, and the methodologies applied to determine thresholds.

One of the (many) problems with the dBht concept is that while a large propor-
tion of fish species are primarily detecting particle motion, the audiograms used by
Nedwell et al. (2007) to determine dBht (Species) levels are expressed in terms of
sound pressure and are not appropriate for these species. A second concern is that
the hearing sensitivities for some of the species discussed by Nedwell et al. (2007)
were derived using AEP measures and not behavioral measures. Behavioral and
AEP thresholds may not correlate well, particularly in estimating threshold sensitiv-
ity (Ladich and Fay 2013; Sisneros et al. 2015). Rather than apply a weighting func-
tion species by species, it may be more appropriate to apply generalized weighting
functions for the functional hearing categories, defined in Chap. 4.4.

In summary, while the general concept proposed by Nedwell et al. (2007) may
have some value in the context of behavioral responses by fish, its application and
adoption requires far more scientific validation and the inclusion of those species
that primarily respond to particle motion. Furthermore, caution is needed in apply-
ing weighting to sounds that are potentially injurious. Sounds outside the hearing
range of the animals, that are inaudible, may be capable of causing damage to tis-
sues. In particular, the high frequencies associated with rapid rise-times may bring
about or exacerbate injury. For these reasons it would be premature to apply any
weighting in the development of guidelines for fish and turtles.

6.2 Sources

6.2.1 Explosions

In-water explosions produce a spherical shock wave that travels at speeds greater
than the speed of sound in water. A large oscillating gas bubble is also produced
that radiates sound. Near the source, the pressure rise-time for some explosives,

''We note that it is inappropriate to add a subscript to a dimensional unit like the dB, and that such
use has been disallowed by ISO 80000-8:2007 (2007). However, it has been done by Nedwell et al.
(2007) and the notation must be included here in order to enable discussion of the idea.
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such as TNT, is nearly instantaneous, followed by exponential decay. The rise time
for other explosives may be longer, and the decay of the pulse slower (Urick 1983).
This rise time affects the frequency content in the signature of the explosion, with
longer rise times lacking the higher frequencies.

Underwater explosions have been extensively studied and are described by
Cole (1948) and Urick (1983). However, although the physical principles of under-
water detonations are well understood, there are significant gaps in applying this
knowledge in specific situations, like the use of explosives for the removal of off-
shore structures (Continental Shelf Associates 2004). These knowledge gaps inhibit
the use of various biological effects (fish kill) models, such as the “impulse metric”
model of Yelverton et al. (1975) and the “bladder oscillation parameter” model of
Goertner (1978) to predict the risk to fish and other animals from the pressure wave
generated by an explosion.

Explosions are typically described by metrics that specify the amplitude, energy,
and time-space related characteristics of the pressure wave. Those metrics may
include the peak pressures, both positive and negative, the impulse, and the SEL.
The levels of particle motion are potentially relevant for explosions as they may be
very high. The rise-time may also be relevant since it can be very rapid and may be
important in causing tissue damage.

6.2.2 Seismic Airguns

Airguns are used as an acoustic source for seismic exploration to survey the
substrate. Airguns work by producing an air bubble from a compressed air supply.
The air bubble first expands rapidly and creates an impulsive signal, but with a
slower rise time to peak pressure than occurs with explosions. The bubble creates a
series of smaller oscillations that follow the primary pulse created by the initial
formation of the bubble. The sound impulse generated by a single airgun is omnidi-
rectional, with peak energy at low frequencies, typically 20-50 Hz with declining
energy at frequencies above 200 Hz. Arrays consisting of many airguns are towed
behind vessels during a seismic survey. The array is designed to maximize the initial
pulse and minimize the effect of bubble oscillations and surface reflections. During
the seismic survey, the array is fired at regular intervals (e.g., every 10 to 16 sec-
onds) as the towing vessel moves ahead, and the survey may continue in the same
general region for hours or days (or longer). The sound from the array is directed
downwards to enter the seabed and the reflected sound is detected by hydrophones
towed behind the vessel (Caldwell and Dragoset 2000; Mattsson et al. 2012).

The impulsive sound generated beneath the airgun is the result of both the direct
pulse and a very strong reflected pulse from the sea surface. The source level of an
airgun array can vary considerably with the design of an array and the type of
airguns (Richardson et al. 1995; MacGillivray and Chapman 2005; OGP 2011).
Source levels are often estimated from measurements made at a considerable dis-
tance from the array and extrapolated back to 1 meter from a hypothetical point
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source. There are difficulties in applying this method to a large distributed source
such as an airgun array. Sound levels at an animal directly below, or close to, the
seismic array can be overestimated by 20 dB or more by such an extrapolation.

A study of ambient sound in the North Atlantic (Nieukirk et al. 2004) showed
that airgun activity contributes significantly to ocean sound levels and can appear to
be more continuous than impulsive because of reverberation from the surface and
seabed. Dragoset (2000), Laws and Hedgeland (2008), Tashmukhambetov et al.
(2008), and Laws (2012) discuss the acoustic characteristics of airgun arrays.

6.2.3 Pile Driving

Pile driving is commonly used for the construction of foundations for a large num-
ber of structures including bridges, buildings, retaining walls, harbor facilities, off-
shore wind turbines, and offshore structures for the oil and gas industry (e.g., Reyff
2012). It always involves multiple strikes over an extended period of time, with an
average strike interval of 1.0 to 1.5 seconds.

Pile driving can be a source of underwater sound if the pile being driven is in
water or on land near water. The substrate can contribute either via direct propaga-
tion or via interface (Sholte) waves (Hazelwood 2012; Hazelwood and Macey,
2015). The latter originate at the water-sediment interface and have large particle
velocity components that decay rapidly with distance from the interface
(Brekhovskikh and Lysanov 1982). Shear waves and interface waves travel slower
than sound waves within the substrate and their peak energy is at lower frequencies
(Dowding 2008).

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 pres-
sures (Illingsworth and Rodkin 2001, 2007; Reyff, 2012). Peak levels resulting
from impact pile driving vary substantially and depend on numerous factors such
as pile type and diameter, hammer size, substrate, etc. The predominant energy
in pile impact impulses is at frequencies below 500 Hz (Laughlin 2006; Reyff
2008, 2012).

Peak sound pressure levels are useful for characterizing pile driving strikes but
do not account for the total energy of the sound. The sound exposure level (SEL), as
described above, is related to the total acoustic energy of the pulse and enables
sound exposures of differing duration to be related to one another for purposes of
assessing exposure risk.

Vibratory pile driving produces a continuous sound with peak pressures lower
than those observed in impulses generated by impact pile driving. 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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6.2.4 Active Sonar

Active sonar and echo sounders are in operation throughout the world’s oceans as
well as in freshwater lakes and rivers. The primary sonar characteristics that vary
with application are the frequency band, signal type (pulsed or continuous), rate of
repetition, and source level. They can be roughly divided into three categories
depending on their primary frequency of operation; low frequency (LF) for 1 kHz
and less, mid frequency (MF) for 1 kHz to 10 kHz, and high frequency (HF) for
10 kHz and greater. Low, and possibly mid, frequency sonars are most relevant to
fishes and sea turtles because of the low frequency hearing ranges of these animals
(e.g., Popper et al. 2007; Halvorsen et al. 2012b). Sonar usually operates with duty
cycles (transmission time/total time) below 10 to 20% and with generally brief
durations. However, multipath propagation can often be substantial for many of
these systems, effectively prolonging the sonar sounds well beyond their nominal
durations.

Low frequency systems are designed for long-range detection. For example, the
U.S. Navy SURTASS LFA (low frequency active) system is described by Friedman
(2006) as a vertical line array (VLA) of 18 elements operating between 100 and
500 Hz. Signals projected include combinations of swept frequency (FM) and
tones pulses, totaling up to 100 s in length with individual signals of the order of 10 s.
The interval between transmissions varies between 6 and 15 minutes.

6.2.5 Continuous Sound Sources

The most common and best-studied continuous sounds in the oceans are those pro-
duced by ships as well as smaller vessels, including pleasure craft. However, con-
tinuous sounds are also produced by other sources, such as vibratory pile drivers
and vessels dredging for aggregates (Robinson et al. 2011). In addition, over long
distances, emissions from seismic surveys or impact pile driving may appear to be
continuous as a result of multipath effects.

The sounds of vessels are predominately low frequency (i.e., below 1 kHz) from
onboard machinery, hydrodynamic flow around the hull, and from propeller cavita-
tion, 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;
De Robertis et al. 2012; McKenna et al. 2012). Estimated source levels can range
from < 150 dB to over 190 dB (re 1 pPa at 1m) for the largest commercial vessels
(Richardson et al. 1995; Arveson and Vendittis 2000; Hildebrand 2009; McKenna
et al. 2012).

Low frequency sounds from larger vessels can travel hundreds of kilometers and
can increase ambient noise levels over large areas of the ocean, interfering with
sound communication in species using the same frequency range (see Southall 2005).
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Tens of thousands of large commercial vessels are typically underway at any
point in time, concentrated in high-traffic sea-lanes and ports, and presenting an
effectively continuous noise source in many parts of the ocean.

The number of large commercial ships has doubled between 1965 and 2003 to
nearly 100,000. Shipping industry analysts have forecast that the volume of cargo
shipped will again double or triple by 2025, with an expected attendant increase in
the amount of ambient noise entering the ocean from commercial shipping (NRC
2003). In much of the northern hemisphere, shipping noise is the dominant source
of underwater noise below 300 Hz (Ross 1987, 1993). 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; NRC 2003; McDonald
et al. 2006). One of the most serious implications of this increase in shipping noise is
the impact it may have in masking sounds of biological importance, including sounds
made by fishes. ANSI/ASA S12.64-2009/Part 1 standard (2009) and ISO/PAS
17208-1:2012 (2012) have been formulated and have established templates for the
measurement of vessel noise.



Chapter 7
Sound Exposure Guidelines

7.1 Current Guidelines for Injury

Currently there are no U.S. domestic or international standards for exposure of fish
to impulsive sounds. However, the National Marine Fisheries Service (NMFS) has
developed interim criteria for pile driving (for use primarily on the west coast of the
United States) that use dual criteria (FHWG 2008; Woodbury and Stadler 2008;
Stadler and Woodbury 2009; Caltrans, 2009). These criteria specify both a maxi-
mum permitted sound pressure level for a single pile driving strike and a maximum
accumulated sound exposure level for lower level signals. The SPL,,.x was selected
to be 206 dB re 1 pPa and the maximum SEL,,, was designated as 187 dB re 1
pPa2:s for fish >2 grams and 183 dB re 1 pPa?s for fish <2 grams. The idea of dual
criteria (Carlson et al. 2007) was formulated to ensure that fish were neither exposed
to single strikes at very high peak levels nor to high levels of accumulated energy
from repeated impulsive sounds. The levels for both peak and cumulative energy
selected by NMFS were largely based on data from the mortality of fishes exposed
to explosives (Popper and Hastings 2009).

Recently, Halvorsen et al. (2011, 2012a, c) described an extensive investigation
into the effects of simulated pile driving impulsive sounds upon juvenile Chinook
salmon as well as on Nile tilapia (Oreochromis niloticus), hybrid striped bass
(Morone chrysops x Morone saxatilis), lake sturgeon (Acipenser fulvecens), and
hogchoker (Trinectes maculates) (Casper et al. 2012b, 2013a, b; Halvorsen et al.
2012c). An important advance with this work was the development of an injury
response variable, the Response Severity Index (RSI), based on the physiological
impact of different injuries on the health of the fish (see Chap. 5.1). Halvorsen and
her collaborators were then able to determine peak sound pressure levels associated
with different levels of the RSI for different species. They also derived a function
that related both the SEL,,,, and the number of pile strikes to the RSI (Fig. 7.1).

An important finding from these studies was that tissue damage increased both
as energy accumulated over multiple strikes (SEL.,,,) and/or as the energy in single
strikes increased. However, the relationship was not linear, and it is clear that an
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Fig.7.1 Response Severity Index (RSI) as a function of SEL and number of strikes. RSI increases
with energy in the single strikes of a pile by a pile driving hammer and with the number of strikes
taken to drive a pile

“equal energy hypothesis,” in which effects are related to total energy no matter how
that total energy was achieved, is not correct (Halvorsen et al. 2011, 2012a).

The development of impulsive sound exposure criteria for pile driving is based
on the data provided by Halvorsen et al. (2011, 2012a) and requires that a level of
injury severity be selected as a starting point. The next step is specification of the
levels for individual impulsive sounds that do not exceed that level of injury for a
single strike. That specification could be in terms of SPL,, or SEL,, as these are
highly correlated for pile driving sounds (Carlson and Weiland 2007). Since there is
also concern for effects of multiple strikes where no single strike approaches the
SPL,.., the final step in the development of criteria is to define an SEL.,,, which is
based on the combination of SEL, and number of strikes that would result in the
onset of the lowest level of injury (RSI) that would be considered deleterious to the
species of concern.

Can these criteria, derived from experiments simulating pile driving, be applied
to other impulsive sources, such as seismic airgun arrays? While the acoustics of the
impulsive sounds generated by driving piles and firing seismic airguns are similar,
the basic nature of exposure for a fish differs between the two sources. Current pile
driving exposure criteria assume that both the source and the exposed fish are
stationary over the duration of driving the pile, although there may be scope for
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movement by many species of fish. However, seismic arrays are towed at a speed of
about 4 knots, meaning that an array would move about 33 m between shots given a
shot frequency of once every 16 seconds. A considerable distance may be traveled
over the full seismic survey. As a consequence, the direct application of cumulative
criteria developed for pile driving to seismic airguns would not be appropriate since
the received level of each shot at the fish would always be at a different SEL,.

7.2 Current Guidelines for Behavior

Guidelines on the impact of impulsive sounds upon the behavior of fishes and turtles
are very limited. The U.S. NMFS currently uses a criterion for behavioral response
of 150 dB re 1 pPa (Stadler and Woodbury 2009), but it is not clear whether this is
a peak or rms level. However, as pointed out by Hastings (2008), no one is sure of
the origin of this number, and it is not clear if it has any scientific validity. Moreover,
the criterion does not specify a particular behavior, but simply assumes there is the
potential to experience a behavioral response.

Nedwell et al. (2007) proposed a set of guidelines for behavior utilizing the dBht
(Species) concept (Chap. 6.1.8). They suggested that the following dBht levels above
threshold elicited particular responses: 0—50 dB elicits a mild reaction in a minority
of individuals, probably not sustained; 50-90 dB elicits a stronger reaction by the
majority of individuals, but habituation may limit effect; 90 dB and above elicits a
strong avoidance reaction by virtually all individuals; above 110 dB is the tolerance
limit of sound; unbearably loud.

These figures were largely derived from controlled exposure experiments with a
fish avoidance system at a power-plant water intake (Maes et al. 2004), supple-
mented by observations from the testing of a fish guidance system in shallow
raceways (Nedwell et al. 2007). Few independent experiments have been carried
out to confirm these values for other species or in other circumstances, especially at
sufficiently high sound levels to determine how fish respond at 90 dB or more above
their hearing threshold.

Beyond the limited experimental data supporting the guidelines proposed by
Nedwell et al. (2007), there are a number of other issues that preclude the use of these
guidelines (beyond the overall critique described in Chap. 6.1.8). Most importantly,
it is very clear to anyone working with animal behavior that one number for a guide-
line or criteria can never fit all fishes, since species vary greatly in so many ways. There
are differences in their hearing capabilities and how they respond to stimuli in gen-
eral (swim away, bury in the substrate, etc.) that will affect whether a sound at a given
level will elicit a response or not. Moreover, responses to a signal may vary within a
species, and even a single animal, depending on things such as sex, age, size, and
motivation (feeding, mating, moving around a home range, etc.)

As a consequence, developing behavioral guidelines is far harder than developing
guidelines for physiological effects. Carrying out appropriate experiments that
take into consideration factors that range from species differences to motivational
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state of an animal is very complex. This difficulty explains why there are very few
studies of behavior of wild fish or turtles. Animals in tanks or even in large enclo-
sures show very different responses to behavioral stimuli than do wild animals
(e.g., Oldfield 2011). Studies on captive animals are suitable for gaining physiological
information such as hearing sensitivity, but not for understanding how a wild animal
will respond behaviorally to a stimulus.

7.3 Practical Approach to Recommending Sound Exposure
Guidelines

For the purposes of this report, guideline levels represent the received level of
exposure to sound that produces a specified effect based on current data. Sounds
above the guideline level are considered likely to result in that effect, with higher
sound levels likely to produce greater effects. The actual guideline levels will not
necessarily be the same for all sound sources or all species, or even for the same
source and species under different circumstances. Guidelines for different types of
sound sources are only provided where data exist on received sound levels.

Table 7.1 Definition of Effects Used in Guidelines Tables

*  Mortality and mortal injury — immediate or delayed death.

* Recoverable injury — injuries, including hair cell damage, minor internal or external hematoma,
etc. None of these injuries are likely to result in mortality.

e TTS - short or long term changes in hearing sensitivity that may or may not reduce fitness.
TTS, for these Guidelines, is defined as any change in hearing of 6 dB or greater that persists.
This level is selected since levels less than 6 dB are generally difficult to differentiate. It is
also the view of the WG that anything less than 6 dB will not be a significant effect from the
standpoint of hearing.

* Masking — impairment of hearing sensitivity by greater than 6 dB, including all components
of the auditory scene, in the presence of noise.

*  Behavioral effects — substantial change in behavior for the animals exposed to a sound. This
may include long-term changes in behavior and distribution, such as moving from preferred
sites for feeding and reproduction, or alteration of migration patterns. This behavioral criterion
does not include effects on single animals, or where animals become habituated to the
stimulus, or small changes in behavior such as a startle response or small movements.

The relative risk of an effect taking place is indicated as being “high,” “moderate,” and “low.”

To determine where sufficient data exist for establishing valid sound exposure
guidelines, several classification schemes were developed for organizing data from
the scientific literature. First, fishes and sea turtles were grouped into the five classes
based on auditory structures described in Chap. 4. Second, man-made sound
sources were grouped into five classes as discussed in Chap. 6.2.1 through 6.1.5.
Finally, the effects of sound exposure were placed into five categories as listed in
Table 7.1, recognizing that sound exposure might result in single effects or a com-
bination of any number of effects.

These classification schemes are qualitative and descriptive and based on the best
data available at the time of this writing. Moreover, since there are often no data to
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fill many of the table cells, data have been extrapolated between sources and effects
where it was considered appropriate. Clearly, it will be necessary to refine all of the
guidelines over time as additional data and more sophisticated means of assessment
become available.

7.4 Explanation of the Analyses

Sound exposure guidelines are provided for received sound levels. Where data exist
that can be used to suggest provisional guidelines, received signal levels are reported
in appropriate forms (e.g., peak, rms, SEL). Accompanying each Table is a discus-
sion of the source of the guidelines provided. Cells with available data are shaded to
make them stand out. The best available data have been used for either the sources
of interest, or for similar sources. Thus, the data in the tables for pile driving and
seismic airguns use the same dataset since the sources yield sounds that are similar
in their spectra, rise times, and duration.

Where insufficient data exist to make a recommendation for guidelines a subjective
approach is adopted in which the relative risk of an effect is placed in order of rank at
three distances from the source — near (N), intermediate (I), and far (F) (top to bottom
within each cell of the table, respectively). While it would not be appropriate to ascribe
particular distances to effects because of the many variables in making such decisions,
“near” might be considered to be in the tens of meters from the source, “intermediate”
in the hundreds of meters, and “far” in the thousands of meters.

The relative risk of an effect is then rated as being “high,” “moderate,” and
“low” with respect to source distance and animal type. No assumptions are made
about source or received levels because there are insufficient data to quantify what
these distances might be. However, in general the nearer the animal is to the source
the higher the likelihood of high energy and a resultant effect. In specifying these
distances and the potential effects, regulators and others need to consider actual
source and received levels and the sensitivity to the sources by the animals of
concern. The rating for effects in these tables is highly subjective, and represents
general consensus within the WG. However, these ratings are not hard and fast, and
they are presented as the basis for discussion.

Finally, some cells are labeled “NA” (not applicable) if an effect of a particular
type for a particular group of animals is considered not likely to happen.

7.5 Guidelines

7.5.1 Source: Explosions

For explosions (Table 7.2), the guidelines are based upon a single explosion from
dynamite or another relatively small charge used to dismantle in-water structures.
Different expectations would be indicated for larger or multiple explosions.
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Table 7.2 Explosions: Guidelines for explosions. Levels other than for eggs and larvae from
Hubbs and Rechnitzer (1952); levels for eggs and larvae from Wright and Hopky (1998). Guidelines
are not provided for masking since the animals are not exposed to more than a few explosive events,
and masking would not last beyond the period of exposure

Mortality Impairment
and potential | Recoverable
Type of Animal mortal injury injury TTS Masking | Behavior

Fish: no swim bladder {229 -234dB |(N) High (N) High NA (N) High
(particle motion peak (I) Low (I) Moderate (I) Moderate
detection) (F) Low (L) Low (F) Low

Fish where swim 229-234dB |(N) High (N) High NA (N) High
bladder is not peak (D) High (I) Moderate (I) High
involved in hearing (F) Low (F) Low (F) Low
(particle motion
detection)

Fish where swim 229 -234dB |(N) High (N) High NA (N) High
bladder is involved peak (D High (I) High (I) High
in hearing (primarily (F) Low (F) Low (F) Low
pressure detection)

Sea turtles 229 -234dB |(N) High (N) High NA (N) High

peak (D High (I) High (I) High
(F) Low (F) Low (F) Low
Eggs and larvae >13mms! |(N)High (N) High NA (N) High
peak (I) Low (I) Low (I) Low
velocity (F) Low (F) Low (F) Low

Notes: peak and rms sound pressure levels dB re 1 pPa; SEL dB re 1 pPa*s. All criteria are presented
as sound pressure even for fish without swim bladders since no data for particle motion exist.
Relative risk (high, moderate, low) is given for animals at three distances from the source defined
in relative terms as near (N), intermediate (I), and far (F).

Fishes: The effects of explosions on fish have been measured several times
(e.g., Yelverton et al. 1975; Goertner et al. 1994; Keevin and Hempen 1997; Carlson
etal. 2011). Govoni et al. (2003, 2008) examined the effects on eggs and larvae. For a
discussion of the effects of underwater explosions upon fishes and other animals,
and the models used to predict them, see Continental Shelf Associates (2004).

The water volume affected by the pressure wave generated by an explosion is
complex and is a function of the depth of the explosion, the water depth, and the
nature of the substrate. In general, two sub-regions within the total affected volume
pose high risk to fish. One is in the immediate vicinity of the explosion where the
compressive forces of the shock wave generated by the explosion predominate; the
second is a more distant region where negative pressure resulting from the over-
shoot of the gas bubble created by an explosion and the reflection of the shock wave
from the water surface can cause cavitation and negative pressures low enough to
cause harmful expansion of swim bladders and other barotraumas, including mor-
tality (Goertner 1978; Cole 1948). The rupture of the swim bladder, or the damage
inflicted on other body organs, such as hemorrhage caused by rupture of veins or
the occurrence of gaseous blood in the heart, may result in immediate or delayed
death (McKinstry et al. 2007; Halvorsen et al. 2011, 2012a; Brown et al. 2012).
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There is also evidence (e.g., Goertner et al. 1994; Stephenson et al. 2010; Halvorsen
et al. 2012c) that little or no damage occurs to fishes without a swim bladder except
at very short ranges from an in-water explosive event. Goertner (1978) showed that
the range from an explosive event over which damage may occur to a non-swim
bladder fish is on the order of 100 times less than that for swim bladder fish.
However, it is not possible to clearly separate concussive and decompressive inju-
ries to swim bladder fish because both concussion and decompression forces act
near an explosion, although decompressive forces predominate with distance.

Yelverton et al. (1975) determined experimentally that the impulse magnitude
required to produce 50% mortality increased with the mass of the fish. They also
found that the degree of injury was the same in physostomous and physoclistous'
fishes, presumably because the shock wave and any associated negative pressure
pulse, particularly the inverted reflection of the high positive pressure shock wave
from the water surface, has a very rapid rise time that prevents physostomous fish
from adjusting their swim bladder volume before the onset of barotrauma.

Goertner (1978) concluded that the fish-injury predictive models based on
impulse as the independent variable were only applicable when the explosion and
fish were located at depths of less than 3.3 m. His data and model showed a decrease
in susceptibility of fish to injury from explosions at greater depth. This decrease in
susceptibility is a function of the decreasing difference between the hydrostatic
pressure and the pressure generated by the explosion, as depth increases.

More recent studies of rapid decompression and exposure of fish to simulated
pile driving impulsive sounds have clarified the importance of acclimation and
acclimation depth in fish responses to decompressive forces (Stephenson et al.
2010; Halvorsen et al. 2011, 2012a). Acclimation is the process of fish achieving
neutral buoyancy at a new depth by adjusting the volume of gas in their swim
bladders. Non-acclimated swim bladder fish exposed to decompressive forces may
respond like non-swim bladder fish, depending on the degree to which the swim
bladder is inflated (Stephenson et al. 2010; Halvorsen et al. 2011, 2012a). These
studies have also shown the importance of acclimation depth when considering the
response of fish to negative pressures (decompression).

Yelverton et al. (1975) and others (Stephenson et al. 2010; Halvorsen et al. 2011,
2012a) provide evidence of sublethal damage to fish of various species from expo-
sure to explosions and other less energetic sources. Fish may recover from such
damage (Casper et al. 2012a, 2013b) but decreased fitness during recovery may
result in their being more susceptible to predation or disease. Earlier, Gaspin (1975)
observed that fish that had suffered extensive barotrauma injury from explosions
generally died, although some were able to recover from extremely serious injuries
if cared for in holding tanks. He concluded that fish with such injuries were unlikely
to survive if released into the wild.

'Physostomous fishes are those species in which there is a direct connection between the swim
bladder and the gut, whereas there is no such connection in physoclistous fishes. Physostomes
control air in their swim bladders by either gulping air or releasing it via the gut. Physoclists have
a special gland in the swim bladder wall to secrete or take up air from the swim bladder.
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The physical properties of explosive shock waves that have been correlated with
fish mortality are the impulse (Yelverton et al. 1975; Goertner 1978), and the maxi-
mum range in overpressure from peak positive to peak negative (Goertner 1978).
The levels of particle motion are especially relevant for explosions as they may be
large. However, the effects of high magnitude particle motion on fish hearing or
other aspects of fish health have not been considered in any study conducted to date.
It is also evident that factors like the rise time are also important (Hubbs and
Rechnitzer 1952) but have not been included as variables in biological impact
prediction models.

The problem for setting guidelines is that the studies that have examined the effects
of explosions on fishes have each used different species, different types of explosives,
and/or charges of different weights. Since the methodologies and data are so varied,
the guidelines in the Tables are based on a paper representing the lowest amplitude
that caused consistent mortality. Hubbs and Rechnitzer (1952) used dynamite as a
source on a variety of marine species and showed a minimum amplitude of 40 — 70 psi
(peak pressure) that resulted in mortality. This is the equivalent to 276 to 482 kPa,
or 229 to 234 dB re 1 pPa. Other studies on rapid decompression showed that a nega-
tive pressure greater than 40% of a fish’s acclimation pressure may cause barotrauma
(Brown et al. 2012) severe enough to cause mortality. Simenstad (1974) determined
that a 60% reduction in pressure was sufficient to rupture the swim bladder of physo-
stomous fish. Simenstad also stressed that thresholds for damage to fish needed to be
referenced to ambient pressures at the depth of exposure. For a fish acclimated to
surface pressure (approximately 100 kPa), a 40% reduction in pressure would be
caused by a sound wave with a negative pressure of 212 dB re 1 pPa. For each increase
in acclimation depth of 10 m, the threshold in negative pressure causing significant
barotrauma would increase by 6 dB re 1 pPa. The decrease in sensitivity to baro-
trauma with depth means that fish above an energetic source will be more suscepti-
ble to barotrauma caused by decompression, while those below the source will be
less susceptible to barotrauma caused by decompression.

No data on effects of explosions on hearing (e.g., TTS) or behavior are available.
However, data suggest that there may be temporary or partial loss of hearing at high
sound levels, especially in fishes where the swim bladder enhances sound pressure
detection. The time interval between explosions may be important when consider-
ing effects upon hearing. Rogers and Zeddies (2008) speculate that with increasing
depth the gas in swim bladders will become denser, resulting in stiffening of the
swim bladder and a decrease in pressure-aided hearing sensitivity. This same effect
might temper the likelihood of injury to a fish’s ear by higher energy sound sources
even if the source were also located at depth.

There is no reason to expect masking to be of any consequence as a result of
explosives. While the detection of biologically relevant sounds may be masked dur-
ing an explosion, this effect would only occur during the brief duration of the sound.

Almost nothing is known about effects of explosions on the behavior of wild
fishes. One likely behavioral effect is a startle reaction (e.g., a Mauthner cell medi-
ated C-start — Eaton and Kimmel 1980; Eaton et al. 1981) if the received signal is of
sufficient magnitude. Such responses last less than a second and do not necessarily
result in significant changes in subsequent behavior.
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Information is especially lacking on the impact of land-based explosions upon
fishes. In this case, signals from seismic shots may propagate through the substrate
and result in large particle motion levels being generated in adjacent shallow water
bodies, including rivers and lakes. The Canadian Government has issued guidelines
for the use of explosives in or near fisheries water (Wright and Hopky 1998).
The guidelines state that an overpressure in excess of 100 kPa may result in adverse
effects, including injury to the swim bladder, kidney, liver, spleen, and sinus veno-
sus. Fish eggs and larvae also may be killed or damaged.

The Canadian guidelines (Wright and Hopky 1998) report that sublethal effects
in fishes, including changes in behavior, have been observed on several occasions as
a result of noise produced by explosives. The effects may be intensified in the
presence of ice and in areas of hard substrate. The degree of effect is related to
type of explosive, size, and pattern of the explosive charge(s), method of detona-
tion, distance from the point of detonation, water depth, and species, size, and life
stage of fish.

Sea Turtles: No published data are available on the specific effects of explosives on
sea turtles, although preliminary studies from Ketten et al. (2005) show that fresh sea
turtle cadavers are highly resistant to damage from even high level explosives. However,
the explosive removal of offshore oil and gas structures in the Gulf of Mexico has
resulted in the injury and death of a small number of sea turtles (Klima et al. 1988;
Gitschlag and Herczeg 1994), perhaps due to the effects of rapid pressure changes on
the air-filled lungs and other air-filled cavities (e.g., middle ear). As is the case for fish,
recoverable damage may result in indirect mortality due to predation, increased chances
of infection, changes in hormonal state, etc. Nothing is known about TTS or masking
in sea turtles, nor are there any indications of behavioral changes due to exposure to
explosives. However, it is expected that there are circumstances under which TTS
could occur for sea turtles, as it does for all other vertebrates investigated.

Eggs and Larvae: The effects of explosions on eggs and larvae are not known, and
data are needed. Damage from shock to eggs and developing embryos consist of
deformation and compression of the membrane, spiral curling of the embryo, dis-
placement of the embryo, and disruption of the vitelline membrane (Smirnov 1959).
Canadian guidelines on the use of explosives near waters where there are fisheries
(Wright and Hopky 1998) state that no explosive is to be detonated that is likely to
produce a peak particle velocity greater than 13 mm s~! in a spawning bed during
the period of egg incubation.

7.5.2 Source: Pile Driving

Guidelines for pile driving are presented in Table 7.3.

Fishes: Recent studies have used a wave tube that allows controlled exposure of fish
to signals replicated from actual pile driving operations (Halvorsen et al. 2011,
2012a, c; Casper et al. 2012b, 2013a, b) (see Chap. 6.2.3). Data from these studies
were used to set the present guidelines for mortality. They are based on results for
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Table 7.3 Pile driving. Data on mortality and recoverable injury are from Halvorsen et al.
(2011, 2012a, c) based on 960 sound events at 1.2 s intervals. TTS based on Popper et al. (2005).
See text for details. Note that the same peak levels are used both for mortality and recoverable
injury since the same SEL, was used throughout the pile driving studies. Thus, the same peak
level was derived (Halvorsen et al. 2011).

Mortality and Impairment
potential Recoverable
Type of Animal | mortal injury injury TTS Masking Behavior

Fish: no swim >219 dB >216 dB >>186 dB (N) Moderate |(N) High
bladder SEL.,, or SEL.., or SEL. i (I) Low (I) Moderate
(particle motion |>213 dB peak [>213 dB peak (F) Low (F) Low
detection)

Fish: swim bladder |210 dB 203 dB >186 dB (N) Moderate |(N) High
is not involved SEL . Or SEL . or SEL . (I) Low (I) Moderate
in hearing >207 dB peak |>207 dB peak (F) Low (F) Low
(particle motion
detection)

Fish: swim bladder {207 dB 203 dB 186 dB (N) High (N) High
involved in SEL., or SEL.,, or SEL.n |(I) High (I) High
hearing >207 dB peak |>207 dB peak (F) Moderate |(F) Moderate
(primarily
pressure
detection)

Sea turtles 210 dB (N) High (N) High (N) High (N) High

SEL ., or [(I) Low (I Low (I) Moderate |(I) Moderate
>207 dB peak | (F) Low (F) Low (F) Low (F) Low

Eggs and larvae >210dB (N) Moderate |(N)Moderate | (N) Moderate |(N) Moderate

SEL ., or [(I) Low (I Low (D) Low (I Low
>207 dB peak | (F) Low (F) Low (F) Low (F) Low

INotes: peak and rms sound pressure levels dB re 1 pPa; SEL dB re 1 pPa”s. All criteria are pre-
sented as sound pressure even for fish without swim bladders since no data for particle motion
lexist. Relative risk (high, moderate, low) is given for animals at three distances from the source
defined in relative terms as near (N), intermediate (I), and far (F).

Chinook salmon, Nile tilapia, hybrid striped bass, and lake sturgeon (Casper et al.
2012b, 2013a, b; Halvorsen et al. 2012c). Since these species were widely variable
in body type, swim bladder configuration, and internal morphologies, the general
similarity in results suggests that the guidelines may be broadly applicable to a wide
range of fish species. Data are also available that show lack of effect from exposure
to a SEL,,,, of 216 dB re 1 pPa*s in hogchoker, a species without a swim bladder
(Halvorsen et al. 2012c), supporting the argument that the presence of a swim blad-
der increases the likelihood of damage to internal body tissues.

Halvorsen et al. (2011, 2012a, c) found that the extent of injury increased with
sound exposure levels and number of pile driving strikes. Thus, the guidelines here
are for the lowest level where injury was found.

Guidelines for mortality and recovery for pile driving are given in terms of the
dual criteria discussed in Chap. 7.1: single strike peak sound pressure level and
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SEL.,,. The guidelines do not give the number of strikes needed to get to SEL,,
since this will clearly depend on the SEL and the timing of the strikes.

Halvorsen et al. (2011, 2012a, c¢) demonstrated that an appropriate metric for
guidelines may be a combination of the single strike SEL (SEL,,) and the number of
strikes that are used to yield the SEL,,, value, with the understanding that at the
same SEL,,,, value, higher SEL, and fewer strikes can result in the same onset of
effects as a lower SEL, and more strikes.

Some data show that fish within a few meters of driving a large pile are killed
(Caltrans 2004), but no data from these studies document the sound levels to
which the fish were exposed or the extent of exposure before mortality occurred.
At greater distances, data from caged fish show no mortality and no damage that
can be clearly associated with pile driving activities (Abbott et al. 2005; Nedwell
et al. 2006; Caltrans 2010a, b; Ruggerone et al. 2008; Houghton et al. 2010). Two
studies looking for potential damage found no pathology in fish after exposure to
pile driving (Abbott et al. 2005; Caltrans 2010a, b). However, in neither study
were the fish given the opportunity or time to attain neutral buoyancy of swim
bladder or tissues before exposure, and they may therefore have been protected
from injury, especially the physostomous species (Stephenson et al. 2010;
Halvorsen et al. 2011, 2012a, c; Casper et al. 2012b). In terms of behavioral
responses, Feist (1992) and Anderson (1990) showed that fish might move away
from a pile driving source.

Casper et al. (2012b, 2013a) found that fish can recover from injuries that are not
mortal, although that recovery was in the laboratory under controlled conditions.
In the natural environment, even these recoverable injuries could reduce fitness and
lead indirectly to mortality. No data are available on TTS or masking for fish
exposed to pile driving, nor are there data on behavioral responses. The TTS guide-
lines are based on studies using seismic airguns (Popper et al. 2005). Masking may
occur for the duration that fish are exposed to pile driving but would end as soon as
the pile driving ended. It is not possible to say how long behavioral effects, if any,
would continue following pile driving.

Sea Turtles: Data on the effects of pile driving on sea turtles are lacking. However,
Table 7.3 adopts the levels for fish that do not hear well since it is likely these would
be conservative for sea turtles. Because of their rigid external anatomy, it is possible
that sea turtles are highly protected from impulsive sound effects, at least with
regard to pile driving and seismic airguns.

Eggs and Larvae: These Guidelines are based on recent work by Bolle et al. (2012)
using a device similar to that used by Halvorsen et al. (2011, 2012a). Bolle et al.
(2012) found no damage to larval fish at SEL,,, as high as 210 dB re 1 pPa*s.
Therefore the level adopted in Table 7.3 is likely to be conservative.

Eggs and larvae close to the substrate may be vulnerable to vibration associated
with the ground roll generated by pile driving or seismic airguns. The Canadian
guidelines for explosives referred to earlier (Wright and Hopky 1998) set a peak
particle velocity of 13 mm s™! for incubating eggs.
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7.5.3 Source: Seismic Airguns

Guidelines for seismic airguns are found in Table 7.4.

Table 7.4 Seismic airguns. Data on mortality and recoverable injury from Halvorsen et al.

(2011, 2012a, c) based on 960 sound events at 1.2 s intervals. TTS based on Popper et al. (2005).

See text for details. Note that the same peak levels are used both for mortality and recoverable

injury since the same SEL was used throughout the pile driving studies. Thus, the same peak

level was derived (Halvorsen et al. 2011).

Mortality and Impairment
potential mortal| Recoverable
Type of Animal injury injury TTS Masking Behavior

Fish: no swim >219 dB >216 dB >>186 dB (N) Low (N) High
bladder SEL.,, or SELm Or SELum (I) Low (I) Moderate
(particle >213 dB peak [>213 dB (F) Low (F) Low
motion peak
detection)

Fish: swim 210 dB SEL.,, {203 dB >>186 dB (N) Low (N) High
bladder is or SELm O SELum (I) Low (I) Moderate
not involved |>207 dB peak [>207 dB (F) Low (F) Low
in hearing peak
(particle
motion
detection)

Fish: swim 207 dB SEL.,,, |203 dB 186 dB (N) Low (N) High
bladder or SEL.., or SEL.im (I) Low (I) High
involved in >207 dB peak (>207 dB (F) Moderate |(F) Moderate
hearing peak
(primarily
pressure
detection)

Sea turtles 210 dB SEL.,, |(N) High (N) High (N) Low (N) High

or (I) Low (I) Low (I) Low (I) Moderate
>207 dB peak |(F) Low (F) Low (F) Low (F) Low

Eggs and larvae |>210 dB (N) Moderate |(N) Moderate |(N) Low (N) Moderate

SEL ., or |[(I) Low (I) Low (I) Low (I) Low
>207 dB peak |(F)Low (F) Low (F) Low (F) Low

Notes: peak and rms sound pressure levels dB re 1 pPa; SEL dB re 1 pPa%s. All criteria are pre-

sented as sound pressure even for fish without swim bladders since no data for particle motion

exist. Relative risk (high, moderate, low) is given for animals at three distances from the source

defined in relative terms as near (N), intermediate (I), and far (F).

Fishes: The guidelines provided in Table 7.4 are derived from data from several
sources. The mortality and recoverable injury guidelines for fishes and sea turtles
are based on predictions derived from effects of impulsive sounds (see Chap. 7.1 for
a discussion of these data), since there are no quantified data for seismic airguns.
The table also adopts the dual criteria discussed for pile driving. One major differ-
ence between pile driving and seismic airguns is that it is harder to determine SEL.,,,
for airguns. This is because the received SEL,, changes from shot to shot since the
seismic vessel is moving and at different distances from the fish. Thus a guideline
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ultimately based on the closest peak level or the closest SEL, may actually be more
useful than one based on the SEL,,,.

There are few data regarding effects of seismic airguns on fish mortality and dam-
age to organ systems. Studies of fish with swim bladders have not shown mortality
(Popper et al. 2007; Hastings et al. 2008; McCauley and Kent 2012). Data from
exposure to impulsive sources suggest that airgun effects would be greater in fish with
a swim bladder than in fish without a swim bladder (Halvorsen et al. 2012c; Casper
et al. 2013b; and see discussion in Chap. 7.5.2 in relation to pile driving and swim
bladders, and in Chap. 7.5.1 on explosives and swim bladders). Popper et al. (2005)
examined the body cavity of several riverine fish species with swim bladders post-
seismic exposure and found no evidence of bleeding or swim bladder damage.
However, data are needed from controlled studies on more species. One study showed
damage to sensory hair cells in the ear the pink snapper (Pagrus auratus Forster) after
seismic airgun exposure (McCauley et al. 2003), while another found no damage in
several other species (Popper et al. 2005; Song et al. 2008).

Guidelines for TTS are based upon data from Popper et al. (2005) for exposure
of several riverine species to a seismic airgun array. Exposure to an SEL,,,, of 186
dB re 1 pPa’s accumulated over five seismic pulses within about five minutes
resulted in up to about 20 dB of TTS in the lake chub (Couesius plumbeus) at
different frequencies, with maximum TTS at 200 and 400 Hz. The lake chub has a
connection between the swim bladder and inner ear. About 20 dB of TTS occurred
only at 400 Hz in adult northern pike (Esox lucius), a species that does not have such
a connection. TTS did not occur at other frequencies, nor at any frequency in young-
of-the-year northern pike. Another species without a connection between the ear
and swim bladder, the broad whitefish (Coregonus nasus), showed no TTS to sounds
after exposure at the same level (Popper et al. 2005). In all cases, fish that showed
TTS recovered to normal hearing levels within 18-24 hours.

Hastings et al. (2008) examined hearing in a number of species of reef fishes
exposed to a seismic survey with an airgun. The investigators found no hearing loss
following sound exposures up to 190 dB re 1 pPa-s SEL,,,, for one species in which
the swim bladder is connected to the ear, and in three species where it was not.
However, these data cannot be used to inform the guidelines since no information
was provided about how the fish were actually exposed to the sounds.

Data on masking by seismic airgun sources are not available for any species.
Masking is possible for the time that fish are exposed to the sound from airguns and
may occur when animals are sufficiently far from the source for the sounds to merge
and become more or less continuous (Nieukirk et al. 2004). Therefore, the guidelines
show that there is a greater likelihood of masking further from the source than close
to it for those fish with good hearing.

Few studies have observed the behavior of fish exposed to a seismic survey directly.
Pefia et al. (2013) described the real-time behavior of herring schools exposed to a
full-scale 3D seismic survey, observed using sonar. No changes were observed in
swimming speed, swimming direction, or school size that could be attributed to a
transmitting seismic vessel as it approached from a distance of 27 km to 2 km, over a
6 h period. The unexpected lack of a response to the seismic survey was interpreted as
a combination of a strong motivation for feeding by the fish, a lack of suddenness of
the airgun stimulus, and an increased level of tolerance to seismic shooting.
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A number of studies have demonstrated that exposure to seismic airguns has an
impact on fish catch, presumably as a result of changes in fish behavior and distribu-
tion during and after sound exposure (e.g., Pearson et al. 1992; Skalski et al. 1992;
Engés et al. 1996; Engés and Lekkeborg 2002; Slotte et al. 2004; Lgkkeborg et al.
2012a, b). Handegard (2010) summarized the results of two surveys of the effects of
seismic shooting on fish catch in Norway (Engas et al. 1996; Lgkkeborg et al.
2012a, b), and compared the difference in sound exposure. In the earlier study, trawl
and long-line catches of cod and haddock declined by about 50% following 5 days
of shooting. In the more recent experiment, long-line catches also declined, but gill-
net catches increased. The number of airgun emissions were far higher in the
Lgkkeborg et al. (2012a, b) experiment, but were distributed over a larger area and
for a longer duration. In a central position within both areas (assuming cylindrical
spreading), the total accumulated sound exposure levels (SEL.,,,) were similar over
the duration of the two experiments, but the daily levels were approximately 10 dB
higher in the Engés et al. (1996) experiments. These data, however, do not inform
the guidelines since the measured sound exposure levels were over long periods and
received levels were not determined.

Studies on caged sandeels (Ammodytes marinus), a species without a swim blad-
der, in the North Sea, revealed distinct but minor reactions to seismic shootings
(Hassel et al. 2004). No increased mortality was found during this experiment.
Dalen and Knutsen (1987) observed that the distribution of a number of different
species at 100 — 300 m depth changed along the course lines of a seismic airgun
vessel towing an airgun array. Slotte et al. (2004) also observed that fish (Atlantic
herring and blue whiting (Micromesistius poutassou) in an area where seismic
shooting occurred, moved out of the area or to deeper waters (10-50 m deeper).
Wardle et al. (2001) observed small changes in the position of pollack (Pollachius
pollachius) in response to the firing of an airgun. However, startle responses
observed from saithe (Pollachius virens) were elicited by the visual stimulus associ-
ated with the bubble cloud caused by airgun shots.

In conclusion, it is evident that behavioral reactions can occur to seismic airguns,
but at this point there are no data that can be applied to develop guidelines.

Sea Turtles: Few data exist on the effects of seismic airgun activity on sea turtles.
It is possible that seismic airgun exposure would mortally injure sea turtles that are
very close to the source, although preliminary data suggest that sea turtles are highly
resistant to high intensity explosives (Ketten et al. 2005), making it likely that they
would also be resistant to damage from seismic airguns. It is also likely that there
would be recoverable injury or TTS. Avoidance responses of sea turtles to low fre-
quency tones have been demonstrated in caged animals (Lenhardt 1994). O’Hara
and Wilcox (1990) found that sea turtles in a canal would avoid an area with an
airgun, although the received level at the sea turtles was not measured. Moein et al.
(1995) monitored the behavior of penned loggerhead turtles to airguns firing at
175-179 dB re 1 pPa at 1 m. Avoidance to the airguns was observed at first exposure
but the sea turtles habituated to the sound over time. Behavioral responses by sea
turtles, including rising to the surface and altered swimming patterns, have been
elicited in caged animals exposed to an airgun at received levels of 166 dB (rms)
re 1 pPa (McCauley et al. 2000). Weir (2007) reported no obvious behavioral
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avoidance by several species of sea turtle at the sea surface to a seismic survey as
recorded by ship-based observers, although fewer turtles were seen at the surface
when the airguns were firing.

Eggs and Larvae: The entries in Table 7.4 for mortality in eggs and larvae are pre-
dictions based on a recent study by Bolle et al. (2012) that indicated no damage was
caused by simulated pile driving signals of 210 dB re 1 uPa*s SEL,,,,. See Chap. 7.5.2
for a discussion of this study. Other studies suggest that eggs and larvae in very close
proximity (< 5 m) to airguns are likely to suffer mortality and tissue damage
(Kostyuchenko 1973; Booman et al. 1996). Setre and Ona (1996) concluded that
mortality rates caused by exposure to airgun sounds are so low compared to natural
mortality that the impact from seismic surveys must be regarded as insignificant.

7.5.4 Source: Low- and Mid-Frequency Naval Sonar

Separate guidelines for low- and mid-frequency sonar are presented in Tables 7.5
and 7.6. The signals from military sonar have durations that are long enough to be
considered continuous rather than impulsive. Therefore, guidelines are presented in
terms of rms values rather than peak or SEL.

Table 7.5 Low Frequency Sonar. Masking, if it occurs, would likely only occur during the
times of actual sonar transmission (see text). Data in table from Popper et al. (2007) and Kane
et al. (2010).

Mortality and Impairment
potential Recoverable
Type of Animal mortal injury injury TTS Masking |Behavior

Fish: no swim bladder |(N) Low (N) Low > 193 dB (N) Low (N) Low
(particle motion (I) Low (I) Low rms (I) Low (I) Low
detection) (F) Low (F) Low (F) Low (F) Low

Fish: swim bladder is |>193 dB rms |> 193 dB rms [>193 dB rms |(N) Low (N) Low
not involved in (I) Low (I) Low
hearing (particle (F) Low (F) Low
motion detection)

Fish: swim bladder >193dBrms [> 193 dB rms |193 dB rms [(N) Moderate |>197 dB
involved in (I) Low rms
hearing (primarily (F) Low
pressure detection)

Sea turtles (N) Low (N) Low (N) (N) Lowe (N) Low

(I) Low (I) Low Moderate |(I) Low (I) Low
(F) Low (F) Low (I) Moderate |(F) Low (F) Low
(F) Low
Eggs and larvae (N) Low (N) Low (N) Low (N) Low (N) Low
(I Low (I) Low (I) Low (I) Low (I) Low
(F) Low (F) Low (F) Low (F) Low (F) Low

Notes: rms sound pressure levels dB re 1 pPa. All criteria are presented as sound pressure even
for fish without swim bladders since no data for particle motion exist. Relative risk (high, moder-
ate, low) is given for animals at three distances from the source defined in relative terms as near
(N), intermediate (I), and far (F).
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Table 7.6 Mid Frequency Sonar. Data from Halvorsen et al. (2012b)
Mortality and Impairment
potential mortal| Recoverable
Type of Animal injury injury TTS Masking | Behavior

Fish: no swim bladder (N) Low (N) Low NA NA NA
(particle motion (I) Low (I) Low
detection) (F) Low (F) Low

Fish: swim bladder is not >210dB rms |>210dB rms |[NA NA NA
involved in hearing
(particle motion
detection)

Fish: swim bladder involved |>210dB rms [>210dB rms |>210dB |(N) Low [>209 dB
in hearing (primarily rms |(I) Low rms
pressure detection) (F) Low

Sea turtles NA NA NA NA NA

Eggs and larvae NA NA NA NA NA

Notes: rms sound pressure levels dB re 1 pPa. All criteria are presented as sound pressure even

for fish without swim bladders since no data for particle motion exist. Relative risk (high, moder-

ate, low) is given for animals at three distances from the source defined in relative terms as near

(N), intermediate (I), and far (F).

Fishes: Data for mortality and injury related to low-and mid-frequency sonar are
based on Popper et al. (2007), Halvorsen et al. (2012b), and Kane et al. (2010),
which showed no effect on the ear or non-auditory tissues when the maximum
received sound pressure levels were at 193 dB re 1 pPa rms for low frequency sonar,
and at 210 dB re 1 pPa rms for mid-frequency sonar. Injury, if it occurs, is thought
to begin at higher sound levels than tested to date.

While studies have not been conducted with fish lacking swim bladders, it is
unlikely that such fish would be damaged by sonar at the levels tested because they
are not damaged by higher intensity impulsive signals (Halvorsen et al. 2012c).

Some fishes that have been exposed to low frequency sonar have shown TTS,
although its duration is not yet clear (Popper et al. 2007). TTS was observed in
rainbow trout (Oncorhynchus mykiss) and channel catfish (Ictalurus punctatus)
exposed to LFA for several minutes at 193 dB re 1 pPa rms (Popper et al. 2007;
Halvorsen et al. 2013), but not in yellow perch (Perca flavescens), or largemouth
bass (Micropterus salmoides). Interestingly, not all specimens of rainbow trout
showed TTS. The only TTS from mid-frequency sonar resulted from exposure at
210 dB re 1 pPa rms over five 3-s exposures in some, but not all, exposed channel
catfish, a species that can detect mid-frequency sonar sounds. There was no TTS to
mid-frequency sounds by rainbow trout, a species that does not hear above 1,000 Hz.
The TTS in catfish of 4—6 dB recovered within 24 hours. Thus, based on the criterion
that TTS must be more than 6 dB, the inclusion of this level in the guidelines
Table 7.6 is highly conservative.

The only fishes in which behavior is potentially affected by mid-frequency sonar
are those that have specializations that enable them to hear sounds above about
2,500 Hz (Halvorsen et al. 2012b). Higher frequency sonar (e.g., above 10 kHz)
potentially affects members of the genera Alosa and Brevoortia (shads and menha-
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dens) (Dunning et al. 1992; Nestler et al. 1992), species that can detect ultrasound
(Mann et al. 1997, 2001). Behavioral responses have been shown by blueback
herring (Alosa aestivalis) to simulated sonar pulses at frequencies from 110 to
140 kHz at sound levels above 180 dB re 1 pPa (peak) (Nestler et al. 1992).

Behavioral responses to mid-frequency naval sonar have been examined in
Atlantic herring. No escape reactions (vertically or horizontally) were observed in
free swimming herring exposed to sonar transmissions of 1-2 kHz and 6-7 kHz
(received rms sound pressure level tested at 127-197 and 139-209 dB re 1 pPa,
respectively) (Doksater et al. 2009, 2012).

There are no data on masking by sonar. If masking occurs, it would be only be
during sonar transmissions and not in the interval between transmissions. Moreover,
the narrow bandwidth of most sonar would result in only a limited range of frequen-
cies being masked.

Sea Turtles: No data are available for sea turtles and sonar. Moreover, since turtles
detect sound at less than 1,000 Hz (Chap. 3.3), any effect would only be in response
to low-frequency sonar.

Eggs and Larvae: No data are available on mortality or damage to eggs and larvae
that could be applied to recommend guidelines. Jgrgensen et al. (2005) observed
increased swimming activity and startle responses in juvenile Atlantic herring
exposed to sonar-like signals (1.6 and 4 kHz) in the laboratory, but no responses
were observed in Atlantic cod, saithe (Pollachius virens), and wolf fish (Anarhichas
minor). Some mortality occurred in clupeid eggs at the highest sound levels, but this
result was not replicated. A statistical analysis showed that the likelihood of mortal-
ity to eggs and larvae from this kind of source is lower than the level of natural
mortality (Kvadsheim and Sevaldsen 2005).

7.5.5 Source: Shipping and Other Continuous Noises

Recommended guidelines for shipping and other continuous sources are presented
in Table 7.7.

Fishes: There is no direct evidence of mortality or potential mortal injury to fish or
sea turtles from ship noise. Some evidence for auditory tissue effects or TTS caused
by continuous sound comes from data on goldfish (Carassius auratus), an otophy-
san species that has specializations for enhanced sensitivity to sound pressure. Some
recoverable loss of sensory hair cells occurred in the ear after 48 hours of exposure
to white noise at 170 dB re 1 pPa rms (Smith et al. 2006). A maximum TTS of about
16 dB accompanied this loss. Recovery of TTS took seven days and full replace-
ment of the sensory cells took eight days. Exposure to 158 dB re 1 pPa rms in
another study also resulted in TTS in goldfish (26 dB TTS) and another pressure-
sensitive fish that hears well, the catfish Pimelodus pictus (32 dB TTS) (Amoser and
Ladich 2003). Full recovery occurred after three days for the goldfish and after
fourteen days for catfish.


http://dx.doi.org/10.1007/978-3-319-06659-2_3#Sec3
http://dx.doi.org/10.1007/978-3-319-06659-2_3#Sec3
http://dx.doi.org/10.1007/978-3-319-06659-2_3#Sec3
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Table 7.7 Shipping and continuous sounds. For the most part, data in this table are based on
knowing that fish will respond to sounds and their hearing sensitivity, but, as discussed in the text,
there are no data on exposure or received levels that enable guideline numbers to be provided.
Mortality Impairment
and potential | Recoverable
Type of Animal mortal injury injury TTS Masking Behavior
Fish: no swim (N) Low (N) Low (N) Moderate |(N) High (N) Moderate
bladder (particle |(I) Low (I) Low (I) Low (I) High (I) Moderate
motion detection) |(F) Low (F) Low (F) Low (F) Moderate | (F) Low
Fish: swim bladder  [(N) Low (N) Low (N) Moderate |(N) High (N) Moderate
is not involved (I Low (I) Low (I) Low (I) High (I) Moderate
in hearing (F) Low (F) Low (F) Low (F) Moderate | (F) Low
(particle motion
detection)
Fish: swim bladder  |(N) Low 170 dB rms [158 dB rms [(N) High (N) High
involved in (I) Low for 48 h for 12h |(I) High (I) Moderate
hearing (primarily |(F) Low (F) High (F) Low
pressure
detection)
Sea turtles (N) Low (N) Low (N) Moderate |(N) High (N) High
(D) Low (I) Low (I) Low (I) High (I) Moderate
(F) Low (F) Low (F) Low (F) Moderate | (F) Low

Eggs and larvae (N) Low (N) Low (N) Low (N) High (N) Moderate
(I) Low (I) Low (I) Low (I) Moderate |(I) Moderate
(F) Low (F) Low (F) Low (F) Low (F) Low

Notes: rms sound pressure levels dB re 1 pPa. All criteria are presented as sound pressure even

for fish without swim bladders since no data for particle motion exist. Relative risk (high, moder-

ate, low) is given for animals at three distances from the source defined in relative terms as near

(N), intermediate (I), and far (F).

Other evidence of the effects of continuous noise on hearing comes from another
pressure-sensitive species, the fathead minnow (Pimephales promelas — Scholik and
Yan 2002a), in which TTS resulted from exposure to recorded boat engine noise.
However, the data for several species of fishes lacking specializations for sound
pressure detection showed no TTS in response to long term noise exposure; for
example, tilapia (Oreochromis niloticus - Smith et al. 2004b), bluegill sunfish
(Lepomis macrochirus - Scholik and Yan 2002b), and rainbow trout (Wysocki et al.
2007). Rainbow trout exposed to increased noise (up to 150 dB re 1 pPa rms) for
nine months in an aquaculture facility showed no hearing loss (as determined by
AEP) nor any negative effects upon the health of the fish (Wysocki et al. 2007)

Continuous noise of any level that is detectable by fishes or sea turtles can mask
signal detection, and thus may have a pervasive effect on fish behavior. However,
the consequences of this masking and any attendant behavioral changes for the sur-
vival of fishes and sea turtles are unknown. Investigators have reported masked
hearing thresholds for fishes exposed to noise from small boats and ferries (Scholik
and Yan 2001; Vasconcelos et al. 2007). However, these studies were done using
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AEP measurements, which do not reflect the ability of an animal to detect and
respond to a signal against a noise background.

Ships (i.e., trawlers, ferries, research vessels) can change fish behavior (e.g., induce
avoidance, alter swimming speed and direction, and alter schooling behavior)
(Engas et al. 1995, 1998; Sara et al. 2007; De Robertis and Handegard 2013). The
sounds produced by motor-driven ships can 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) have pointed out that passing ships produce
high levels of low-frequency noise (>10 to 1000 Hz), and that infrasonic frequen-
cies may be responsible for the observed avoidance reactions. Several reports have
attempted to define the levels at different frequencies above which fish are likely to
show an avoidance response (e.g., Mitson 1995). Lack of quantification of exposure
sound levels that elicit responses to ships makes it impossible to provide numerical
guidelines for behavioral responses of fish to sounds from ships.

Sea Turtles: No data exist for sea turtles. Table 7.7 values are based on fish
studies.

Eggs and Larvae: No data exist for eggs and larvae.



Chapter 8
Research Recommendations

In this section, recommendations are made for research that would advance the
knowledge of the effects of man-made sounds on fishes and sea turtles and help the
further development of exposure guidelines. A consideration of additional research
questions, not necessarily directed at developing guidelines, is provided in a compre-
hensive gap analysis arising from a 2012 BOEM workshop (Normandeau 2012a).

8.1 General Comments

Three major issues need to be considered in planning future research on sound
exposure guidelines for fishes and sea turtles. These are: (1) the importance of
providing an appropriate acoustic environment for experiments; (2) the difficulties
in examining behavior in response to man-made sound; and (3) dealing with the
diversity of fishes.

8.1.1 The Importance of Providing an Appropriate Acoustic
Environment for Experiments

Presenting carefully-measured sound stimuli to aquatic animals presents particular
difficulties, especially where animals are maintained in test tanks. Major perturba-
tions in the sound field result from wall and air interfaces surrounding test tanks
(see Parvulescu 1964; Gray et al. 2015; and Rogers et al. 2015 for a discussion of
this issue). As a result, much of the data on responses, behavior, and physiology
from otherwise well-designed studies leave open questions on the nature of the
sound field to which the animals were exposed. One major question is whether the
stimulus received by the animal, and to which the animal is responding, is sound

A.N. Popper et al., ASA S3/SC1.4 TR-2014 Sound Exposure Guidelines for Fishes 53
and Sea Turtles, SpringerBriefs in Oceanography, DOI 10.1007/978-3-319-06659-2_8,
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pressure or particle motion. Another question is whether real sound sources can be
adequately reproduced, especially when they involve transient changes in sound
pressure and/or particle motion.

All fishes detect particle motion; only some species detect sound pressure
(reviewed in Popper and Fay 2011). Therefore, it is critically important to monitor
both the sound pressure and particle motion levels presented to fishes. Moreover,
consideration should be given to the effects on the sound field resulting from the
presence of the animal itself. To resolve these issues, some studies on the hearing
abilities of aquatic animals have been carried out with specialized facilities
designed to provide predictable and appropriate acoustic conditions. These facili-
ties included sound ranges established in the sea (Chapman and Hawkins 1973;
Schuijf 1975; Schuijf and Buwalda 1975; Popper et al. 2007; Halvorsen et al. 2012b)
and specialized wave tubes (e.g., Hawkins and MacLennan 1976; Halvorsen et al.
2011, 2012a, c).

Acoustical particle motion can be measured directly with neutrally buoyant tri-
axial accelerometers (e.g., Zeddies et al. 2012; Martin et al. 2015) as well as com-
puted from pressure gradient measurements using arrays of pressure-sensitive
hydrophones (e.g., Popper et al. 2005; Zeddies et al. 2010; Martin et al. 2015).

8.1.2 The Difficulties in Examining Behavior

The behavioral responses of wild animals to sound are likely to vary by species,
size, and age class, with animal motivation, and in different contexts. One of the
fundamental truths about behavioral effects is that experiments on animals held in
tanks and enclosures yield equivocal results. Captive animals do not show the wide
range of behavior observed from wild animals (Oldfield 2011). They may also be
damaged during capture, or their behavior may be affected by the circumstances
under which they have been reared. Finally, the laboratory environment, acoustical
and otherwise, is generally very different from the environment that these animals
experience in the wild.

Ideally, for the purpose of establishing guidelines, behavior should be observed
under conditions where the animals are well adapted to a particular location and
show normal behavioral patterns. Although studies in aquaria or sea cages may
provide support for larger scale field programs by providing detailed descriptions
of the behavior of individuals, it is unlikely that the animals will exhibit the more
complex and context-dependent behavior that they may show when not confined
(Oldfield 2011).

Studying behavior in the field may be difficult and expensive, and the results are
often difficult to interpret (e.g., compare Engés et al. 1996 with Lgkkeborg et al.
2012a, b). However, field studies of free ranging fishes and sea turtles offer the best
insights into real behavioral responses.
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8.1.3 The Diversity of Fishes and Sea Turtles

Fishes show great diversity in their morphology, hearing physiology, and behavior.
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 enough
range of species. Data are needed for physostomous, physoclistous, and non-swim
bladder species of fish, species living at different depths, and species that have
different relationships between gas bubbles and the inner ear. While initial studies
on impulsive sounds suggest that the overall nature of physiological effects may be
generally the same for diverse species of fishes having a swim bladder (Halvorsen
et al. 2012c), there are no data on behavioral effects, although this is an area of great
importance.

Sea turtles are not nearly as diverse as fishes. However, they do show significant
variability in where they live, their migrations, and other aspects of their lives.
Leatherbacks (Dermochelyidae) are different from the Cheloniidae. Accordingly,
studies should cover representatives of both turtle families.

8.2 Research Requirements of Highest Priority

This section recommends specific high priority research areas that should be the
focus for future studies on the effects of sound on fishes and sea turtles. While fishes
and sea turtles are treated in separate sections, many of the same questions are
relevant for both groups of animals.

8.2.1 Fishes

Hearing Capabilities - Measure hearing abilities for a wider range of species,
under quiet conditions, where the ratio of particle motion to sound pressure can be
monitored and varied. Studies should be done using behavioral measures wherever
possible (Sisneros et al. 2015). One of the most important issues is the measurement
of acoustic particle motion. No standard devices or protocols are presently available
for these measurements, and these must be developed.

Hearing Loss and Mechanisms of Damage:

* Determine the relationship between hair cell loss and hearing loss. When loss
of hair cells occurs with sound exposure, what is the change in hearing
sensitivity?

* Determine the relationship between hair cell regeneration and normal hearing
ability. What is the hearing status in fishes that have lost hair cells due to intense
sound exposure, both during and after hair cell regeneration? To what extent does
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normal hearing and the ability to discriminate sounds recover after exposure?
Does hair cell regeneration mitigate Permanent Threshold Shift in fishes?
Construct biomechanical models of sound pathways to the ear and lateral line.
These models would incorporate movement of structures associated with hearing
(e.g., swim bladder, otolith, hair cells) in order to predict potential effects of vari-
ous sound exposures on the ear, lateral line, and swim bladder.

TTS - Examine the behavioral consequences of hearing loss (TTS) for the behav-
ior and fitness of different species. Does TTS matter, especially if it is only a few
dB (e.g., less than 6 dB) and brief?

Masking - Examine the abilities of animals to detect, discriminate, and identify
sounds with differing temporal characteristics, including natural sounds, in the
presence of man-made sounds. Masking of biologically important sounds by
man-made sounds may have far reaching effects on behavior.

Determine the behavioral consequences of masking upon fitness using natural
sounds including real-life sound sources and fish sounds. These data will allow
the effects of noise to be estimated on the range over which a signal can be
detected, or the space over which sound communication occurs (acoustically
active space). Studies on the ranges of acoustic communication in fishes in the
presence of masking sounds are needed.

Determine the effect on masking of shaped sound spectra that parallel those
produced by man-made sources (as opposed to white noise), and signals typical
of communication sounds. What are the general rules for predicting masking,
and how does masking affect the ability to localize sound sources?

Behavioral Effects - Investigate the effects of various sounds and sound sources
on behavior and evaluate the implications for fitness. Because behavior is
species-specific, it is difficult to generalize from one species to another.
Behavioral effects will also likely change depending upon the habitat, context,
animal age, time of year, and even the time of day. Studies on the behavioral
effects need to be conducted in the natural environment, not in tanks.

Injury - Determine the characteristics of sounds that cause injury, mortality, and
behavioral changes. The development of mitigation measures depends on under-
standing which components of a sound produce undesirable effects.

Cumulative Effects - Ascertain the cumulative effects of repeated sound exposures
on detection, injury, and mortality. Such data are needed for evaluating the effects
of cumulative and aggregate exposure to sound, as well as recovery from exposure.
These data will also enable development of better metrics for predicting effects,
comparing sources, and developing mitigation measures. How are the potentially
damaging effects of intermittent sounds accumulated over time and over multiple
pulses? How well do SEL and SEL.,, function as a metric of sound exposure to
predict damage, and over what time does it make sense to measure SEL,,?
Metrics - Determine the sound metrics that are most appropriate for predicting
effects of sound exposure on fishes. It is especially important to develop metrics
based on the functional hearing groups of fishes (e.g., fishes with swim bladders
mechanically linked to the ear, fishes with swim bladders, and fishes without
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swim bladders). Metrics for fishes with swim bladders mechanically linked to
the ear 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 ear might be best characterized
in terms of both acoustic pressure and acoustic particle motion. For these fishes,
it will be additionally important to determine how the relative contributions of
pressure and particle motion vary with sound frequency.

8.2.2 [Eggs and Larvae

While most of the questions relevant to older fish are not appropriate for eggs and larvae,
there are a number of questions that need to be considered, as discussed below.

Life stages - Examinations of effects of impulsive sounds (both pressure and
particle motion) on eggs and larvae at different life stages, including physical
damage and survival.

Settling behavior - Closer examination of hypotheses that man-made sound can
affect settlement behavior and habitat choice by larvae.

8.2.3 Sea Turtles

Each of the topics described above for fishes applies to sea turtles. Since sea turtles
species are all classified as endangered or threatened, effects of sound exposure on
individual animals may be relevant. In addition to the topics above the most important
sea turtle research questions are discussed below.

Hearing - Underwater audiograms (particularly behavioral) are needed for all
species for all life stages ranging from hatchling to adult.

Discrimination - How well do sea turtles discriminate between sounds that differ
in frequency and/or amplitude?

Hearing Mechanisms - In addition to basic audiogram data collection, studies
on the mechanisms of sound transmission to the ear are needed. Are sea turtles
sensitive to acoustic pressure or particle motion? The sea turtle middle ear has air
spaces at the surface that may collapse with depth. How do changes in depth
affect hearing (in fish as well)?

Do sea turtles show TTS or PTS? Do they have sensory hair cell damage as a
result of exposure to sounds?

Behavior - What are the behavioral implications for turtle fitness caused by
exposure to man-made sound?

Injury - Effects of sound on auditory and non-auditory tissues.



Chapter 9
Summary and Conclusions

These Guidelines present the work of a Working Group established to determine
broadly applicable sound exposure guidelines for fishes and sea turtles. The guide-
lines provided in this document are based on the best available scientific information
at the time of writing. After discussion of the diversity of fish and sea turtles, guide-
lines were developed for broad groups of animals, defined by the way they detect
sound. Animals were classified as:

Fishes without a swim bladder (particle motion detection)

Fishes where the swim bladder is not involved in hearing (particle motion
detection)

Fishes where the swim bladder is involved in hearing (primarily sound pressure
detection)

Fish eggs and larvae

Sea turtles

Each sound type with a potential impact upon fishes and sea turtles was consid-

ered in terms of its acoustic characteristics and appropriate metrics defined for
measurement of the received levels. The sound sources examined were:

Explosions

Pile driving

Seismic airguns

Sonar (divided into low- and mid-frequency sonar)
Continuous sound

The potential effects of sound were divided into five types:

Mortality and mortal injury — immediate or delayed death either due to injury or
substantially reduced fitness.

Recoverable injury — injuries, including hair cell damage, minor internal or external
bleeding, etc. None of these injuries are likely to cause direct mortality.

TTS —short or long term changes in hearing sensitivity that may, or may not, reduce
fitness. TTS is defined as any change in hearing sensitivity of 6 dB or more.

A.N. Popper et al., ASA S3/SC1.4 TR-2014 Sound Exposure Guidelines for Fishes 59
and Sea Turtles, SpringerBriefs in Oceanography, DOI 10.1007/978-3-319-06659-2_9,
© Acoustical Society of America 2014
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* Masking — increase in threshold levels of detection by more than 6 dB.
* Behavioral effects — substantial change in behavior for a large portion of the
animals exposed.

The proposed exposure levels for the onset of any given effect are presented as
guidelines in a set of Tables. In some cases numerical guidelines are provided,
expressed in appropriate metrics. When this is not possible because of lack of data,
the relative likelihood of effects occurring was judged as “high,” “moderate,” or “low”
for each of three distances from the source: near, medium, and far. It is important to
note that the actual likelihood of effects will depend on the received level.

The sound exposure guidelines presented in this document should be treated as
interim values, based on current information. The expectation is that with more
research the guidelines can be refined. Recommendations are put forward, defining
the research requirements of highest priority for extending these interim exposure
guidelines.
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