Version20262 July 2026

Scientific fBet\skgesowcmmdisti ¢ and Expl
Ef fect s
onFi shes, Mari ne Mammal s, and

Technical Report
Version 2026.2

July 2026




Version20262 July 2026

This page intentionally left blank.



Version20262 July 2026

EXECUTIVE SUMMARY

The information in this technical report supports tbi@ited States Department of tHe | @ @) S 2Navy)
programmatic approach to environmental compliance for military readiness training and testing
activities conducted at sedhis technical report contains explanations of acoustic terminology and
conceptsinformation on acoustic environmestandathorough synthesis of the best available science
relevant to understandintghe effects of acoustic and explosive sourased during military readiness
activitieson marine mammals, reptiles, and fishes.

1 TheAcoustic and Explosive Concepts/Prisemtiondefinesacoustiderminology and metrics
used inthis document and in other aseacompliance documents prepared by the U.S. Navy.
This section also provides explanationsoncepts related to acoustic propagation and
perception Sufficientinformationis providedsuch thata nonexpertcanunderstand the
subsequent science presented in this report as wedl@sistic information presented in other
compliance documents.

1 TheAcoustic Habitasectionexplains natural and anthropogenic sourcesofind in marine
habitats This sectiordiscusses general sources of ambient noise aedgmts regiorspecific
datafor vessel noise

1 TheFishesMarine Mammals andReptilessectionssummarizethe best availabl@coustic
sciencefor theseanimal groupsTopicsnclude hearing and vocalization; hearing loss and
auditory injury;masking; behavioral reactions; physiological responses; direct injury; and long
term consequencegdhis literature synthesis preferentially relies on peeviewed publications
but notablegray literature(i.e.,non-peer reviewed reports andistorical documentsjs
included, particularly for topics with otherwise limited informatiomhisreport is
comprehensive andcludes information orstressors|ocations and species that may ndaie
presentin allat-seastudy areas.

This report is written by a team of expert bioacoustic scientists apdnsdicallyupdatedwith
emergent science.
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ACOUSTIC AND EXPLOSIVE IMPACTS
SUPPORTING INFORMATION

1 AcousTIC AND ExPLOSIVE CONCEPTS / PRIMER

Thissectionbriefly explains the transmission of sound and explosive energy underwater and in air;
introduces some of the basic mathematical formulas used to describe propagation; and defines acoustic
terms, abbreviations, and units of measurement. Methods used @yaehearingare also described.

For a more extensive background on acoustics, explosives, and marine bioacoustics the following
resources are recommended:
! Marine Mammals and Noiggichardson, Greene, Malme, et al., 1995)
Principles of Underwater Soufdrick, 1983)
Fundamentals of Acoustical Oceanogragkledwin & Clay, 1998)
Principles of Marine Bioacousti@u & Hastings, 2008)
Exploring Animal Behavior Through Souvidlume 1 Method&Erbe & Thomas, 2022)
Discovery of Sound in the Seéps://dosits.org/)
Marine Mammal Acoustics in a Noisy Océkrbe, Bowles, et al., 2025)

= —a _—a _—_a _a _a

1.1 TERMINOLOGY

The following terms are used in this document when discussing sound and the attributes of a sound
source.

1.1.1 Sound

Sound is produced when an elastic medium (such as air or water) is set into motion, typically by a

vibrating object within the medium. As the object vibrates, its motion is transmitted to adjacent

GLI NOHAOE Sa¢eg 2F (KS YSRA davassmittdd & adjapeitpartifleszafid s daS a S LJ
¢CKS NBadzZ G Aa I YSOKIFIYyAOFIf RAAGAZNDIyYyOS 0GKS a&azdz
propagatesatamediumR S LISY RSy & aLISSR 6GKS daz2dzyR aLISSREOD 1
medium, the indiidual particles of the medium oscillate about their original positions but do not

I Qlidzt ffe Y20S 6A0GK (KS az2dzyR 61 8S® ¢KAAa LI NI AOES
density, pressure, and temperature.

Sound may be described by both physical and subjective attributes. Physical attributes, such as sound
amplitude and frequency, may be directly measured. Subjective (or sensory) attributes like loudness
RSLISYR 2y |y |yAYlFfQa Libetd2énislesiesynd ddividéag.dzy R 'y R Ol

1.1.2  Signal Versus Noise

When sound is purposely created to convey information, communicate, or obtain information about the
environment, itis often referred to as a signakamples of signals includenar pings, marine mammal
vocalizations and echolocation clicks, tones used in hearing experiments, and small sonobuoy explosions
used for submarine detectioMypically, signals have some type of known characterigticexample,

they could use a limited set of frequencies, have a specific set of harmonics, or beucteithatthe

pulse context provides information to a receiver.

11
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Noise is defined as any undesired soAdnerican National Standards Institute, 2088t typically

lacks the clear characteristics previously descrilf®ounds produced by naval aircraft and vessel
propulsion are considered noise because they represent possible inefficiemités the systenmand
increased detectabilithy adversariesWhether a sound is perceived as noise depends on the receiver
(i.e., the animal or system that detects the sound). For example, sxj@sionsand sonapingsused

to generate soundso locate enemy submarireproduce signals that are useful to sailors engaged in
anti-submarine warfare but are assumed to be noise when detected by mapaeies

The combination of all soundmcluding sinals and noisegt a particular location, whether these

sources are located near or fardisfined asambient noisel/American National Standards Institute,

2013) Ambient noise includes natural sources such as sound from crashing waves, rain, and animals
(e.g., snapping shrimp), and anthropogenic sources such as seismic surveys and vesgalenyise.
location in the marine environment contains some ambient npisé¢ how much depends on a

multitude of factorsCharacterizinghe ambient noise level of a location is imperative to understanding
potential impactgo marine lifefrom anthropogenicsound

1.1.3  Frequency and Wavelength

Frequency is the physicattribute associateds A G K ( KS & dzo 2 S @ thé gpSer thai G NAX 6 dzii S
frequency, the higher the pitch. Frequency is defined by the number of oscillgfienscyclesin the

sound pressure or particle motion per second. One hertz (Hz) is equal to one oscillation per second, and
one kilohertz (kHz) is equal to 1,000 oscillations per secdrahdwidthe refers to therange between

the minimum and maximum frequency of a sound sourceeaeiver

Pure tones have energy at a constant, single frequency. Complex tones contain energy at multiple,
discrete frequencies, rather than a single frequency. A harmonic of a sound at a particular frequency is a
multiple of that frequencyFor exampleharmonic frequencies of 2kHZAundamental frequency tone

(i.e., the lowest and most intense frequency of a complex tare)4 kHz, 6 kHz, 8 kHzsdurce

operating at a nominal frequency may emit several harmonic frequencies, but at lower ampléndes

higher frequenciesSome sources may also emit subharmowibgh arelower in frequency than the
fundamental frequencyhowever, these are typically many orders of magnitude less powerful than the
fundamentafrequency Sounds with large bandwidslo ¢ 6 N2  Ro I yR¢ & 2dzyRao KI @S
many frequencies.

In this document, sounds are generally described as either(l@ss than 1 kHz), midl kHzo 10 kHz),
high- (10 kHzo 100 kHz), or very higligreater than 100 kHz) frequeies. Hearing ranges of marine
animals (e.g., figks, birds, sea turtles, and marine mammals) aagiableand species dependent. For
example, some fighscandetectsounds below 100 Hz and some species of marine mammals have
hearing capabilities that extend above 100 kHzerefore, aoustic impact analyses must focus on the
sound amplitude (i.e., pressure or particle motion, Ssxtionl.1.4 Sound Amplitudg in addition to
the sound frequency andnimalsensorycapabilities

The wavelength of a sound is the distance between wave peaks. Wavelength decreases as frequency
increases. The frequency multiplied by the wavelength equals the speed of sound in a medium, as
shown in this equation:

sound speed (m/sF frequency - x wavelength (m)

1-2
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The approximate speed of sound in sea watersAmeters per secon@m/s) and in air is 340 m/s,
although speed varies depending on environmental condit{eng., pressure, temperature, and, in the
case of sea water, salinity; s&ectionl.3.1 Speed of Sound

1.1.4  Sound Amplitude

Sound amplitude is the physicgtribute associatedvith the subjective attribute loudness. Amplitude is

related to the amount that the medium particles oscillate about their original positions and can be
GK2dzZaKi 2F a GKS GaitNBy3aJGKé 2F | a2dzyR Adthet (KS
sound wave travels, the particles of the medium oscilkatel transfer energy from one particle to

anotherbut do not actually travel with the wave. The result is a mechanical disturbance (i.e., the sound
wave) that propagateenergyaway from the sound sourc&ound amplitude is typically characterized

by measuring the acoustic pressure or particle motion.

1.1.5 Impulsive Versus Non -Impulsive Sounds

Although no standard definitions exist, sounds may be broadly categorized as impulsive or
non-impulsive. Impulsive sounds have short durations, rapidtiises, broad frequency content, and
high peak pressures. Impulsive sounds are often produced by processes involving a rapid release of
energy or mechanical impacatslamernik & Hsueh, 1991kxplosionandweaporsfiring are examples of
impulsive sound sources analyzed in this document. In contrast, sonar, vessel opexation,
underwater transducers lack the characteristics of impulswendsources and are thus examples of
non-impulsive sound sources. Nampulsive sounds can be essentially continuous, such as machinery
noise, or intermittent, such as sonar pingispulsive signals, particularly at close range

characterized sbrief and broadbandwith rapid rise time and higher instantaneous peak pressure than
other signal typesHowever,because opropagation effectsan impulsive signal can losigose
characteristicsand at a variable distandgecould be characterized as a nampulsive signglHastie et

al., 2019; Martin et al., 2020)

1.1.6  Acoustic Impedance

Acoustic impedance is a property of the propagation medium (air, waggtiment,or tissue) that can

be simply described as the oppositionttee flow of a pressure wave. Acoustic impedance is a function
of the density and speed of sound in a medium. Sound transmits more readily through materials of
similar acoustic impedance, such as water and animal tissnee soft tissue iainlycomprised of

water. When sound waves encounter a medium with different acoustic impedance (for example, an air
water interface), they reflect and refra¢seeSectionsl.3.3.3 Refraction and 1.3.3.4 Reflection and
Multipath Propagatioi), creating more complex propagation conditions. For example, sound traveling in
air (low impedance) encountering the water surface (high impedance) will be largely reflected,
preventing most sound energy in the air from being transmitted into the wateg.iffipedance

difference at the tissuair interface in animals with gasontaining organs also makes these areas
susceptible to damage when exposed to the shock wave near an expldsosmission from high
impedance to lowimpedance can result in large motion at the boundary.

117 Duty Cycle

Duty cycle describes the portion of time that a source generates sound. It is definedrasidhaf time
that asignal or system isncompared to the timet is off duringan operational period. For example, if a
sonar source produces a ors2cond ping once evenYkeconds, the duty cycle is @rcent. Duty

1-3
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cycles varyvithin and betweerdifferent acoustic sources; in generaklaty cycleof 20percent or less
is considered lowand a duty cyclef 80 percent or higheis considered high

118 Resonance

wSa2yly0S 200dzNB ¢KSy Ly 2062500 A& GAONYGSR G |
frequency. The resonant frequency can be considered the preferred frequency at which an object will
oscillate at a greater magnitude than when exposed twestfrequencies. In this document, resonance is
considered in relation to the size of an air bubble or air ca\@atyg., lungs)Biological lifeexposed to high
pressure wavefrom an outside sourcean lead to potential injuryDue toan inverse relationshighe

smaller the bubble, the higher the resonant frequendye natural frequency of biological life would

vary based on the size of the bubbles trapped within them. For example, large whale lungs would have a
lower resonant frequency than dolphin lundgshe natural frequencies of dolphin and beluga lungs near
the surface are about 36 Hz and 30 Hz, respect{i@hneran, 2003As an animal dives deep within the
water column, there is a corresponding increase in pressure. Hence, any air bubbles trapped within the
animal would likely shrin&s a result of the pressure chan@#ostrom et al., 2008 Because of the

change in bubble size, the resonant frequencies would tend to increase as an animal dives.

1.2  SOUND METRICS
The sound metrics described here are used to quantify exposure to a so@xgplosion.

1.2.1 Pressure

{2dzy R LINBaA&adz2NE A& G§KS Ay ONBYSy(id, the ambienhpkessare y Ay |
without the added sound) as a sound wave travels through it. Sound pressure is typically expressed in
units ofmicropascals|{Pa), although explosive overpressure may also be described in pounds per

square inch (psi).

Various sound pressure metrics are illustrate&igurel-1 for (a) a noAimpulsive sound (a pure tone in

this illustration) and (b) an impulsive sound. As showRigurel-1, the nonimpulsive sound has a

relatively gradual rise in pressure from static pressure, while the impulsive sound has a near

instantaneous rise to a high peak pressure. The peak pressure shown on both illustrations is the

maximum absolute value of thedn(i I y i I yS2 dza &2 dzy R LINB & & dzZNB -RdzNAy 3 |
LIS 1€ 2NJ G1ad8iST 4 § PLIMBERYINE A& GKS RAFTFSNBYOS 06Sis¢
pressures.

The rootmeansquare (rms) value is often used to describe the average sound pressuré3é\eEPLs

provided in thisdlocumentare rootmeansquare values unless otherwise specified. As the name

suggests, this method takes the square root of the average squared sound pressure values over a time
interval. The duration of this time interval can have a strong effect on the measomedound pressure

for a given sound, especially where pressure levels vary significantly, as during an impulsive sound
exposure. If the analysis duration includela@eportion of the waveform after the sound pressure has

returned to zero, the rms pressure would be relatively low. If the analysis duration includes only the

highest pressures of the impulsive exposure, the rms value would be comparatively high. For this

reason, it is important to specify the duration used to calculate the pressure for impulsiveounds.
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Figurel-1: Sound Pressur®letrics for a Hypothetical (a) Pure Tone (Ndmpulsive) and (b)
Impulsive Sound

1.2.2 Sound Pressure Level

The most common sound level metric is SPL. Because many animals can detect very large pressure
ranges and judge the relative loudness of sounds by the ratio of the sound pressures (a logarithmic
behavior), SPL is described by taking the logarithm of the odthe sound pressure to a reference
pressure. Use of a logarithmic scale compresses the wide range of measured pressure values into a

more useful scale.

SPLsire normally expressed in decibels. A decibel is 1/10 of a bel, a unit of level when the logarithm is
to the base ten and the quantities concerned are proportional to pog#anerican National Standards
Institute, 2013) SPLn decibels is calculated as follows:

apbod

P
SA = 20|0g10a:._P—0

gref+

where P is the sound pressure angiB the reference pressure. Unless stated otherwise, the pressure

(P) is the rms value of the pressuf(@merican National Standards Institute, 20118) some situations,

SPL is calculated for the peak pressure rather than the rms pressure. On the occasions when rms
pressure is not used, the pressure metric will be stated (e.g., peak SPL means an SPL calculated using the

peak pressure rather than thens pressure).

When a value is presented in decibels, it is important to also specify the value and units of the reference
0§KS ydzYSNAO @I fdzS A&
and the numeric value and unit of the referemquantity. For example, a pressure of 1 Pa, expressed in
decibels with a reference of 1 micropascal (uPa), is written 120 dB re 1 pPa. The standard reference
pressures are 1 pPa for water and 20 pyPa for air. The reference pressure for air, 20 pPa, is the
approximate lowest threshold of human hearing. It is important to note that because of the differences
in reference units, the same sound pressures would result in different SPL values for each medium (the
same sound pressure measured in water and imaiuld result in a higher SPL in water than in air, since
the in-air reference is larger). Therefor8PL# air and in watecannot bedirectly compared.

jdzt yiAG@d b2NYEEEe

1.2.3  Sound Exposure Level

AAPSYys T

Sound exposure level (SEL) can be thought of as a composite metric that represents both the SPL of a
sound and its duration. Individual timearying noise events (e.g., a series of sonar pings or an impulsive
sound) have two main characteristics: (1) asgpressure that changes throughout the event anda2)

1-5
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period during whicla receivers exposed to the sound. SEL can be provided for a single exposure (i.e., a
single sonar ping or single explosive detonation) or for an entire acoustic event (i.e., multiple sonar pings
or multiple explosive detonations). Cumulative SEL provides a meaftne net exposure of the entire
acoustic event, but it does not directly represent the sound levelgiten time. SEL is determined by
calculating the decibel level of the cumulative siwfasquared pressures over the duration of a sound,
with units of dB re 1 micropascal squared seconds (re ig)Par sounds in wateand dB re 20

micropascal squared seconte 20 uP4&s) for sounds in air.

Guidelinedor SEL are as follows:

1 The numeric value of SEL is equal to the SPbiéaecond sound that has the same total
energy as the exposure event. If the sound duratioonie second, SPL and SEL have the same
numeric value (but not the same reference quantities). For examp@gasecond sound with
an SPL of 100 dB re 1 pPa has a SEL of 100 dB r&s1 pPa

{1 If the sound duration is constant but the SPL changes, SEL will change by the same number of
decibels as the SPL.

T If the SPLis held constant and the duration (T) changes, SEL will change as a function of
10logo(T):

(0]

(0]
(0]
(0]

10 log,(10) = 10, so increasing duration by a factor of 10 raises SEL by 10 dB.

10 log,(0.1) =10, so decreasing duration by a factor of 10 lowers SEL by 10 dB.

10logp6 HO F 03X a2 R2dzofAy3d GKS Rdz2NF A2y AYyONSBI :
10 logo6 ™ K +8,0s0 Halving the duration lowers SEL by 3 dB.

Figurel-2illustrates the summation of energy for a succession of sonar pings. In this hypothetical case,
each ping has the same duration and SPL. The SEL at a particular location from each individual ping is
100 dB re 1 yPa (red circles). The upper, blue curve shows the running total or cumulative SEL.
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Figurel-2: Summation of Acoustic Energy from a Hypothetical, Intermittently Pinging,
Stationary Sound Source

After the first ping, the cumulative SEL is 100 dB re tquBacaiseeach ping has the same duration
and SPL, receiving two pings is the same as receiving a single ping with twice the duration. The
cumulative SEL from two pings is therefore 103 dB re 2qiFhae cumulative SEL from four pings is 3 dB
higher than the cumulative SEL from two pings, or 106 dB re ZspPach doubling of the number of
pings increases the cumulative SEL by 3 dB.

Figurel-3shows a more realistic example where the individual pings do not have the same SEL. These
data were recorded from a stationary hydrophone as a sound source approached, passed, and moved
away from the hydrophone. As the source approached the hydrophonergibeived SEL of each ping
increaseal. After the source passed the hydrophone, the received SEL from each ping decreased as the
source moved farther away (downward trend of red line), although the cumulative SEL increased with
each additional ping received (slight upward trend of blue liifié@ge main contributions are from those

pings with the highest individual SELs. Individual pings with SELs 10 dB or more below the ping with the
highest level contribute little (less than 0.5 dB) to the total cumulative SEL. This is shegurel-3,

where only a small error is introduced by summing the energy from the eight individual pings with SEL
greater than 185 dB re 1 pRa(black line), as opposed to including all pings (blue line).



Version 20262 July 2026

205
200}
cumulative SEL cumulative SEL
I all pings {ping ELs > 185 dB |
”“195 (all pings) re 1 pPa’-s)
[
Nm
2 190}
&
% 1851
—d
LLJ
“ 180}
e individual SELs
170 . . . : . .
0 5 10 15 20 25 0 35
ping number

Note: dB = decibel€Ls = exposure leveBEL = sound exposure lewa, re 1 pPas = decibels with
a reference of 1 micropascal (pP&juared per second

Figurel-3: CumulativeSELlunder Realistic Conditions with a Moving, Intermittently Pinging
Sound Source

1.2.4 Particle Motion

The particles of a medium (e.g., water or air) oscillate around their original position as a sound wave
passeghrough. Particlemotion compriseatrticle displacement (m or dB redm), particle velocity

(m/s or dB re hm/s?), andpatrticle acceleration (m/3or dB re 1 um/% (Nedelec, Campbell, et al.,

2016) Note that particle velocity is not the same as sound speed, which is how fast a sound wave moves
through a medium. Particle motionasodirectional, whereasoundpressure measuremes#re not

(Nedelec, Campbell, et al., 2016)

Nearacoustic boundariege.g., the seafloor anskea surfacgand in the shallow waters, the relationship
betweensoundpressure and particle motiols complexand it is necessary to measure particle motion
directly (Nedelec, Campbell, et al., 2018} distancesdr from a sound sourcg.e., in the far fieldand
without boundaryinteractionsthat could cause wave interference, particle velocity is directly
proportional to sound pressurddowever, oser to a sound sourdg.e., in the near field)the particle
velocitycomponent of the fielccontains more energy than the sound pressure component of the.field
The rate of decline of particle velocity in the near field depends on the nature of the sound source and
its movement pattern(Harris & van Bergeijk, 196J}he distancdrom a source at which theear field
transitions to thefar fieldis related to thewavelength of thesignalwith a greater distance for lower
frequencies

1.25 Intensity

The intensity of a sound wave (I) is defined as the amount of energy per second (power in units Watts)
propagating through $quare meteof a medium (e.g., seawater). A propagating sound wave carries

020K 1AYSGAO SySNHe 2F | YSRAdzYQa LI NIAOfSa Ay Y:

the acoustic impedance of the medium (sound pressure [p]) and is calculated as follows
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0 no
Intensity and velocity are both vector quantities with a magnitude and directiba.iotion of particles

in a sound wavaregenerallyoriented in the direction of propagation at a velocity equal to the velocity
of sound (c). In a plane wave, the sound pressure is related to the particle velocity by:

n " Qoré —
2 KSNBE G(GKS FtdzAR RSyairide o0 0 FYyR @St20A0é 27F azdzF
medium. Therefore, for a plane wave, the instantaneous intensity is related to the instantaneous sound
pressure by:
0 rl_~
W
1.2.6 Impulse

Impulse is a metric used to describe the pressure and time component of a pressure wave. Impulse is
typically only considered fdrigh-energy exposures to impulsive sources, such as expostiraarine

specieglose to explosives. Specificaflyessureimpulse is the time integral of the pressure with units

of Pascabeconds (P& 0 @ L YLJzt aS Aa | YSI &dzNBR ljdzZh ydAade GKI G
which is not a measurement term, but rather describes a type of sound$setonl.1.5 Impulsive

Versus Norimpulsive Sounds

1.3 PREDICTING HOW SOUND TRAVELS IN WATER

While the concept of a sound wave traveling from its sourcerecaiveris straightforward sound
propagation is complex because of the simultaneous presence of numerous sound waves of different
frequencies and source levdise., the sound radiated by a projecto¥/aves undergahanges in
direction(i.e., reflection refraction,anddiffraction) that can causéterferences (waves adding

together or cancelling one another ou€cean lottom types,waterdensity,and surface conditions also
affect sound propagation. While simple examples are provided here for illustration, the Navy Acoustic
Effects Model used to quantify acoustic exposures to marine mammals and sea tortlsidershe
influence of multiple factors to predict acoustic propagation [see technical repoantifying Acoustic
Impacts on Marine Mammals and Sea Turtles: Methods and Analytical Approach forYPhesaing

and TestingU.S. Department of the Navy, 2024c)

1.3.1  Speed of Sound

The speed of sound is not affected by the SPL or frequency of the shidieghends wholly on
characteristics of the medium through which it is passiing speed of sound (@3 calculated using the

bulk modulus (Bwhich describes resistance to compression, and demsityv 2 F , wihsHagel (G S NJ
influenced bythe pressure and temperaturef the medium

~ 0
&)

Sound travels faster through a medium that is harder to compress. For example, water is more difficult
to compress than air, and sound travels approximately 340 m/s in air and 1,500 m/s in sea\ater.

density ofair is primarily influenced by temperature, relative humidity, and pressure, because these
attributesaffect the density and compressibility of air. Generally, the speed of sound in air increases as




Version 20262 July 2026

air temperature increaseJ he density of seawater is primarily influenced by temperature, pressure, and
salinity.In general, hedensityis higher for colder temperaturebjgher hydrostatic pressure, and higher
salinity. Thespeed of sound in seawater also increases with increasing temperature and, to a lesser
degree, with increasing hydrostatic pressure and salinity

The combination of effects frot@mperature, pressure, and salinityeates a sound velocity profile
Figurel-4 showsthe independent relationship each of these three attributess/ewith depth. For most
areas of the ocean, temperature decreases from the surface to the botthmpugh there aranany
local variations. Shallow layers see the most variation with time and depth (e.g., surface mixing, solar
heating, currents, seasonal variationahd d deeper layershe temperature becomes relatively
constantat 4°C Hydrostatic pressure makes the speed of sound increase with depth because of
variations in the bulk modulug®elow 1,500neters n), the increasing hydrostatic pressure is the
dominant factoron sound speedThe change in the mix of pure water and dissolved salts affects the
speed of sound. Salinityas minimal variatiomvith depth, but there can be stronger variations near
areas with freshwater inputs such as river estuaries and meltingribemogeneitiesn seawateican
alsoaffect the speed o$ound and include bubble layers close to the surface, mineral particles in
suspension, and living organisms.

1-10
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Figurel-4: Sound Velocity Profile (Sound Speed) Is Related to Temperature, Salinity, and
Hydrostatic Pressure of Seawater

Figurel-4 also shows an example of a standard sound velocity profile and its four distinctive layers:

The sirface layetends to be irregular and iafluenced by diurndgi.e.,daily) heating and cooling

mixing fromcurrents,local wind actionand stormsandchanges in salinitgue toevaporation,
precipitation,freezing, ice meltand river runoff The surface layer may contain a mixed layer of
isothermal(i.e., nearly constant temperaturgjater that traps sound. Under prolonged calm and sunny
conditions the mixed layer does naxistand water temperature decreases with depffhe asonal
thermocline(i.e.,temperature gradient)s influenced by seasonal heating and cooling and mixing from
wind action and storra The seasonal thermoclirie characterized by temperature decreasing with
depth. During the summer and fall when waters are wathe seasonal thermocline is well defined.
However, during winter and sprirgy in cold watersthe seasonal thermoclinean beindistinguishable
from the surface layefThe nain, or permanent thermoclingis independent of the surface layés only
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slightly affected by seasonal changeithin a localized areand is wherehe major temperature
differencebetween thecold depths of the seaccurs The main thermocline extends to about 300 m
andmarks the limitwhere temperature has the most influence soundvelocity due to less mixing at
greater depthsThedeep isothermal layeis defined bya nearly constant temperature arabund
velocityis mainly influenced by pressurAt the inflection point wheresoundvelocity decreases with
depth in the main thermocline, and whesmundvelocity begins to increase in the deep isothermal
layer, is whereasoundvelocity minimum occurs and soud depth is focusethy refraction.

1.3.2  Source Directivity

Most sonar and other active acoustic sources do not radiate sound in all direatiaik® noise from
vesselsandexplosionsfor example Rather, they emit sounds over a limited range of angles to focus

sound energy on a specific area or object of interest. The specific angles are sometimes given as

K2NRAT 2y Gt 2N OSNIAOIE 60SEHY GARIGKS® {2¥8232A¢zRRDSA ¢
GKSY &a2dzyR SYSNHe& Aa&a NIRAFGSR Ay I AMYZAAISARY RANS O
when sound energy is directed toward the bottom.

1.3.3  Transmission Loss

As a sound wave passes through a medium, the sound level decreases with distance from the sound
source. This phenomenon is known as transmission(lbissThe transmission loss is used to relate the
source SPL (SL), defined as the SPL produced by a sound sdumgeaat the received SPL (RL) at a
particular location, as follows:

YO YO YO
The main contributors to transmission loss are as follfwrgck, 1983)and are discussed in detail below

1 Geometric spreading of the sound wave as it propagates away from the source
f  Sound absorption (conversion of sound energy into heat)
f Scattering, diffraction, multipath interference, and boundary effects

1.3.3.1 Spreading Loss

Spreading loss is a geometric effect representirgregular weakening of a sound wave as it spreads
out from a source. Spreading describes the reduction in sound pressure caused by the increase in
surface area as the distance from a sound source increases. Spherical and cylindrical spre#uéng are
simplest formsf spreading loss.

In the simple case of sound propagating from a point source without obstruction or reflection, the

sound waves take on the shape of an expanding sphere. An example of spherical spreading loss is shown
in Figurel-5. As spherical propagation continues, the sound energy is distributed over adeeger

area following the inverse square law: the pressure of a sound wave decreases inversely with the square
of the distance between the source and the receptor. For eXargoubling the distance between the
receptor and a sound source results in a reduction in the pressure of the sound ttoarté of its

initial value, tripling the distance results in ominth of the original pressure, and so decauseahe

adzNF I OS I NB I 2 @terelis tielspa&eN@Ediug, the amand&lin SPL with distance r from the
source is proportional to the radius squared. This relationship is known as the spherical spreading law.
TheTLfor spherical spreading between two locations is:

YO ¢m € Q
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1 2 x distance, 6 dB loss
1 3 xdistance, 10 dB loss
1 10 x distance, 20 dB loss

Figurel-5: Graphical Representation of the Inverse Square Relationship in Spherical
Spreading withincreasingDistance from theSource (d)

In cylindrical spreading, spherical waves expanding from the source are constrained by the water surface
and the seafloor and take on a cylindrical shape. In this case the sound wave expands in the shape of a
cylinder rather than a sphere, and the transsie loss is:

YO pmm € Q
1 2 xdistance, 3dB loss

1 3 xdistance, 5dB loss
I 10 x distance, 10 dB loss

The cylindrical and spherical spreading equations above represent two simple hypothetical cases. In
reality, geometric spreading loss is more spherical near a source and more cylindrical with distance, and
is better predicted using more complex models thatount for environmental variables, such as the

Navy Acoustic Effects Modeke technical reporQuantifying Acoustic Impacts on Marine Mammals

and Sea Turtles: Methods and Analytical Approach for ANagaining and Testin@J.S. Department of

the Navy, 2024c)

1.3.3.2 Absorption

Absorptionlossis theconvesionof acoustic energto heat and kineti@energyand occurs whesound
propagaesthrougha medium(Urick, 1983) Absorption is directly related to sound frequency, with
higher frequencie$>10 kHzhaving higher rates of absorptiofthemaincause ofabsorption in sea
wateroccursbelow 100kHzandis due to ionic relaxationfalissolved salt§rimarily magnesium
sulfate) Therefore, absorption is the cause af appreciableamount of attenuation for highand very
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high-frequency sound sources, reducing the distance over which these sources may be perceived
compared to midand lowfrequency sound sources with the same source level.

1.3.3.3 Refraction

When a sound wave propagating in a medium encounters a second medium with a different density
(e.g., the akwater boundary), part of the incident sound will be reflected back into the first medium

and part will be transmitted into the second medikinsler et al., 1982)The propagation direction will
change as the sound wave enters the second medium; this phenomenon is called refraction. Refraction
may also occur within a single medium if the proper(esy., temperaturepf the medium change

enough to cause a variation in sound speed.

As discussed iBectionl.3.1, Speed of Soundhe sound speed in the ocean primarily depends on

hydrostatic pressure (i.e., depth) and temperature. Although the actual variations in sound speed are

small, the existence of sound speed gradients in the ocean hagfae ciableeffect on the propagation

of sound in the ocean. If one pictures sound as rays emanating from an underwater source, the

propagation of these rays changes as a function of the sound speed profile in the water column.

Specifically, the directions of the mypend toward regions of slower sound speed. This phenomenon
ONBIGS4&4 Rdz0Ga Ay 6KAOK &az2dzyR 60S02YSa aGiNFLIWISRIE
distances within certain depth boundaries. During winter months, the reduced sound spéteal at

surface due to cooling can create a surface duct that efficiently propagates sound such as commercial
shipping noiseKigurel-6).

Surface Duct

Convergence Zone

|
Bottom
Bounce

Note: 1 kiloyard (kyd) = 0.9 km

Figurel-6: SoundPropagation Showing Multipath Propagation andConditions for
Surface Duct
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Sources located within this surface duct can have their sounds trapped, but sources located below this
layer would have their sounds refracted downward. The deep sound channel, or sound frequency and
ranging (SOFAR) chanisdletween600; 1,200 mdeepat mid-latitudesand is whereghe slowest sound
speed(i.e., sound speed minimum) occulifie sound speed minimurreatesawaveguidewhere

sourd waves are continually bent, or refracted, towards the region of lower sound spééth allows
sound to travel long distances with minimal attenuation.

Similarly, the path of sound will bend toward regions of lower sound speed in air. Air temperature

typically decreases with altitudeSince the speed of sound decreasesooler temperaturessounds

produced in air tend to bend skyward. When an atmospheric temperature inversion is present, air is

022t SNJ ySI NJ (itkaf at Sititudd KO &K YRFENBDE2Yy O2yRAGAZ2YyaS &2
surface will tend to refract downward.

1.3.3.4 Reflection and Multipath Propagation

In multipath propagation, sound may not only travel a direct path (with no reflection) from a source to a
receiver, but also be reflected from the surface or bottom multiple times before reaching the receiver
(Urick, 1983)Reflection is shown iRigurel-6 at the seafloor (bottom bounce) and at the water

surface. At some distances, the reflected wave will be in phase with the direct wave (their waveforms
add togetheland create a convergence zonand at other distances the two waves will be out of phase
(their waveforms cancel). The existence of multiple sound paths, or rays, arriving at a single point can
result in multipath interference, a condition that permits the addition and cancellationveen sound
waves, resulting in the fluctuation of sound levels over short distances.

Reflection plays an important role in the pressures observed at different locations in the water column.
Near the bottom, the direct path pressure wave may sum with the bottertected pressure wave,

increasing the exposure. Near the surface, however sinéacereflected pressure wave may

destructively interfere with the direct path pressure waby,&d Odzi G Ay 3 2FF¢é¢ (GKS o1 @S
exposure (called the Lloyd mirror effect). This can cause the sound level to decrease dramatically within
the top few meters of the water column.

1.3.3.5 Diffraction, Scattering, and Reverberation

Diffraction, scattering, and reverberation are examples of what happens when sound waves interact
with obgacles in the propagation path.

Diffraction may be thought as the change of direction of a sound wave as it passes around an obstacle.
Diffraction depends on the size of the obstacle and the sound frequency. The wavelength of the sound
must be larger than the obstacle for notable difftiaa to occur. If the obstacle is larger than the
wavelength of sound, an acoustic shadow zone will exist behind the obstacle where the sound is unlikely
to be detected. Common examples of diffraction include sound heard from a source around the corner
of a building and sound propagating through a small gap in an otherwise closed door or window.

An obstacle or inhomogeneity (e.g., smoke, suspended particles, gas bubbles due to waves, and marine
life) in the path of a sound wave causes scattering as these inhomogeneities reradiate incident sound in
a variety of directiongUrick, 1983) Reverberation refers to the prolongation of a sound, after the

source has stopped emitting, caused by multiple reflections at water boundaries (surface and bottom)
and scattering.
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1.3.3.6  Surface and Bottom Effects

Because the sea surface reflects and scatters sound, it has a major effect on the propagation of
underwater sound in applications where either the source or receiveris at a shallow fgptk, 1983)

If the sea surface is smooth, te@ergy from aeflectedsoundwaveis nearly equal to thenergy ofan
incident(i.e., incomingyoundwave however, if the sea surface is rough, the amplitude of the reflected
sound wave will be reduced. Sound wavesvaterreflected froma boundary withair (i.e., thesea
surface experience a phase revergak.,a180 change)When the surfaceeflected waves interact
with the direct path waves near the surface, a destructive interference pattern is created in thkich
two waves are out of phase Ihalf a cycleand canceéach other out when addetbgether. As aresult,

the amplitude of the two waves aritie soundpressurebecomezero.

The sea bottom is also a reflecting and scattering surface, like the sea surface. Sound interaction with
the sea bottom is more complex, primarily because the acoustic properties of the sea bottom are more
variable,and the bottom is often layered into regions of differing density. As sound travels into the
seafloor it reflects off these different density layers in complex ways. For sources in contact with the
bottom, such as bottorplaced explosives, a ground waggroduced that travels through the bottom
sediment and may refract back into the water column.

Sdiment grain sizecomposition and the measure of pore space (i.jgorosity) affect sound

propagation and attenuation at the sea floor. In addition, sediments contain free or trapped gas and/or
organic content which can affect the bulk properties of the sediment.a hard bottom such as rock,

the reflected wave will be approximately in phase with the incident wave. Thus, near the ocean bottom,
the incident and reflected sound pressures may add together (constructive interference), resulting in
increased sound psure near the sea bottom. Soft bottoms such as mud or sediment absorb sound
waves and reduce the level in the water column overall.

1.34 Air -Water Interface

Sound from aerial sources such as aircraft and weapons firing may be transmitted into the water under
certain conditions. The most studied of these sources are fixe aircraft and helicopters, which

create noise with most energy below 500 Hnderwater roise levels are highest at the surface and are
highly dependent on the altitude of the aircrathe angle at which the aerial sound encounters the
watersurface andthe amount of wave action and surface roughneBsansmission of the sound once it

is in the water is identical to any other sound as described in the sections above.

Transmission of sound from a movjagrborne source to a receptor underwater is influenced by
numerous factors and has been addressedrbung (1973)Urick (1983)Richardson, Greene, Malme,

et al. (1995) Eller and Cavanagh (2000).S. Department of the Air Force (2008hd others. Sound is
transmitted from an airborne source to a receptor underwater by four principal means: (1) a direct path,
refracted upon passing through the awater interface; (2) direetefracted paths reflected from the
bottom in shallow water;§) evanescent transmission in which sound travels laterally close to the water
surface; and (43cattering from interface roughness due to wave motion.

At the airwater interface sound can either be transmitted across thewaater boundary or reflected

off the water surface. When sound waves meet the water at a perpendicular angle (e.g., straight down
from an inair source to a flatvater surface), the sound waves are both tramed directly across the
water surface in the same direction of travel and reflected d8fgreesback toward the original

direction of travel. This can create a localized condition at the water surface where the incident and
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reflected waves sunresulting in constrative interference anddoubling the irair overpressure (+ 6

dB). As the incident angle of the-@ir sound wave changes from perpendicular, this phenoarsa

reduced, ultimately reaching the angle where sound waves are parallel to the water surface and there is
no surfacereflection.

The sound that enters the water is refracted due to the difference in sound velocity between air and
water, as shown ifrigurel-7. As the angle of the iair incident wave moves away from perpendicular,
the direction of travel of the underwater refracted waves becomes closer to parallel to the water
surface. When the incident angle is reach#te underwater refracted sound wave is parallel to the
water surfaceandall the sound is reflected into the air and no sound enters the water. This occurs at an
angle of about 18 14 degrees As a result, most of the acoustic energiransmitted into the water
through a relatively narrow cone extending vertically downward from thaiirsource. The width of the
footprint would be a function of the source altitude. Lesser amounts of sound may enter the water
outside of this cone duestsurface scattering (e.g., from water surface waves that can vary the angle of
incidence over an area) and as evanescent waves that are only present very near the surface.

If a sound wave is ideally transmitted into water (that is, with no surface transmission loss, due to
foamy, wave conditions that could decrease sound entering the waterSBienderwater is calculated

by changing the pressure reference unit from 20 pPain air to 1 pPa in water. For a sound with the same
pressure in air and water, this calculation results in a +28@ water compared to airSounds of

equal intensity, however, will be 62 dB higher in water than in air. This is due not only to the difference
in reference pressurdsutalso differences in impedancEor this reason, soundeasurements water

and in aircannotbe directly compared.

AIRBORNE NOISE SOURCE

':RIN%HH‘ED\.\ '“ZL“‘_-.L,_‘_‘ H f'i \_c:: Surlace

Y PATHS . \ ", Scatier
e o\ i |~
N AN SE
m \ ; \\‘."\ ’; "“:b RECEWER
SEA BOTTOM ) {m

7

Source(Richardson, Greene, Malme, et al., 1995)

Figurel-7: Characteristics of Sound Transmissidhrough the AirWater Interface
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14 AUDITORY PERCEPTION

Animals with an eardrum or similar structure, including mammals, birds, and reptiles, detect the
pressure component of sound. Some marinediséilso have specializations to detect pressure changes,
although most invertebrates and many marine fisldo not have anatomical structures that enable

them to detect the pressure component of sound and are only sensitive to the particle motion
component of sound. This difference in acoustic energy sensing mechanisms limits the range at which
fishes and invertebratesan detect most sound sources.

Because mammalian ears can detect large pressure ranges and humans judge the relative loudness of
sounds by the ratio of the sound pressures (alogarithmic behavior), sound amplitude is described by the
SPL, calculated by taking the logarithm of the rafithe sound pressure to a reference pressure (see
Sectionl.2.2 Sound Pressure LeyeUse of a logarithmic scale compresses the wide range of pressure
values into a more usable numerical scale. On the decibel scale, the smallest audible sound in air (near
total silence) to a human is 0 dB re 2Pa. If the sound intensity increases by a factor of 10, the SPL
would increase to 10 dB re 20Pa. If the sound intensity increases by a factor of 100, the SPL would
increase to 20 dB re 3@Pa, and if the sound intensity increases by a factor of 1000, the SPL would be
30dB re 2QuPa. A quiet conversation has an SPL of about 50 dBu&0vhilea jet engine taking off

200 ft away is about30 dB re 2qQuPa(Cavanaugh & Tocci, 1998)

While sound pressure and frequency are physical measafréhe sound, loudness is a subjective

attribute that varies not onlyvith sound pressure but also other attributes of the sound, such as
frequency. For example, a human listener would perceive a 60 dB re 20 pPa sound at 2 kHz to be louder
than a 60 dB re 20 pPa sound at 50 Hz, even though the SPLs are identical. This edidatddiceable

at lowerSPLshowever, at very higgPLsthe difference in perceived loudness at different frequencies
becomes smallefThisdifference in perception for sounds having the same SPLs but different
frequencies is related to the hearing capabilities of the individual or species.

The most accurate tests for determining the hearing capabilities of animals are direct measurements of
auditory sensitivity. Théwo standardtypes of hearing tests ard) behavioral, wherean animal is

trained toprovide a responseo sound ard 2) physiological, wherg without any trainingci KS o N> Ay Q&
responses to sound are measured (auditenyoked potentials, or AEP&-inneran, 2015During these

tests, the sound iplayed at progressively lower levelstil the animal can no longer hearat until the

ONI Ay Q& NBaLRyasS a, adkhBheaird) thieshyldd SBNEPIRAR @ r@itkeid. I e

hearing thresholdsthe quietest audible soundso a low hearing threshold indicates more sensitive

hearing When multiple frequencies are tested across the hearing range of an animal, a plot called an
audiogramillustrateshow hearing threshold&changesas a function ofoundfrequency.An example of

an audiogram is shown Figurel-8.
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Notes:(dB = decibels; kHz = kilohérfzhe area within the solid curve represents audible
sounds. The dotted line illustrates that the listener is not as sensitive to frequencies
on the tail ends of the curve as the frequencies that align with the bottom of the
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hearing sensitivity, also called the region of best hearing. Marine mammal auditory
sensitivity typically decreases more slowly at frequencies lower than the best
frequency and decreases more quickly f@duencies higher than the best

frequency.

Figurel-8: Example of an Audiogram

To account for differences in hearing sensitivity at various frequencies, acoustic risk analyses commonly

useauditory weighting functioms Y G KS Y G A O f
6FaA8R 2y K28
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unweighted received level of a 500 Hz tone at a human receiver was 90 dB re 20 pRayeighted
sound level would be 90 dB3 dB = 87 dBA because themeighting function amplitude at 500 Hz-&

dB(Figurel-9). Many measurements of sound in air appear aswéighted decibels in the literature
because the intent of the authors is to assess noise impacts on humans.

The auditory weighting concept can be applied to other species. When used in analyzing the impacts of
sound on an animal, auditory weighting functions adjust received sound levels to emphasize ranges of
best hearing and demphasize ranges of less or naoséivity. Auditory weighting functions were
developed for marine mammals and sea turtles and are used to assess acoustic iagditsnal

information on auditey weighting functiongind their derivatiorare described in theCriteria and

Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase V) technitaSeport

Department of the Navy, 2024a)

Masking occurs when noise interferes with the detection, discrimination, or recognition of the relevant
sound or signgErbe et al., 2016 Auditory masking is defined as the amount in dB by which the
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threshold of hearing for one sound is raised by the presencenmdigking soundAcoustical Society of
America, 2015)Masking occurs only in the presence of the masking noise and does not persist after the
cessation of the noise.

A-Weighting Network of Sound Level Meters
0 +1 +1
0 - -
-1
o 10 - 1
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Notes: (dB = decibels; Hz = heyfzhe numbers along the curve indicate how a received sound level
would be adjusted at that frequency.

Figurel-9: A-Weighting for Human Hearing of Sounds in Amdapted fromOSHA)

15 ACOUSTIC PROPAGATION IN SMALL TANKS

Although it is common to conduct bioacoustic research in small tanks withsfigtvertebrates, and

other taxa, results from such experiments should be considered with caution due to the complicated
acoustic fields that exist within small tank environmes«amatsu et al., 2002)n a natural
environment such as the open ocean, the particle velocity component of a signal contains more energy
closer to the source (i.e., in the near field) compared to sound pressure. As sound propagates away from
the source, thigelationship shiftsnto alinear one as the two decay at the same ratehe far field. In a

small tank, the acoustic field is complicated by boundaries, specifically tweater interface at the

walls and floor of the tank, and at the water surfg@de&kamatsu et al., 2002Yhese boundaries cause
multiple overlapping reflections that alter the relationship between particle motion and sound pressure

in the neafield, attenuate thdow-frequencycomponents of the sound, and distort the directionality of

the signalAs described igection1.1.8 Resonanceit is known that small containers have resonant
frequencies depending on their physical dimensions. When the acoustic signal used in an experiment
2OSNI LA GKFEG 2F GKS GFyl1Qa NBaz2ylyd FNBIdzSyodex
dimensions of small tanks can be shorter than the wavelength of the signal used in bioacoustic
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experiments, further complicating the potential received signal. The placement of the sound source is
also an important consideration as there is evidence that the source characteristics may vary at the
receiver depending on whether the transducer is l@dhin-water (within the tank) or irair (adjacent to

the tank)(Rogers et al., 2016)t is important for laboratory tests in small tanks to properly measure and
characterize the sound field considering reverberations and refractions off the boundaries of the tank
(Takahashi & Akamatsu, 2018k well as the test subject itself (especially when using animals that
contain air filled organs). In the absence of such considerations, experiments conducted in small tanks
may overestimate or mischaracterize the results.

1.6 EXPLOSIVES

Explosive materials used in Nawylitary readiness activitieare either (1) high explosiv€slE)material

has afastrate of detonation (exceeding the speed of sound), or (2) low explosives, which exhibit a
relatively slow burn, or deflagration, such as black powder. Because low explosives are typically used in
small quantities and have less destructive power, discussion beloviocuses on high explosives.

The rate of detonation of a high explosive is supersonic and instantaneous, producing a steep, high
pressure shock wave that travels forward through explosive matditiaé shock front is produced by

the supersonic expansion of the explosive products, but as the shock front travels away from the
immediate area of the detonation, it begins to behave as an acoustic wave front travelling at the speed
of sound.

The neatinstantaneous rise from ambientto extremely high peak pressure is what makes the explosive
shock wave potentially damagingxplosive exposures are usually characterized by the metrics of

impulse and peak pressuréhepositive impulse is calculated by integrating the positive pressure over

the duration of the positive phas@&he positive pressure produced by an explosion is also referred to as
overpressure. As the shock front passes a location, the positive pressure exponentially decays, as shown
in Figurel-10. As the shock front travels away from the detonation, the waveform is stretchibd

peak pressure decreases while the positive duration increases. Both the reduction in peak pressure and
stretching of the positive impulse reduce the potential for injury. In addition, absorption losses of higher
frequencies over distance results in@ftening of the shock front, such that the rise to peak pressure is

no longer near instantaneous.
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Figurel-10: Impulse Shown as a Function of Pressure over Duration at a Specific Location

The peak pressure experienced by areceptor (i.e., an animal) is a function of the explosive material, the
net explosive weightNEW) and the distance from the chargdEWs a way to classify and compare
guantities of different explosive compounds. TREWfor agivencharge is the energetic equivalent

weight of trinitrotoluene(TNT) In general, shock wave effects near an explosive charge increase in
proportion to the cube root of the explosive weightoung, 1991)For example, shock wave impacts will
double when the explosive charge weight is increased by a factor of eightibe root of eight equals

two). Thiscube rootscalingelationship is known as the similarity princigledallowsfor a simple

prediction of peak pressure in a uniform free field environmenéstimateexplosive effects in air and

in water. However, at longer distances or in more complex environments with boundaries and variations
in the propagation medium, explosive propagation modeling is preferred.

16.1  Explosions in Air

Pressure waves from explosions iniaferactwith the airwater boundary as previously described
underSection1.3.4 Air-Water Interface In certain explosive geometries, depending on the size of the
explosive and its height of detonation, a combined shock wave, called a Mach stem, can be created
whendirect and reflected shock waves merged form a single wavéinney & Graham, 1989n

instances where this specific geometry does not occur, only the direct path wave is experienced because
there is no surface reflection (waves are parallel to or angled away from the water surface, such as
would occur when an explosive is detonatedla water surface), or separate direct and reflected
pressure waves may be experienced

1.6.2 Explosions in Water

At the instant of explosion underwater, gas byproducts are generated at high pressure and temperature,
creating a bubble. The heat causes a certain amount of water to vaporize, adding to the volume of the
bubble. This action immediately begins to force thater in contact with the blast front in an outward
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direction, creating an intense, supersoiicessure shock wave. As the highessure wave travels away
from the source, it slows to the speed of sound and acts like an acoustic wave like other impulsive
sources that lack a strong shock wave. Explosions have the greatest amount of arfezguencies
below 500 Hz, although energy is presatifrequencies exceeding 10 kHzrick, 1983) The higher
frequency components exhibit more attenuationttvdistance due to absorptiors€eSectionl.3.3.2
Absorption.

The shock wave caused by an explosion in deeper water may be followed by several bubble pulses in
which the explosive byproduct gases expand and contract, with correlateddmghiowpressure
oscillations. These bubble pulses lack the steep pressuré dfdhe initial explosive pulse, but the first
bubble pulse may still contribute to the total energy released at frequencies below 100ridk, 1983)
Subsequent bubble pulses contribute little to the total energy released during the expldsimk,

1983) If the detonation occurs at or just below theater surface, a portion of the explosive power is
released into the air and a pulsating gas bubble is not formed.

The pressure waves from an explosive can constructively add or destructively cancel each other in ocean
environments with multipath propagation, as described for acoustic waveSeawtionsl.3.3.3

Refraction and1.3.3.4 Reflection and Multipath Propagatiomhe received impulse is affected by the

depth of the charge and the depth of the receiving animal. Pressure waves from the detonation may
travel directly to the receiver dnteract withthe water surfaceor sea floobefore arriving at the

receiver. If a charge is detonated closer to the surface or if an animal is closer to the surface, the time
between the initial direct path arrival and the following surfaedflected tension wave arrival is

reduced, resulting in @sep negative pressure cdff of the initial direct path positive impulse

exposure. Two animals at similar distances from a charge, therefore, may experience the same peak
pressure but different levels of impulse at different depths.

2 ACOUSTIC HABITAT

Ambient noise is defined as encompassing all noise at a specific location and time in the absence of a
specified soundinternational Organization for Standardization, 201&inbient noise is continuous and

has considerable variaticgcross time and spagc&arying by as much ascfd dB from day to day
(Richardson, Greene, Malme, et al., 1998)e first systematic investigation of ambient noise was
performed byKnudsen et al. (194&nd examined the relationship between noise level, wind speed, and
sea stateWenz (1962 xpanded on the work bi{nudsen et al. (1948nd described the spectra of
natural and anthropogenic sources that contribute to noise in the oc&aju(e2-1). In general, the
ambient noise spectrum can be broadly categorized into three frequency kavesz, 1962)The low
frequency band (1300 Hz) is dominated by shipping noise, the #imejuency band (500 H25 kHz) is
governed by surface agitation from wind and weather, and the iigquency bandgreater than25

kHz) is influenced by thermal noise from molecular agitation of water molecules (partigriaater

than 50 kHz). Despite changes in the ocean environment, the Knudsen Curves and Wenz Curves are still
applicable and useful for understanding and estimating noise levels.

2.1 NATURAL NOISE

In underwater soundscape ecology, naturally occurring noise is categorized as geophony, which includes
natural sounds of the earth (e.g., wind, waves, and earthquakes), and biophony, which includes sounds
from living organisms (e.g., whales, fish, and siag shrimp) Anthropophony (human generated

signals) are not considered part of natural environmental ndiséhe absence of distant shipping noise,
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natural sources dominate the lorgrm, time-averaged ocean noisecrossall frequencies. When

distant shipping noise is present, natural sources continue to dominate-émegaged ocean noise

spectra below 5 Hz and from around 500 Hz to over 20qMitional Research Council, 2003; Wenz,

1962) Prevalent sources of naturally occurring noise discussed in this section are generated by
processes including wind, waves, rain, earthquakes, volcanoes, thermal noise, and biological sources.

INTERMITTENT AND LOCAL EFFECTS
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2.1.1 Surface Interactions

Prevaliling ambient noise associated with wind, waves, and rain has multiple contributing factors across a
broad frequency range from below 1 Hz to at least 50(fHigure2-1). Between 500 Hz and 25 kHz,

ambient noise is governed by wind speed, sea state, and resulting surface agitation including air bubble
cavitation and spray. At frequencies lower than 500 Hz, ambient noise is less correlated with wind speed
and sea state, ahas low as 5000 Hz no relationship exigf@/enz, 1962)Noise from shipping and other
anthropogenic activities become the prevalent sources of ambient noise at frequencies lower thidm 500
and it is difficult to discern the impact of wind related noise at lower frequer®ésnz, 1962)The wind
generated noisspectrafor a given sea stat@.e., Beaufort 1, 2, 3, 5, and 8kigure2-1) have a slopef -5
dB/octave(e.g.aloss ob dBof sound energy for eadioubledfrequency ranggor-18 dB/decaded.g.,a

loss of 18 dB of sound energy Bach tenfoldrequency rangeanda-29 dBin the spectrgrom 500 Hz to

25 kHZ{Knudsen et al., 1948Favitating air bubblethat formnear thesurfaceandgrow due toa process

called rectified diffusiorrbm pressure changes caused by wawestribute tooverall noise levels when
bubblescollapse Whitecaps and spray at the surfacan increasestimated noise levels fa given

Beaufort sea state ifigure2-1 by 45 dB when conditions are unusualiyndy, such as during a large

storm (Knudsen et al., 1948)ncontrast,estimated noise levels for a giv&eaufortseastate may be

lower than thosein Figure2-1whenthere is reduced spray and calm conditions.

At frequencies below 10 Hz, surface gravity wave interactions create pressure fluctuations. First order
pressure effects are due to the elevation and movement of water at the surface and causes subsurface
pressure fluctuations below 0.3 ldzless than 100 m deptfWenz, 1962)Second order pressure effects
occur when two surface waves with the same wavelength travel in opposite directions (e.g., from being
reflected offshore) This magniéis the crests and trougladform a standing wave with consistent
pressure across depth, and a frequency twice that of the two surface wabhesnoise spectruraf a
standing wavéhas a slope 0f8 to-10 dB/octave in the frequency range from 1 to 10(&enz, 1962)

Intermittent ambient noise from rain is affected by the rate of rainfall, droplet sided speedand area
covered.Together, these factorntribute tonoise levelgprimarilyabove 500 Hhowever, noisdevels
can extendo lower frequenciege.g., ifheavy raitfiall occurs with low wind speedi$Wenz, 1962)
Underwater noisdrom rainfallis generated by the impact of droplets on the water surface, and by
trapping a bubble underwater durirmsplash(Nystuen, 2001)Rain droplet size affects the underwater
sound spectrum. Small droplets (§182-millimieter [nm] diameter) have a strong signal in the spectrum
from 1325 kHz; medium droplets (2.0 mm diameter) have a signal fror8@ kHz; large droplets (2;0
3.5mm diameter)have a signal from-35 kHzwith a peak in the spectrum at2kHz and very large
droplets (greater than 3-5nm diameter) have a signal froreD kHawith apeak in the spectrum frm 1-2
kHz(Nystuen, 2001)During light rainfalthe ambientnoise level can increase by-20 dB around 15 kHz
(Nystuen & Farmer, 1987)n the 150 kHz range, heavy rainfall can increase the noise level up to 35 dB,
and during extreme rainfall events (rajesater than100 mm/hour) the noise level can increase up to 50
dB(Nystuen, 2001)

2.1.2  Biological Sources

Biological sources with an appreciable contribution to underwater ambient noise levels are briefly
summarized here. Additional details on sounds from biological sources are provitledgigctions below.

Marine mammal vocalizations cover a wide frequency range fem® thanl0 Hz tcaround200 kHz.
Broadband clicks and burst pulse signals produced by odontocetes can be used for echolocation,
navigation, prey capture, and communication and have peak energy between approximately 10 and 150
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kHz. Odontocetes also produce whistles for communication with fundamental frequencies between
approximately 1 and 5KHz. Vocalizations from mysticetes are lower frequency, from tens of Hertz to
typicallyless tharnlO kHz, and have the potential to be detected over long distarfeeisexamplelow-
frequency blue whale caltsan be heard by other whales up to 1,600 km awiy exception are

humpback whalesvhich can produce calsver10 kHZ Zoidis et al., 2008yith harmonicsup to 24 kHz

(Au et al., 2006)Calls from mysticetes are diverse and complex in composition and are used for breeding,
feeding, navigation, and communication. Depending on the timing and location, marine mammal
vocalizations can be the dominant source of underwater noise in a regioexample, vocalizations
produced by migrating mysticetes can seasonally increase ambient noise levels an aver&giBodrd

up to 25 dB in the 22 Hz bandCurtis et al., 1999)

Many species of fish produce pulsed signals with most energy below 1 kHz for communication, courtship,
mating, aggressive interactions, and when in dist(&&dional Research Council, 200B)e occurrence of

fish sounds can also exhibit diurnal, lunar, seasonal, and annual temporal variability. Sounds are produced
by individuals, and collectively, many individuals produce choruses which can cause a sustained increase of
10-30 dB in ambient noise levels under 3 KBato, 1978; D'Spain & Batchelor, 2006)

Sounds from marine invertebratese prolificin bays, harborestuariesand coastal areagnd can be a
major source of biological noisE&napping shrimp produce high intensity, broadband impulses to
communicate, deter predators, and stun prey. Sounds they produce havespeagyfrom 2-5 kHz with
spectral components up to 250 kidku & Banks, 1998nd can increase ambient noise levels up to 20
dB(Hildebrand, 2009)They occur in large aggregations in shrimp beds and are prevalentougat in
shallow and warm waters between-40degreedatitude (Knudsen et al., 1948pnap rates are
positively correlated with water temperature, and noise levels can vary up to 15 dB in #20 kH5z
frequencyband between winter and summéBohnenstiehl et al., 20150\though sounds from
snapping shrimp are the most prevalewther marine invertebrates generasounds as well. For
example sea urchingenerate a scraping souriiring feeding from 800 to 2,800 KRadford et al.,
2008), and spiny lobstergenerated N2 | Ro | Yy R LJdzf 4 Sa Qotdnfiafy forinird y G Sy y I ¢
specific communicationyith most energy below 1 kHaezequel et al., 2022)

2.1.3  Geologic Activity

Geologic activity primarily contributes to ocean no&drequenciedess thanl00 Hz. Earthquake

generated acoustic waves in the ocean are calledhVes (tertiary waves) and produce intermittent sound

at low frequencies. Earthquakes can occur under the ocean, ftwariginate on langdand propagate
between the land and ocean interface. Small earthquakes are more frequent and almost continuous in
seismically active regions (e.g., the Midantic Ridge and the East Pacific Rise). Recordings of earthquakes
at the Mid-Atlantic Ridge havan estimated average source level between 199 and 234 dB re 1 puPa
(Williams et al., 2006)and a 20 dB increase in thenbientnoise level has been observed in th8BHz
band(McGrath, 1976)Active underwater volcanoes also generatedfsequency noise with most energy

in the octave band centered near 10 forthrop, 1974)

214 Thermal Noise

Thermal noise is generated by pressure fluctuations from the thermal agitgthenrmovement of
molecules due to energy trafesence)of water molecules. Itis the remaining noise when all other sources
are removed and provides a threshold on the minimum observable noise levels in the ocean. Thermal
noise dictates the shape and level of ambient noise spectra abod®®@Hz andauses aincreasen
ambient noisdevelsat rate of 6 dB/octave(Urick, 1983)
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2.2 ANTHROPOGENIC NOISE

Marine species have existed, evolved, and adapted in the presence of naturally occurring noise for millions
of years whereas the presence of anthropogenic noise is relatively reftamintensified in the past

century, and caused widespread alterations to the acoustic haljfatarte et al., 2021)Noise from

human activities is often dynamic and few sources (e.g., shipping) have consistestonfhe acoustic

habitat. Anthropogenic noise varies widely in terms of frequency range, duration, and loudness and can
have shoriterm and localized effects on acoustic habitats, as well astenyg effects over large areas.
These characteristics strogghfluence any potential impacts on marine species and their acoustic
habitats. Prevalent sources of anthropogenic noise discussed in this section include vessel noise, sonar,
explosions, and industrial activities.

221 Vessel Noise

Vessel noise is a major contributor to noise in the ocean. Radiated noise from ships varies depending on
the sizeage hull design, type of propulsion, and spgé&dndlay et al., 2023; McKenna et al., 2013; Smith &
Rigby, 2022; ZoBelletal., 2021; ZoBellet al., 2&8pradiated noise increases with speed and primarily
includes propeller blade tip and sheet cavitatiae.,low pressure vortices shed by blade tips, angheet

of bubbles on the back difie bladerespectively, and broadband noise from water flowing across the hull
(Richardson, Greene, Malme, et al., 1995; Urick, 1333ed on these factors, vessel hoise can contribute

to ocean noise from 10 Hz to 10 kf¥¥enz, 1962)Different classes of vessels have unique acoustic
signatures characterized by variances in dominant frequencies. Bulk carrier noise is predominantly near
100 Hz while container ship and tanker noise are predominantly below @dlékenna et al., 2012)n
comparison, small craft emit highdrequency noise between 1 kHz and 5 KHitdebrand, 2009)

Globally, commercial shipping is not uniformly distributed. Major shipping lanestypically follow great circle
routes or coastlines and go to and from dozens of major ports, and hundreds of small harbors and ports.
Most recreational boating occurs in shwall coastal waters whereas military, fishing, and scientific
research vessels can be widely distribu{@&thtional Research Council, 2003)

Spectral characteristics of individual ships can be observed at short ranges and in isolated environments.
At long ranges, multiple vessels contribute to the overall background noise from ocean traffic in the
10Hz to 1 kHz band~{gure2-1). In shallow water, vessel noise repeatedly interacts with the seafloor
and surface and is attenuated by reflection, scattering, and absorption. In deep water, vessel noise
propagates downward with fewer interactions with the seafloor and surface and nguods less
attenuation(Erbe et al., 2019)Lowfrequency components of vessel noise can propagate long distances
in deep water and can travel across ocean basins with minimal energy loss especially within the sound
fixing and ranging (SOFAR) char(iebe et al., 2019)n areas with sloping bathymetry, vessel noise
generated in shallow water can radiate into deeper water due to downward propagation and can couple
into the SOFAR channel and propagate long dista(ied et al., 2019; Hildebrand, 2008)s a result,

vessel noise generated in shallow nearshore waters can still be present in deep offshore waters many
kilometers away from the source.

/| 2YYSNDAFIf AaKALIWAY3IQa O2yiNARodziAz2y (2 FYOASY(d y2;
between approximately the 1960s and 2G&td has been attributed to economic growtHildebrand,

2009; McDonald et al., 20Q8jrisk (2012ronfirmed the trend and reported that between 1950 and

2007 ocean noise in the 25to 50 Hz frequency range has increased 8&dBe Assuming a constant

baseline level of 52 d@lecibelsre 1 mP&/Hz) during this time results ia cumulative increase of

approximately 1@iB.In areas with high levels of shipping traffic, daily average sound levels in the 63
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and 125 Hz on¢hird octave bands were found to be near or higher than 100edBrPa(Haver et al.,
2021)

Commercial traffic (and, therefore, broadband noise generated by it) is relatively steady throughout the
year whereas Navy traffic occurs intermittently and is variable in duration. In terms of anthropogenic
noise, Navy ships are engineered to be as gaggpossible given ship class limitations, and would
contribute a correspondingly smaller amount of shipping noise compared to more common commercial
shipping and boatingMintz, 2012; Mintz & Filadelfo, 2011)

Daily average sound levels were between approximately ZDdB higher relative to areas with lower
levels of shipping activitfHaver et al., 2021)femporary reductions in vessel traffic following the events
of September 11, 2001 showed an overall decreasedd @rom 5(Hz to 20 kHz), with a notable
decrease under 150 HRolland et al., 20125imilarly, reduced vessel traffic at the onset of the COVID
19 pandemic resulted in a decrease of 1.5to 1.7 dB (below 10@Bk=)ze et al., 2021; Dahl et al.,

2021; Thomson & Barclay, 202®eductions during the COVIDB pandemic can be attributed to

reduced economic activity and shippitithomson & Barclay, 2020)owever, noise levels were also
subject to local variations such as seasonal environmental conditions and the types of vessels active
(Breeze et al., 2021; Dahl et al., 2021)

2.2.1.1 Western Atlantic Region

Within the WesternAtlantic region commercial traffic is heaviest along the U.S. East Coast and the
northern coast of the Gulf gkmericg and follows distinct routes overseas and across the Gihoérica
(Mintz & Starcovic, 2025; Mintz, 201Ejgure2-2highlights commercial routes along the East Coast of the
U.S., the Bahamas, and great circle routes in the Atlantic Ocean. Navy vessel traffestieenAtlantic
region(Figure2-3) is concentrated along the U.S. East Coast near port facilities, especially around and
between the ports of Norfolk, Virginia and Jacksonville, Flgidiatz & Starcovic, 2025; Mintz, 2012;
Mintz, 2016) Withinthe Western Atlantic regionNavy vessels represeote percentof overall vessel

traffic, with the other 99ercentof overall vessel traffic broken down by narilitary vessel class ihable
2-1.

Table2-1: Non-Military VesselTraffic in the Western Atlantic Region

Vessel Class % of Traffic
Tugs 4%
Cargo 19%
Other 10%
Fishing 6%
Tanker 25%
Bulk Carriers 14%
Passenger 3%
Service 18%
U.S. Military 1%

SourceMintz and Starcovic (2025)
Notes: % = percent
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Density

Figure2-2: RelativeDistribution of CommercialVesselTraffic Along the U.S. East Coast
Source Mintz (2016)
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Density

Figure2-3: RelativeDistribution of U.S. NavyesselTraffic Along the U.S. East Coassource:
Mintz (2016)

2.2.1.2 Pacific Islands Region

Vessel traffic patterns in thPacific Islands regiomere analyzed btarcovic and Mintz (2021 he
followingresultsillustrate thedistribution (Figure2-4to Figure2-7) andastatistical summaryTable2-2)
of the percentageof vessel transitby vessel class from 2014 to 2018 aroudaivaii andCentral and
SouthernCalifornia

In Hawaii,Starcovic and Mintz (2028howthat cargq bulk carrier and tanketraffic dominate much of
the offshore areasvith trans-Pacific routes north and south of the Hawaiian Islafiigure2-4). The
geographic distribution of highestilitary vessel activity is south of PedHdrbor Figure2-5) with dear
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routes to the east (to and from San Diego), west (to/from the Marianas Island Training and Testing area)
and northwest (to/from Japan)The waters surrounding the Northwestern Hawaiian Islands (which are
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military or military vesse]sother thannon-military research vessels.

Table2-2: Overall Vessel Traffic Around Hawaii.

Vessel Class % of Traffic
Tugs 8.2%
Cargo 29.5%
Other 3.6%
Fishing 6.2%
Tanker 14. ™
Bulk Carriers 18.5%
Passenger 10.2%%
Service 3.8%
Research 0.9%
U.S. Navy 3.5%
U.S. Coast Guard 0.4%

SourceStarcovic and Mintz (2021)
Notes: % = percénincludes a combination of vessel
traffic data from Hawaii an@€entral and Southern

California
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Figure2-4: Intensity ofNon-military VesselTrafficAround Hawaiifrom 2014 to 2018. Source:
Starcovic and Mintz (2021)
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Figure2-5: Intensity of Military VesselTraffic Around Hawaiifrom 2014 to 2018. Source:
Starcovic and Mintz (2021)
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Vessel traffic patterns in thBacific Islands regiomere analyzed b$tarcovic and Mintz (2021Jhe
following results illustrate the distributior—jgure2-6to Figure2-7) and astatistical summaryTable2-3)
of the number of vessel transits that occurratbundthe Mariana Isladsfrom 2014 to 2018.

Inthe Mariana Islandsabout 984 of vessel traffizasdue tonon-military traffic. As expected, most
non-military traffic wasaccounted for byoulk carrierg56.1%) cargovessels (21.3%), and tankers
(14.0%ksincethere arecommonnorth-south shipping routes in the IndBacific aredFigure2-6). Navy
vessels represerit.Opercent and Coast Guard vessels represent p@fdcentof overall vesseraffic
(Table2-3). The geographidistribution of highesmilitary vessetraffic wasin the areas around the
Mariana Islands where US Naval Base Guam is lodaigur€2-7), with clear routes to the east (to and
from Hawaii), and to the west and northwest (to and from the Philippine Sea)

Table2-3: Overall Vessel Traffic Around the Mariana Islands.

Vessel Class % of Traffic
Tugs 0.5%
Cargo 21.3%
Other 1.0%
Fishing 4.1%
Tanker 140%
Bulk Carriers 56.1%
Passenger 0.4%
Service 0.7%
Research 0.6%
U.S. Navy 1.0%
U.S. Coast Guard <0.1%

SourceStarcovic and Mintz (2021)
Notes: % = percent
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Figure2-6: Intensity of Non-Military VesselTraffic Around the Mariana Islandérom 2014 to
2018. SourceStarcovic and Mintz (2021)
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Figure2-7: Intensity of Non-Military VesselTraffic Around the Mariana Islandfrom 2014 to
2018. SourceStarcovic and Mintz (2021)

2.2.1.3 Eastern Pacific Region

Vessel traffic patterns in thEasern PacifidlRegion were analyzed bytarcovic and Mintz (2021The
following results illustrate the distributiorHgure2-8to Figure2-13) and a statistical summary of the
percentageof vessel transitby vessel cladsom 2014 to 201&round Hawaii an€entral and Southern
California(Table2-4), Washinton and Northern Californf@able2-5), and the Gulf of Alaskd éble2-6).

In Central andSouthern CalifornigStarcovic and Mintz (2028howthat cargq bulk carrier and tanker
traffic dominatenorth-south shipping lanes along the California and Mexico caaslisding routes
to/from Japan Panama CanaandSouthAmerica, andetween the Ports of Long Beach and Los
AngeleqFigure2-8). Thegeographic distribution of highestilitary vesseéctivity occursaround San
Diegoandroughlywithin 50NM of shore(Figure2-9). Clear routes are seen to the west (to and from
Pearl Harbor), and north along the coast (to/from the bases and operating areas in the Pacific
Northwesy).
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In Washington and Northern Californiegn-military vessel traffigs concentrated inhe Salish Sealong
coastal northsouth shipping lanes, and offshore eagtst shipping lane@~igure2-10). In the Salish Sea
and Swifsure Bankmodelednon-military vessel noisean exceednonthly-averagewind driven
ambient noise by >10 d@/lacGillivray et al., 2025Mlilitary vessel traffigorimarily occurred inPuget
Soundwhere Naval Base Kitsap and Naval Station Everetiocated and the Strait of Juan de Fuca
(Figure2-11). Nearshore orth-south routesalsoindicate transits betwee8outhern California ports and
other military training and testingreas(Figure2-11).

In the Gulf of Alaskaon-military vessetraffic is concentrated irthe Cook InletPrince William Sound,
and portareas surrounding Kodiakomer,and AnchoraggFigure2-12). Military vessel traffigs
concentratednear U.SCoast Guard Base Kodekd transitlanes to the southeast and southwest
(Figure2-13).

Table2-4: Overall Vessel Traffic with a Focus on Central and Southern California

Vessel Class % of Traffic
Tugs 8.2%
Cargo 29.5%
Other 3.6%
Fishing 6.2%
Tanker 14.7%
Bulk Carriers 18.5%
Passenger 10.2%
Service 3.8%
Research 0.9%
U.S. Navy 3.5%
U.S. Coast Guard 0.4%

SourceStarcovic and Mintz (2021)

Notes: % = percent, includescombination of vessel
traffic data from Hawaii an€entral and Southern
California

2-15



Version20262 July 2026

Los
Angeles

30°N

26°N

| Number of Transits

Figure2-8: Intensity of Non-Military VesselTraffic with a Focus on Central and Southern
Californiafrom 2014 to 2018. Sourcetarcovic and Mintz (2021)

2-16



Version20262 July 2026

- - . Port'Hueneme
1o = N Los
Angeles

38°N San Frar

%, PortHueneme
S 78 Los Angel,
34°N ¥ : 0s Angeles

(]
.
.
.

San Diego

30°N

26°N
| Number of Transits

. > 1000

.560

Figure2-9: Intensity ofMilitary VesselTraffic with a Focus on Central and Southern California
2014 to 2018. Sourcetarcovic and Mintz (2021)
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Table2-5: Overall Vessel Traffic with a Focus on Washington and Northern California.

Vessel Class % of Traffic
Tugs 14.4%
Cargo 20.9%
Other 1.9%
Fishing 15.0%
Tanker 6.6%
Bulk Carriers 30.4%
Passenger 5.1%
Service 3.6%
Research 1.0%
U.S. Navy 0.4%
U.S. Coast Guard 0.4%

SourceStarcovic and Mintz (2021)
Notes: % = percent
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Figure2-10: Intensity of NonMilitary Vessel Traffiavith a Focus on Washington and Northern
California from 2014 to 2018ource:Starcovic and Mintz (2021)
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Figure2-11: Intensity of Military Vessel Traffievith a Focus on Washington and Northern
California from2014 to 2018. Sourcestarcovic and Mintz (2021)
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Table2-6: Overall Vessel Traffic in the Gulf of Alaska.

Vessel Class % of Traffic
Tugs 8.2%
Cargo 29.5%
Other 3.6%
Fishing 6.2%
Tanker 14.7%
Bulk Carriers 18.5%
Passenger 10.2%
Service 3.8%
Research 0.9%
U.S. Navy 3.5%
U.S. Coast Guard 0.4%

SourceStarcovic and Mintz (2021)

Notes: % = percent
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Figure2-12: Intensity of NonrMilitary Vessel Traffic in the Gulf of Alaska from 2014 to 2018.
Source:Starcovic and Mintz (2021)
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Figure2-13: Intensity of Military Vessel Traffic in the Gulf of Alaska from 2014 to 2018.
Source:Starcovic and Mintz (2021)

2.2.2 Sonar

Active sonar and other transducers emit ronpulsive sound waves into the water to detect objects,
safely navigate, and communicate. The contribution of sonar to the acoustic habitat is highly varied and
depends on source characteristics (e.g., frequesoyyce level, directionality, and duty cycle) and

factors that affect sound propagation (e.g., temperature, salinity, pressure, and bathymetry). Temporal
and spatial usage are also highly varied and can range from minutes to approximately a month, and
from tens to hundreds of kilomete ®National Research Council, 2008jequency ranges for

categorizing sonars are relative, and generalized divisions that are commonly used include: low
frequency [ess thanl kHz), miefrequency (110 kHz), higkirequency (16100 kHz), and very high
frequency(greater than100 kHz) National Research Council, 2003)ven appreciable differences in
usage and source characteristics, the contribution of sonar to the acoustic habitat is distinguished
between military and commercial sonar systems.

Military sonar systems encompass all three frequency divisions and includes sources with wider beam
widths and higher source levedemparedwith commercial sonar systemSpatial and temporal usage is
well defined both in terms of hours of operation, and the locations where activities occur. Activities are
episodic and can last from hoydays to weeksand over a montt{National Research Council, 2003)
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Examples of military specific applications include-foequency surveillance sonar, micequency
tactical sonar, and higfrequency sonar from weapons.

Comparedwvith military sonar systems, commercial sonar systems use higher frequency signals, have
lower source levels, narrower beam patterns that are downward directed, shorter pulse lengths, and are
typically operated for minutes to daylational Research Council, 2003age is widespread across
locations and sectors including recreation, fishing, shipping, and rese&araices such as depth finders
multi-beam echosounders, and sigean sonar are also utilized for military applicatidesamples of
common commercial sonar systems include depth finders and fish finding sonar (15 to 260kHzNE @A 6
et al., 2020) both of which focus sound in a downward beam. Depth finders tend to be used in shallow
and nearshore waters for navigation whereas fish finding sonar are operated in both shallow and deep
waters.Acoustic deterrent and harassment devieesl low powered pingeré to 160 kHz)Hildebrand,

2009) are used by fisheries to protect catch from predatiéeoustic deterrent and harassment devices
and low powered pinger& to 160 kHzjHildebrand, 2009%re used by fisheries to protect catch from
predation, and by offshore energy industrieseasarine mammal mitigation tool during construction

and pile driving activitie@Oliver Boisseau et al., 2028ea floor mappinfpr seismicsurveysand
researchutilize multi-beam echosoundergl2 to 600 kHzand sidescan sona(65 to 500 kHz)Crocker

& Fratantonio, 2016; Ruppel et al., 2022)

2.2.3  Explosions

Underwater explosions generate broadband high intensity impulsive sounds that propagate equally in
all directions The spectral and amplitude characteristics of explosions vary with the weight of the
charge and the depth of the detonatioMost energyisat lower frequencie$rom tens to hundreds of

Hertz Explosions are typically localized and propagate tens of kilometers, with the exception of acoustic
tomography experimentthat measure temperatures and currents over large regions of the oesan

can propagate hundreds to thousands of kilomet@¥sitional Research Council, 2008)litary

applications of underwater explosives include bombs, mines, missiles, rockets, torpedoes, and
projectiles. Spatial and temporasage under the current action is well defined both in terms of counts

of explosives, and the locations where activities occur. Commercial applications of underwater
explosives include using explosives as an acoustic sound source for reflection seigimalogy
rock/sediment penetration and determinatioli) geophysical exploration (i.e., oil and gas surveys) and
for oceanographic research to study underwater acoustic tomography. The use of explosive sound
sources for seismic surveys have largely been replaced by air guns due to environmental and handling
safety concernsas well aghe lack of control when reproducing signals. Explosives are commonly used
for decommissioning marine structures such as offshore oil and gas platforms by severing pilings and
conductor pipes at the seaflogKlima et al., 1988)n addition, small explosive charges known as seal
bombs are commonly used by the fishing industry to protect fishing equipment and catch from
predationby deterring marine mammal¥rumpel et al., 2021)

224 Industrial Activities

In many areas of the world, oil and gas seismic exploration in the ocean is undertaken using a group of
air guns towed behind large research vessels. Thguais convert higipressure air into very strong

shock wave impulses that are designed to return informatiom the various buried layers of sediment
under the seafloorMost of the impulse energy (analogous to underwater explosions) produced by air
guns is heard as lofvequencynoise which can travel long distancesspecially in deep water. d4t
energyis below 200 Havith additional energy extending to the kilohertz ran@@reene & Richardson,
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1988; Ruppel et al., 2022%imilar to air guns, other sources that generate an impulse foibsittom

profiling include: boomerswvhich use an actuator to displace a neanface and downward oriented

metal plate sparkerswhich discharge a high voltage electric field to vaporize salt water; and bubble

guns which compress air within a plate or pair of pla{€ocker & Fratantonio, 2016; Ruppel et al.,

2022) Seismicsurveys are prevalent ime Gulf ofAmericaOuter Continental Shelf, on the Atlantic

Ocean Outer Continental Shelf from Delaware Bay to south of Cape Canaveral, and from the inner edge
of federal waters to 403 rid@soffshore (Bureau of Ocean Energy Management, 2034ismic

exploration surveysan encompass areas from tens of kilometers to over one hundred kilometers, and
last from days to month@\ational Research Council, 2003)

The operation of offshore oil and gas extraction platforms produces nearly continuous noise primarily
from 20 to 1,000 H¢Greene & Richardson, 198#)d includes ancillary noise from support vessels and
machinery. Oil and gas extraction is typically conducted on offshore platform rigs, drill ships, or artificial
islands. Emplacement of permanent structures produces localized noise and lasts for(Na&&sal
Research Council, 200®)rill ships are generally the loudest with most broadband energy between
10Hz and 10 kHRichardson, Greene, Malme, et al., 1998)is is because internal ship noise from
machinery is effectively transmitted through the hull, and from the use of thrusters for dynamic
positioning during drilling operations.

Pile driving is conducted for construction of nearshore structures such as piers, and for offshore
structures including wind farm turbines and oil and gas platforms. Installing piles uses an impact
hammerwhichresults in an impulsive sound emanating from the length of the pile into the water
column as well as from the bottom of the pile through the sediment. Because the impact wave travels
through a steel pile at speeds faster than the speed of sound in wateepfronted acoustic shock
wave is formed in the watgiReinhall & Dahl, 2011piles can also be installed by vibratory pile driving
and removed by vibratory extractiopwhich generates continuous nempulsive noisavith peak
pressuregower than impact pile drivingSound levels can vary depending on the size and power level of
the equipment, pile material and diameter, and seafloor sediment type. Installation and removal can
encompass areas from less than one kilometer to hundreds of kilometers)eamtontinuous activity

can last from days to month®ational Research Council, 2003)

The development of offshore wind farms is prevalent in waters between Massachusetts and North
Carolina. The construction of offshore wind farms can take weeks to months to complete and produces
localized lowfrequency noisdess thar? kHzZ(Amaral, 202Q)Most construction noise is produced from

pile driving with ancillary noise from laying cable and support vessels. During operation, wind farms
produce continuous lovfrequency underwater noise primarily below 1 kHz, with tonals between 20 and
330 HZPangerc et al., 2016)
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3 FISHES

This sectiosummarizes the best available science relevant to understanding the effects of acoustic and

explosive sources used during military readiness activities on figloggs include hearing and
vocalization; hearing loss and auditory injury; masking; behavioral reactions; physiological responses;
direct injury; and longerm consequences. This literature synthesis preferentially relies on-peer
reviewed publications, butotable gray literature (i.e., nepeer reviewed reports and historical
documents) is included, particularly for topics with otherwise limited information. §éisionincludes
information on stressors, locations, and species that may not be present insabagtudy areas.

3.1 HEARING AND VOCALIZATIONS

All fishes have two sensory systecapable ofdetectingsound in the wate(Popper, Hawkins, Sand, et al.,
2019; Popper & Schilt, 2008; SchMibach et al., 2020)The first systendiscussed hereiis the lateral
line, whichconsists of a series oeuromasts (i.e.receptor9 along the bodyhat aredirectly exposed to
the environment When a vibration occurs within the water column that reaches the fish, the receptor
along the laéeral lineare stimulatedand this movement is transferrems aneural signathrough the
nervous system to the brain, where it is interpretélthe lateral line is primarilgensitive to external
particle motionandmost effective at low frequenciespecificalljup to 400 HA Coombs & Montgomery,
1999; Hastings & Popper, 2005; Higgs & Radford, 2013; Webb et al.,Q0608gquently, this system is
optimized for detecting acoustic and hydrodynamic sources located within a few body lengths of the
animal,otherwise known as thacoustic near fielgseeSectionl.2.4 Particle Motion for additional
information).

The second sensory system is the inner. @ae inner ear in fishefsinctions similarly to the inner ear in
othervertebrates Generally, the inner ears tonyfish contain three dense otolith@.e., small calcareous
bodies although some fishes may have mpthat sit atop many delicate mechanoelectrical hair cells
GAGKAY GKS AYYSNI SIENWY | YyYRSNB I (S dik thdifteém stractudlS a
densities (i.e., soft tissue versus borae)d vibrate the otolithsAs a resultsound waves causelative
motion between the dense otoliths and the surrounding tissues, causimgementof the hair celldack
and forth, which is sensed by the nervosistemlikethe stimulation of the receptors along the lateral line
Theinner ears are directly sensitive to acoustic particle matie sensory receptors along the lateral line
rather than acoustic pressure.

Some fishes possess morphological adaptations or specializations that can enhance their sensitivity to

sound pressure, such as a gded swim bladdefAstrup, 1999; Popper & Fay, 2010he swim bladder

can enhance sound detection by converting acoustic pressure into localized particle motion, which may

then be detected by the inner e@Radford et al., 2012Fishes with a swim bladder generally haveager
auditory sensitivity and can detect higher frequencies than fishes without a swim blgdteurer et al.,
2023; Popper & Fay, 2010; Popper et al., 2@idligh some research showsdlpresence of a swim
bladder alonemay not always indicate an increase in acoustic detection capabfitiess et al., 2025)n

addition,some fishes contain small hatike projections that can either partially or fully connect the swim

bladder and the inner ear increasing sensitivity and allowing for higher frequency detégfido a few
kilohertz or higher for some species) and better sound pressure dete@ion, Vetter & Sisneros, 2020)
For simplicityand consistencyvith terminology used imther taxa sectionsvithin thisBHSOEISandpeer
reviewed researchacoustic detection capabilitidsy eithersensorysystemwill generallybe described as
WHearing2hroughout this discussian
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Propagating sound wawecontain pressure and particle motion componepsit particle motion is most
prominentat low frequencies and is most detectible at higbund pressures or very close to a sound
source. Historicallystudies have investigated acoustic detection (e.g., hearing research) and its effects on
fishes. However, when exposed to a sound, often only sound pressure is measured and not particle motion.
Although particle motion may be the more relevant exposure mefeig; dataare available that actually
measureparticle motiondue to a lack of standard methodology and experience with particle motion
detectors(Hawkins et al., 2015; Martin et al., 2016) these instances, particle motion can be estimated
from pressure measuremen{dedelec, Campbell, et al., 2016)milarly, although the lateral line likely

plays a significant role in A daldibéy capabilities, this portion of the sensory system is not always
included in hearing experimentBue to the limited research on lateral line sound detectiomost of the
research summarized this sectionfocuseson inner ear sound detectian

Although many researchers have investigategustic detectionn fishes(Ladich & Fay, 2013; Popper et

al., 2014) hearing datgi.e., audiograms)nly exist for just over 100 of thestimated36,000 species of fish
worldwide (Fricke et al., 2020Therefore fish categoriesare defined by species that possessimilar

continuum of anatomical features, which result in varying degreesstimatedacoustic detection
capabilitiegBarbeau et al., 2024; Popper & Fay, 2010; Popper & Hastings, 2009b:8ichath et al.,

2020; Stanley et al., 2020; Wiernicki et al., 203k cifically fisheswith specialized adaptations connecting

the swim bladder to the inner ear katraditionally beencategorizedag K S NAy 3 a LIS Gs f A &0
that do notpossesd LISOA L £ AT SR & G NHzOG dzZNBa 2 NJ & Bearvigd Sy SRR § ME
(Popperetal., 2003%ecialistscandetect a wide range of frequenciaslower sound levels (i.eauditory
threshold9 compared tayeneralistghat typicallydetecta muchnarrowerrange offrequenciesat higher

sound levelsCategeoiesand descriptionsfthe generahcoustic detection capabilitifer these groupsire

further defined inTable3-1 (modified from Popper et al., 2014Additional research is still needed to better
understand speciespecific frequency detection capabilitiead continues to help clarify how various

anatomical features interact within the auditory system and influence overall sensitivity to sound

Table3-1: Fish Hearing Groups and Categories

Hearing Group Fish Category Description

Acoustic detection capabilities are limited to particle
motion detection at frequencies well below 2 kHz
(e.g.,sharks, rays, and halibut)

Fishes without a swim
bladder

Hearing Generalists
Fishes lack notable anatomical specializations and

primarily detect particle motion at frequencies beloy
2 kHz(e.g., salmonids, sturgeon, and groupers)

Fishes with a swim bladde
not involved in hearing

Fishes can detect frequencies below 2 kHz, posses
Fishes with a swim bladde| anatomical specializations to enhance hearing, and
involved in hearing are capable of sound pressure detection up to a few
kHz(e.g., herring, sardines, anchovy)

Hearing Specialists
Fishes possess anatomicglecializations andre
capable of sound pressure detection at frequencies
to 10 kHz, or over 100 kHz in some spe¢shad and
menhaden)

Fishes with a swim bladde
and with highfrequency
hearing

3-2



Version20262 July 2026

Data suggest that most species of marine &ish hearing generalists argither lack a swim bladder (e.qg.,
sharks and flatfishes) or have a swim bladder not involvettaustic detectior{e.g., sturgeorand

codfisheskand can only detect sounds bel®kHz Fewer marine fishes (Clupeiformes}k hearing
specialistgi.e., thosewith a swim bladder involved in hearinghese speciesandetect soundsipto

about 4 kHZColleye et al., 2016; Mann et al., 2001; Mann et al., 1997; Mickle & Higgs, @0®1)

subfamily of clupeids (i.e., Alosinae or shads) can detect higghvery higifrequency sounds (i.e.,
frequencies from 10 to 10kHz, and frequencies above 100 kHz, respectively), althseghitivityat these

higher frequencieselevated and bestensitivityis still in the lowfrequency range (below 1 kHz) like other
fisheslt wastheorized that this subfamilynay have evolved the ability to hear relatively high sound levels

at these higher frequencies to detect echolocat&ggnas of nearby foraging dolphiri®ann et al., 1998;

Mann et al., 1997)For fishes that have not had their hearing tested, such as deep seafishes, the suspected
hearing capabilities are based on the structure of the ear, the relationship between the ear and the swim
bladder, and other potential adaptations such as the praseof highly developed areas of the brain

related to inner ear and lateral line functio(Buran et al., 2005; Deng et al., 2011, 201i3sassumedhat

most fishes have their besensitivityfrom 100 to 40Hz(Popper et al., 2003p5easonal variations in

auditory sensitivity have been reported in some fishes, such as the plainfish midshipman, which likely aid in
detection of mating callée.g., Rogers et al., 2022; Sisneros & Bass, 2003)

Bony fishes can produce sounds in several ways and use them for a variety of behavioral functions
(Kasumyan, 2009; Ladich, 2008, 20I4)e most common mechanism farnd productioniswhen the

swim bladderand otherstructures (often muscles that asssociated witlthe swim bladder wallyibrate
and radiate sound into the watéEelick et al., 1999Additional mechanisms incluglbut are not limited to,
muscular vibrations;ubbing, or plucking of pectoral fr{including the girdlgspines or tendons) and
grinding or rubbingof teeth, jaw apparatuses, or eveésones in the sku{lKasumyan, 2008; Ladich, 2008)
Over 30 families of fishes are knowngmduce acoustic signals aggressive interactions, and over 20
families of fishes vocalize during courtship or matibgdich, 2008)Sounds generated by fishes as a means
of communication are generaliyarrow band andelow 500 Hzthough someacoustic signals haveeen
recordedat frequenciesup to 5,000Hz(Kasumyan, 2008; Ladich, 2000; McCauley & Cato, 2000;
Slabbekoorn et al., 2010\ coustic signals may vary in source level depending on factors stioh ssund
production mechanism, species, size of flsbhaviorsassociated with the sighand even environmental
factors(Kasumyan, 2009).ikely in connection tseasonal variations muditory sensitivity, call rates can
alsovarydaily or seasonallfHom et al., 2024)Some of the loudest recorded vocalizations are from fish
choruseswith approximatesource levelsip to 170dBre 1 uPgErisman & Rowell, 2017; McCauley & Cato,
2000; Mclver et al., 2014; Sisneros & Bass, 2003; Sprague & Luczkovich, 2004)

Passive acoustic monitoring has allowed for a broader understanding of the apgdedistributionof fish
vocalizationgHawkins et al., 2025; Looby et al., 20R¢searchmethods thatusevisual surveys such as
baited underwater vide@nd passive acoustic monitoring allow for specific behaviors to be paired with
recordedsignals Furthermore, these techniques have improvestimates of the total number of
soniferous (.e., sound producing) fishes in a given habfBtissmann, 2020; Parmentier et al., 2021;
Radford et al., 2018; Rountree et al., 2018; Rowell et al., 2020; Rowell et al., 2018)

3.1.1  Detection of Navy Sonars

As described aboveishes are not equally sensitive $oundat all frequencieskigure3-1 provides a
summaryof hearing threshold daterom available literaturg Casper & Mann, 2006; Deng et al., 2013;
Kéver et al., 2014; Mann et al., 2001; Ramcharitar et al., 2008 monstrate the potentiabverlap of
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frequency detection for eacfish categorwith Navysonars Fshesfrom allcategoriescan detect
broadbandsoundsources such as explosives or vessel n@senot all fishes would detedrequency
limited sources, such asigh-frequencysonar.

Theseestimated rangesf frequency detectioimay be overly conservative in that they may extend
beyond what some species within a giviesaringcategorymay detect. For example, althoughany

sharks are most sensitive to lower frequencies, well below 1 kHz, the bull@ertharhinus leucas

can detect frequencies up to 1.5 kHgitzler & Wood, 1961; Myrberg, 2001¢presenting the

uppermost known limit of frequency detection for thigaringcategory Thisupper boundhryis outside

of the range of best sensitivity for most fishes within tisategory As a result, fishes within each group
would only be able to detect those upper frequencies at close distances to the source, and from sources
with relatively high source levels.
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Fishes with a Swim Bladder and High-Frequency Hearing

[Examples: shad and menhaden]
N

Fishes with a Swim Bladder Involved in Hearing
[Examples: herring, sardines, anchovy]

Very High-

Fishes with a Swim Bladder not Involved in Hearing Frequency Sonar
[Examples: salmonids, sturgeon, and groupers]

High-Frequency Sonar

Fishes Without a Swim Bladder

[Examples: sharks, rays, and halibut]

MF1

Mid-Frequency Sonar

Low-Frequency Sonar

0.01 0.1 1 10 100
Frequency (kHz)

Notes: Thin blue lines represent the estimated minimum and maximum range of frequency detecteackofish categonAll

groups are assumed to detect frequencies down to 10 Hz regardless of available data. Thicker portions of each blue line
represent the estimated minimum and maximum range of best sensitivity for that group. Not all fishes wgtivenacategory

would be able to detect athe displayedrequencies. For example, flatfish such as halibut can only detect frequencies up to
270 Hz, although other fishes in the same hearing group can detect much higher frequencies (e.g., bull sharks can detect up t
1,500 Hz, the upper limit of the hearing g@). Each sonar source class is represented graphically by the horigoeybhrs.
Not all sources within each class would operate at all the displayed frequencies and may not overlap all fish heariragsgroups
demonstrated by the dottedjreyline. kHz =kilohertz, MF1 =enter frequency o8.5 kHz.

Sources:Casper and Mann (2006); Chapman and Hawkins (1973); Chapman and Sand (1974); Hawkins and Johnstone (1978);
Mann et al. (2005); Popper (2008); Popper et al. (2007); Tavolga and Wodinsky (1963)

Figure3-1: FishCategoriesand NavySmars

3.2 HEARING LOSS AND AUDITORY INJURY

Impairment of auditory detection (more commonly referred to asahing losyor auditory injury will

KFE@S 'y AYYSRAIFIGS STFFSOG 2y Ly FYAYIFEQa FoAfAGER
loss and auditory injury are often discussed together. However, the sensory hair cells of the inner ear
and lateral linan fishes are regularly replaced over time when they are damaged, unlike in mammals
where sensory hair cells loss is permanf@rdmbarte et al., 1993; Popper et al., 2014; Smith et al.,

2006) Consequentlypermanent hearing losisas not been known to occur in fishes, and aeyaring

3-5
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lossin afish may be as temporary as the timeframe required to repair or replace the sensory cells that
were damaged or destroyedPopper et al., 2014; Popper et al., 2005; Smith et al., 2006)

Data for some terrestrial mammals have shown signaufitory injury in the form oherve damage
after severe threshold shiftge.g., Kujawa & Liberman, 2009; Lin et al., 20itjishes, studies have
observedcellular changes in hearing structures after lelegm soundexposuregSapozhnikova et al.,
2020), as well adair cell damage and tearing of the epithelial lining after exposure to underwater
detonations at close rang@owman et al., 2024; Smith et al., 202=pweverit is not knownif physical
damage such as those described here wdadldecovemblein fishes [fke hair cell regeneration noted in
other studies), oif there would behearing impairmentOne of thefew studies to look at both auditory
sensitivity (measured byreshold shift3 and potential physicalamage tahe inner earnclude
researchin zebrafish Danio rerio a freshwatethearing speciali$tBreitzler et al., 2020)The
experimentdemonstrated a lack of damage to sensory receptors wieemporary threshold shiffTTS
occurredthough this has not been investigate dirarine specie¢for additional detailon the results of
this experimentsee3.2.2 Threshold Shift due to Vessel Ndise

After review of available data on hearifggson fishes Smith and Popper (2024uggest that TTS is not

a likely occurrence in fishes exposed to anthropogenic sound and propose sound exposure criteria may
not be warranted for thigffect. This recommendation is based on the following consideratitists

presented with intense sound exposures in their natural environment, similar to the levels presented in
these experiments that resulted in TTS, would likely swim away and not receiveotimg;levels

decrease as the distance from a source increasesrgmaited TTS has occurredsaich small levels

that it would notlikely effect the overallfitnessof fish. Regardless of this proposal, the following

sections summarize available data on hearing loss in fishes exposed to various sound sources to support
a thorough analysis of potential impacts on fishes from military readiness activities.

3.21 Threshold Shift due to Sonar and Other Transducers

Several studies have examined the effects of the sound exposures frofindguency sonar on fish
hearing in which earingmeasurements were takeboth immediately post exposure and for up to
several days thereaftgHalvorsen et al., 2013; Kane et al., 2010; Popper et al., 20@RKimum SEL.

were 218 or 220 dBe 1 pP&sat frequencies ranging from 170 to 320 ane et al., 2010; Popper et

al., 2007)and 215 dB re JuP&s in a followon study(Halvorsen et al., 2013Ywohearing generalists

the largemouth bass\icropterus salmoidgsand yellow perchRerca flavescefsshowed no loss in
detectionsensitivity from sound exposure immediately after the test or 24 hours later. Channel catfish
(Ictalurus punctatul ahearing specialisiand some specimens of rainbow trai@ncorhynchus mykigs
ahearing generalistshowed a threshold shift (up to 420 dB) immediately after exposure to the
low-frequency sonar when compared to baseline and control animals. Small thresholds shifts were
detected for up to 24 hours after thexposuran some channel catfish. Although some rainbow trout in
one test group showed signs ©T$ rainbow trout in another group showed Aar'S Catfish hearing
returned tonormal within about 2dours after exposure to lovirequency sonar. Examination of the
inner ears of the fish during necropsy revealed no differences from the control groups in ciliary bundles
or other features indicative of hearing loss.

Similar studies on mifrequency active sonar (with maximum cumulative SELs of 220 dB re 1 pPa?s)
showed no significant TTS in rainbow trout, thowglannelcatfish tested in October exhibited a small
6.35 dB shift, which also recovered within 24 hof{Halvorsen, Zeddies, et al., 2012; Kane et al., 2010)
These results suggest that higitensity sonar, especially at lovand midfrequencies, can causerSn
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hearing specialists, with the degree of impact varying depending on frequency, exposure duration, and
sound intensity. Hearing generalists, on the other hand, would likely require much higher SELs to
experience similar effects, particularly from lédwequency sonar, and are less likely to detect mid
frequency sonar altogether.

Some studies have suggested that there may be some loss of sensory hair cells due to high intensity
sources, indicating possibldoss in hearing sensitivity; however, none of those studies investigated the
4dzo02S8S0G&aQ | Oldz t KSIFNAY3I NngéH1981buRdildBNG SidfyligndlegNS G 2
of the sensory cells in the inner ears of Atlantic §@&dus morhug hearing specialist$pllowing one

to five hours of exposure to pure tone sounds between 50 and 400 Hz \&ifHat 180 dB re LuPa.
Hastings (1995jound auditory hakcell damage in goldfisfCarassius auratysa freshwatehearing
specialist Goldfish were exposed to 250 Hz and 500 Hz continuous tones with maximurSpbak

204 dB re 1 pPa and 197 dB re 1 yPa, respectively, for about two hours. Sirldatiggs et al. (1996)
demonstrated damage to some sensory hair cells in oséasdnotus ocellatysobserved one to four
days following a ondnour exposure to a pure tone at 300 With an SPlof 180 dB re LiPa.Both

studies found a relatively small percentage of total hair cell loss from hearing organs despite long
duration exposureskffects from longduration noise exposure studies are generally informative;
however, they are not necessarnigpresentative of effects fronmtermittent, short-duration exposures
produced during Navy activities involving sonar and other transducers.

3.2.2 Threshold Shift due to Vessel Noise

The following section summarizes datatbe effects of vessel noise on fislearing Rogers et al. (2020)
investigatedthe impactof vessel noise othe oystertoadfish(Opsanus ta)y a hearing generalist. Fish

were exposed to one of three noise treatmendsd their hearing thresholds were measured before

exposure and for up to nine days afterward. Two groups experienced recorded boat naji&, (B0

Hz) for 1 or 12 continuous hours, while a third group was exposed to 12 hours of biological noise

consisttdA 2F YIS (2FRTAAK ao02l G6KAAGESE @20 tAT FGAZ2Y
SELR&adzNBa 6SNB YFAYGFAYSR Fid FLILINRBEAYFGSE& mpn R.
sensitivity range (8550 Hz). Exposure to biological noise, ef@ml2 hours, caused no measurable

hearing loss. In contrast, significant TTS of up to 8 dB and 20 dB occurred folldwangahd 12hour

exposures to vessel noise, respectively. Similar TTS effects have been reported in other studies involving
captive fsh exposed to elevated background or riompulsive broadband noise sources, such as white
noise(e.g., Breitzler et al., 2020; Scholik & Yan, 2002b; Smith et al., 2004b; Wysocki & Ladich, 2005)

Caged studies involving hearing specialist fishes indicate that prolonged exposure to elevated
background noise can cause temporary hearing loss, although recovery generally occurs oyergime
Breitzler et al., 2020; Scholik & Yan, 2002a; Smith et al., 2006; Smith et al., Za#h)et al. (2006)

and Smith et al. (2004a@xposed goldfishGarassius auraty$o continuous noise at 170 dB re 1 uPa and
found a clear relationship between exposure duration and the magnitude of hearing lossniku@
exposure produced a 5 dB temporary threshold shift, whereas a tiweek exposure resulted in a 28
dBshift, with full recovery taking more than two weekK&mith et al., 2004aRecovery times were not
measured by investigators for shorter exposure durations.

Scholik and Yan (200dgmonstrated TTS in a hearing specialist, the fathead minfomegphales
promelag, after a 24hour continuous exposure to white noise (@20 kHz) at 142 dB re 1 yPa that
took up to 14 days postxposure to recover. This is the longest recorded time for a threshold shift to
recover in a fish. The same authors also found that the gillgunfish Lepomis macrochirysa
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generalist, did not show significant elevations in auditory thresholds when exposed to the same stimulus
(Scholik & Yan, 2002H)ikewise Maurer et al. (2023gxposedcommon roach Rutilusrutilus), a pelagic
hearing specialist, anshnd gobie¢Pomatoschistus minutdsa benthic hearing generalist, to simulated
continuousbroadband(100¢ 10,000 Hzyessehoisefor 256 secondsvith peak SPLs between 1364

dB re luPa andSEL,, levels180-190 dB re (ilP&s. The common roach had significant TTS when

exposed taa subset of thanoiseexposurewhile the sand gobies did nothisevidence supportthe
ideathat hearing specialists may be more sensitive to hearingvden exposed to noisthan fishes

that areconsiderecdhearing generalists.

Breitzler et al. (2020pvestigated the effects of white noise on zebrafi§hatio rerig, a freshwater

hearing specialist, by exposing them to 24 hours of noise at varying frequencies and sound pressure
fSoStad ¢¢{ 200dzNNBR (i FNBI|jdzSyOrSa O2NNBaLRYyRAY
exposed to the highest sound le@b0 dB re 1 uPa), recovery of hearing thresholds required up to 14

days. The greatest threshold shifts (up to 33 dB) were associated with significant loss of inner ear hair

cells, whereas lower exposure levels did not produce such damage. Notably,lHas<&llowing high

level noise exposure returned to baseline within seven days, demonstrating both the regenerative

capacity of fish auditory hair cells and the reversibility of nambiuced hearing los$ackingevidence of
permanenthearing loss

Studies on zebrafish have demonstrated that exposure to white noise can induce temporary hearing loss
and other auditory effectdVong et al. (2022 xposed zebrafisto 24 hours of white nois€SPL of150

dB re 1 pPayith four different temporalpatterns(continuous fast and slow, regulandirregular
intermittent). Impacts from white noisencluded noise induced hearing loss, physical damage, and
behavioral response@iscussed further in Sectid@4.1). Auditory evoked potentials were used to
measure significant threshold shifts (an averagembroximatelyl3dB across all tested frequencies)

for all fourtemporal patterns Although significant hair cell loss was not found, otinelicators of

auditory damage, including reduced Ribeye b protein expression and splaying of inner ear epithelia,
were observed, leading the authors to suggest that total acoustic energy, rather than temporal pattern,
drives these effectSSimilarly,TTS was reporteid larval zebrafish (five days pefgrtilization)that were
exposed to white noise below 1.5 kHz at 150 dB re 1 pPa, though exposure duration was not specified
(Lara et al., 2022While some variability in hair cell counts and epithelial morphology was noted, no
significant reduction in overall hair cell density was found between reiggosed and control groups.

A direct comparison of resulfsom thesestudies to fishes exposed to continuous sound sources in
natural settings should be treated with caution due to differences between laboratory and open ocean
or coastal environments. For example, fishes that are exposed to noise produced by a vessglipassi

in their natural environment, even in areas with high levels of vessel movement, would only be exposed
for short durations (e.g., seconds or minutes) and therefore relativelyS&# by transiting vessels.
Fistesused in laboratory experiments are often held in a tank during exposures without any possibility
to avoid the noise source and test species are often freshwater hearing specialists (e.g., goldfish or
zebrafish) due to ease of availability from commems@irces. Furthermore, small aquariums present
issues when transmitting acoustic signals as there may be excessive particle motion not accurately
measured and accounted for during the experiméaiy., Okumura et al., 200 sevidence suggests

that fish can recover from hearing loss (both threshold sensitivity and actual physical damage) even
after long duration exposures in a confined space, it also indicates similar results to lower level and
shorter duration exposures. Thefie, overall effects would not likely rise to the level of impact
demonstrated in the summarized laboratory studies.
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As noted in theANSI Sound Exposure Guidedaahnical reportPopper et al., 2014hearing specialists

may be more susceptible to TTS from long duration continuous noise, such as broadband white noise,
depending on the duration of the exposure (thresholds are proposed based on continuous exposure of
12 hours). However, it Issslikely that TTS would occur in fishithait are hearing generalists

3.2.3  Threshold Shift due to Impulsive Sound Sources

Popperetal. (2003 xamined the effects of a seismic air gun array trearing specialisthe lake chub
(Couesiuplumbeusy; and twohearing generalistghe northern pike Esox luciusand the broad
whitefish(Coregonus nasjsa salmonid. In this studfish were placed ipens in a shallow rivewith

water depths of 1.9 mnd exposed to either five or 20 shdtem anearbysmall air gun array (eight air
guns total) Efects were noted at a cumulative SEL186 dB re »Pa’s, based on an exposure fife
shotswith a mean single strike S&1.177 dBe 1>Pa’s(Popper et al., 2014) ike most air gusignals

each shotasteda few millisecondwith the 5 shot exposure likely lasting a few minutesed on the 15
minutes it took to expose fish to 20 shdfsulse lengthandpulse intervaivas not reported. TTSvas
reportedin the lake chub and northern pike, but natthe broad whitefish Approximately 2@25 dBof

TTS was reporteat some but not all testedrequencies for both species, and full recovéngm

threshold shiftdook place within 18 hours after sound exposure. Examination of the sensory surfaces of
the ears after allotted recovery times (one hour for five shot exposures, and up to 18 hours for 20 shot
exposures) showed no damatgesensory hair cells in any of the fish from these expos(Besg et al.,
2008)

Asmall percen(2-15% depending on the region and test groopyensory hair celim the inner ear

was observed inaged fisksexposed tanultiple passes oh towed air gun arragt distancegrom five

to several hundred meter@MicCauley et al., 2003; McCauley & Kent, 20BR)k snapperChrysophrys
auratus), a hearing generalist, were exposed to multiple air gun shots for up to 1.5 hours, with
maximum received SELs exceeding 180 dB re 1 (R&&Gauley et al., 2003Although no longterm
control groups were available for comparison, hair cell loss continued to increase for at least 58 days
post-exposure, reaching approximately 2.7% of total hair c@8isld band snappePfistipomoides
multideng and sea perch.(tjanus kasmirg bothhearing specialistavere also exposed to a towed air
gun array simulating a passing seismic ve@deCauley & Kent, 2012Vhilereceived levels for these
exposures have not been published, hair cell damage increased as the range of the exposure (i.e.,
distanceto the source) decreased. Again, the amount of damage was considered small in each case
(McCauley & Kent, 2012} is not known if this hair cell loss would resulfifiSsince fish have tens or
even hundreds of thousands of sensory hair cells in the inner ear and only a small portion were affected
by the soundLombarte & Popper, 1994; Popper & Hoxter, 1984fferences in species, sound source
characteristics, and exposure conditions likely explain WMicZauley and Kent (201@pserved hair cell
damage while Popper et al. (2005jid not.

Hastings et al. (200®8xposed dearing specialisthe pinecone soldierfisiMyripristis murdjan, and

three hearing generalistghe blue green damselfisiChromis viridis the saber squirrelfish
(Sargocentron spiniferujmand the bluestripe seaperchiftjanus kasmirgto anearby active seismic
survey Fish werdocated at one of three test sites that varied in distance from the actual survey
(approximately 45 m to several kilometer$)sh in cages were exposed to multiple air gun shots with a
cumulativeSElof 190 dB re iP&s. The authors found n6TSn any fish examined up to 12 hours after
the exposures.
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In an investigation of another impulsive sour@asper, Smith, et al. (201f&und that some fishes may
actually be more susceptible to barotrauma (e.g., swim bladder ruptures, herniations, and hematomas)
than effectsto the auditory systenwhen exposed to simulated impact pile driving. Hybrid striped bass
(white basdVlorone chrysops striped bas$/1. saxatilig and Mozambique tilapiadreochromis
mossambicugboth hearing generalistsvere exposed t&ELbetween 213 and 216B re 1>P&s. The
subjects exhibited barotrauma, and although researchers began to observe signs of inner ear hair cell
loss, these effects were small compared to the other+aanlitory injuriesthat occurred Smith et al.
(2022)observed physical damage in timer ear ofa hearing generalisRacific mackerglScomber
japonicus, exposed to underwater explosions starting at receiypegékto peak SPLsf 220 dB re 1 pPa.
Though there ar@o direct measurements of TTS in fishes exposed to explosive sources, it is assumed
that fish would demonstrate similar effects auditory detectionas those exposed to other impulsive
sources such as those described abdveesaeceived soundevelslikelyrepresentthresholds at which
hearing effects may occur.

Permanent hearing loskas notbeen known to occur in fishes tested to date. Any hearing loss in fish
may be as temporary as the timeframe required to repair or replace the sensory cells that were
damaged or destroye(Popper et al., 2014; Popper et al., 2005; Smith et al., 200&) lowesSElat

which TTS has been observed in fisivth hearing specializatiorsxposed to air gun signats186dB

NB Ws. Astreiewed in thANSI Sound Exposure Guidei@ahnical repor{Popper et al., 2014)

hearing generalista/ould be less susceptible to TTS thlspecialistseven at higher levels and longer
durations.Fishes that are hearing specialists may be susceptible to TTS within very close ranges to an
explosive.

3.3 MASKING

Masking is likely to occur in most fishes due to varying levels of ambient or natural noise in the
environment, such as wave action, precipitation, or other animal vocalizaf®ogper et al., 2014)

Ambient noise during higher sea states in the ocean has resulted in masking in several fish species
(Chapman & Hawkins, 1973; Ramcharitar & Popper, 280dough the overall intensity or loudness of
ambient or humargenerated noise may resultin masking effects in fishes, masking is most problematic
when humangenerated signals or ambient noise levels overlap the frequencies of biologically important
sighals(Buerkle, 1968, 1969; Popper et al., 2014; Tavolga, 1974)

Auditory sensitivity can be hindered by masking nofgsocki and Ladich (2008yestigated the
influence of continuous whitaoiseon the auditorythresholdsof two hearing specialists, the goldfish
and the lined Raphael catfisRlatydoras costatysas well as a hearing generaligte pumpkinseed
sunfish Lepomis gibbosysExperiments were conducted in aquariun@ntinuous white noise withra
SPlof approximately 130 dB re>Pa at 1 m resulted in 234 dBof maskingwithin the goldfish and
catfishregion of best sensitivity between 500 and 1,000 Hz. Sthdish experiencednly 11 dB of

masking during the sammoisetreatment. In a similar study, meagréd¢gyrosomus regiyexposed to
boat noise at relative SPLsI80 dB re >Pashowed a masking effect of up to 20 dB during
presentation of the noise stimuly¥ieira et al., 2021)As seen in previous studies, fish calls were
masked by up to 20 dB. Masked auditory thresholds were also measured in the croaking gourami
(Trichopsis vittataOsphronemidagduring playbacks of white noise at a relative SPL of 118 dBPa
(Maiditsch & Ladich, 2022The experiment revealed a significant increase in auditory thresholds during
noise presentations. Specifically, the largest effect was noted at frequencies that overlap with female
pre-spawning purring vocalizations.
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ability to adapt or compensate durirepm exposurge.g., de Jong et al., 2020; Krahforst et al., 2016;

Radford et al., 2014; Slabbekoorn et al., 20E@rexample, masking could result in changes in

predatorLINB &8 NBf | A2y aKALIAYE LRGSYGAlLIffte AYyKAOAGAY3I |
increase its risk of predatiop NJ t AYAGAYy 3 || FAAKQA | 0 Addcing G2 Of I 43
foraging succes®.g., Astrup, 1999; Currie et al., 2025; Mann et al., 1998; McCormick et al., 2018;

Simpson et al., 2015; Simpson et al., 2016; Voellmy, Purser, Flynn, et al. Ad@taptively, if the

masking noiseverlaps the hearing range of fish predators (e.g., marine mammatbeir prey, this

could bebeneficialif the maskingsignalprevents predators from finding them or increases their chance

of capturing prey items.

Masking may also limit the distance over which fish can communicate or detect important signals,
includingconspecifiovocalizationsuch as thosenade during reproductive phases or sounds emitted
from a reef for navigating larva@lves et al., 2016; Codarin et al., 2009; de Jong et al., 2020; Higgs,
2005; Krahforst et al., 2016; Neenan et al., 2016; Ramcharitar et al., 2006; Ramcharitar et al., 2001;
Stanley et al., 2017; Vieira et al., 20Zlhe signato-noise ratio has been shown to have a direct effect
on signatiscriminability with greatersignalto-noise ratios resulting ibetter chances of the signal

being detected by the listendCurrie et al., 2025)f the masking signal is brief (a few seconds or less),
biologically important signals may still be detected, resulting in little effathe individual. If the signal

is longer in duration (minutes or hours) or overlaps with important frequencies for a particular species,
more severe consequences may occur such as the inability to attract a mate and reprodese

impacts could be avoided viatrmaskingresponsessuch asltering vocalization timeduring the day

to avoid noisy periogt changing call type or frequency content to avoid overlap with anthropogenic
sound sources; and decreasing vocalizationsdieing masking periods to reduce energy wadeyle

et al., 2025; Hom et al., 2024; Ogurek et al., 2024; Woods et al.,. 202b) ombard effechas been
reportedin fishes (both in a laboratory setting and in sitwn increasing number @xperimentge.g.,

Holt & Johnston, 2014; Joseph J. Luczkovich et al., 2016; Somogyi & Rountre€l 2928 mbard

effect is defined aa potentially compensatory behavior where an animal increases the source level of
its vocalizationén response to elevated noise levelfie Lombard effectis currently understood to be a
reflex that may be unnoticeable to the animal, or it could lead to increased energy expenditure during
communicationas is possible with other aathasking responses described above

Passive acoustic monitoring was conducted dusiageral phases of an offshore windfarm installation
project(Siddagangaiah et al., 202Installation aml active use of the windfarm resulted in increased
background noise levels as well as changes in fish chorusing patterns compared to baseline conditions in
the study area. For example, type 1 choruses occurred for longer durations aatbater intensity
compared to preconstruction monitoring. Type 2 choruses showed an increase in intensity but no
change in overall call duration during the same portion of the prajettllation After construction was
complete, residual effects on call duration and intensity were evidenType 1 chorusing (increased
call duration and intensity) though Type 2 chorusing did not seem affected and returned to baseline
levels.Following completion of the turbine installation projeabjlbw-on long-term studieswere
conducted to understang@otential implications after the turbines were operational. Initiatlye

seasonal chorusing pattesiof fishin the surrounding arewere notfound to beimpacted by noise

from the wind turbines, as analyzexwer a two year periodSiddagangaiah, Chen, Hu, Akamatsu, et al.,
2024) However,a second studjound evidence oincreasing trends in ambient noise areduced
chorustypesover a five year monitoringeriod(Siddagangaiah, Chen, Hu, Erbe, et al., 262#)gesting
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longer term monitoring may allow for a better assessment of changes in fish vocalizations over time to
chronic sound source€hanges in fish vocal behavéorch as those described abovay be affectedy
masking (the Lombard effect) or other factors such as disrupted group cohesion during periods of noise
presentation.Although the construction noise included impact pile driving, it is difficult to distinguish
whether these impacts were a result of the impulsive signals alone, or if noise from other parts of the
activity (vessel movements, dredging, windmill operatiocm)tributed changes in fish chorusing
behavior.Additional research has shown that some, but not all species, respond to sound exposures
with the Lombard effecte.g., Brown et al., 2021; Maiditsch & Ladich, 2022)

TheANSI Sound Exposure Guiddieahnical repori{Popper et al., 2014)ighlights the lack of data for
masking by sonar but suggests that the narrow bandwidth and intermittent nature of most sonar signals
would result in only a limited probability of any masking effects. In addition, most sonars fight,

and very higHfrequency) are above the hearing range of most marine fish spésgef-igure3-1),

eliminating the possibility of masking for these species. In most cases, the probability of masking would
further decrease with increasing distance from the sound source.

In addition few data are availabléor masking by impulsive signals (e.g., impact pile driving and air guns)
(Popper et al., 2014; Siddagangaiah et al., 20Mipulsivesounds are typically brief, lasting only

fractions of a second, where masking could occur only during that brief duration of sound. Biological
sounds can typically be detected between pulses within close distances to the source unless those
biological souds arelike the masking noise, such as impulsive or drumming vocalizations made by some
fishes (e.g., cod or haddock). Masking could also indirectly occur because of repetitive impulsive signals
where the repetitive sounds and reverberations over distance may cre@atere continuous noise
exposure Currently here are no direct observations of masking in fishes due to explosive ANSé
Sound Exposure Guidelieehnical report{Popper et al., 2014)ighlights a lack of data that exist for
masking by explosives but suggests that the intermittent nature of explosions would result in very limited
probability of any masking effects, and if masking were to occur it would only daodag the duration of

the soundPotential masking from explosive®uld belike masking studied for other impulsive sounds
such as air guns

Although there is evidence of masking because of exposure to vessel noigg\ 8leSound Exposure
Guidelingechnical reportPopper et al., 2014Joes not present numeric thresholds for this effect.
Instead, relative risk factors are considered, ahé standards committe@ssumed the probability of
masking occurring is higher at near to moderate distances from the source (up to hundreds of meters)
but decreases with increasing distan@&pper et al., 2014)

34 BEHAVIORAL REACTIONS

Fish behavioral reactions have been observed across many types of sound sources. Most research has
been performed using air guns (including laigmale seismic surveys), sonar, and vessel noise with fewer
available data on reactions to impact pile drivimgse and explosives. Regardless of limited data, fish

are likely to show similar behavioral reactions to similar types of sound stimuli (e.g., impulsive noise).

| KFy3aSa Ay az2dzyR AyiliSyairide YlIe& 06S Y2NB AYLERNIIyd
Some studiesuggessignalghat fluctuate insound pressuréevel or have intermittent pulse rates elicit

stronger responseis fishcompared to signals with continuous high sound pressure l€@igrie et al.,

2020; Neo et al., 2014; Schwarz & Greer, 1984)as also been suggested that unpredictable sounds

that last for long durations have the largest impact on behavioral respoftse3ong et al., 2020)
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Responsetypically reported during sound exposure experiments inchslartle or alarm reactionand
avoidance andalterationsin generalswimming behavioréi.e.,speed direction or depth, group
dynamicsvocalizationsfeeding,anti-predator and reproductive behavio(6GL Ltd Environmental
Research Associates et al., 2008; R.D. McCauley et al., 2000; Pearson et al., 1992; Popper, Hawkins, &
Halvorsen, 2019However some fish either do not respond, or learn to tolerate or habituate to the

noise exposurée.g., Bruintjes et al., 2016; Currie et al., 2020; J. Hubert et al., 2020; Nedelec, Mills, et
al., 2016; Radford et al., 2016)

Interpreting behavioral responses can be difficult dueteariety of factorsuchas FAAKQa Q KS I N
capabilities and overall sensitivjtypeciesspecific behavioral tendencies, motivational state (e.qg.,

feedingYl GAy 3032 +y AYRADGARdZ f Q&4 LINBGA2dza SELISNASYy OS>
environment, and whether the fish are able to avoid s@indsource (e.g., caged versus freaimming

subjects) For example,esults from caged studies may not provide a representative understanding of

how free-swimming fishes may rea@iHawkins et al., 2015gspecially when the experimental

population consists of those species bred and raised in captivity (e.g., generations of captive zebrafish

used in biological studi¢sThese factors must be considered when evaluating available data on fish

behavioral responses in the context of the analysis.

The followingsubsectionsprovide an overvievof available data andummarize responsagportedin
fishexposedo specific sound sources

341 Behavioral Reactions to Sonar and Other Transducers

Behavioral reactions to sonar have been studied both in caged anestsaming fish, although results

can oftentimes be difficult to interpret depending on the species tested and the study environment.
Jorgensen et al. (2005howed that caged cod and spotted wolffighknarhichasninor) lackedany

response to simulated sonar between 1 and 8 kHz. However, within the same study, reactions were seen
in juvenile herringlt is likely that the sonar signals were inauditdehe cod and wolf fish (species that

lack notable hearing specializations) but audibléésring (a hearing specialist).

Several experiments studied the reactions of both wild and captive Atlantic he@ingéa harengyso
GKS w2elt bSiKSNI I yRfiequercyshdticedonsr EangBgNdony By AkHZAwithy A R
maximum cumulative SELs of 184 dB re Psiffzoksaeter et al., 2009; Doksaeter et al., 2012; Sivle,
Kvadsheim, & Ainslie, 2015; Sivle, Kvadsheim, Ainslie, et al., R@layoidance or escape reactions
were observed when herring were exposed to sonar souacebsthe authorsoncluded that the use of
naval sonar poses little risk to populations of herring. Inste@phificant reactions were noted at lower
received sound levels of different nesonar sound types. For example, dive responses (i.e., escape
reactions) were observed when herring were exposed to killer whale feeding sounds at reS&iext
approximately 15@B re JuPa(Sivle, Kvadsheim, Ainslie, et al., 20&tprtle responses were seen
when the cages for captive herring were hit with a wooden stick and with the ignition of an outboard
boat engine at a distance of one meter from the test {®oksaeter et al., 2012l is possible that the
herring were not disturbed by the sonbecause theyvere more motivated to continue other behaviors
such ageeding ordid not associate the sound as a threatening stimalsishey likely did for the killer
whale and outboard motorboat signals

Short et al. (20203tudied the effect of a broadband, pulsed, acoustiaalydom noise exposure

(602,000 Hz) on the swimming behavior of a captive freshwater shoaling species (Eurasian minnows,
Phoxinus phoxinykearing specialisjsin response to the noise exposure, group responses were more
consistent in their escape behavior (e.g., startled, consistent speede et path, stronger group
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cohesion, more synchronized orientation) compared to fish tested individédtlyough the pulsed
tones were broadband, unlike most sonar sources that have a limited center frequency, the study
provides insight into the differences in group versus individual reactions particularly for shoaling species.

There is evidence that elasmobranchs (cartilaginous fish including sharks and rays) also respond to
humangenerated sounds. A number of researchers conducted experiments in which they played back
sounds (e.g., pulsed tones below 1 kHz) and attracted a ewmwbdifferent shark species to the sound
source(e.g., Casper, Halvorsen, et al., 2012; Myrberg et al., 1976; Myrberg et al., 1969; Myrberg et al.,
1972; Nelson & Johnson, 197Zhe results of these studies showed that shahesaring generalists,

were attracted to irregularly pulsed lofvequency sounds (below several hundred Hz), in the same
frequency range of sounds that might be produced by struggling prey. However, abrupt and irregularly
pulsed humargenerated noise (0.@20 kHz with most energy below 1 kHz) resulted in withdrawal
responses of certain shark spedi@hapuis, Collin, et al., 2019harks are not known to be attracted to
continuous signals or higher frequencies that they presumably cannot(@zeper & Mann, 2006;

Casper & Mann, 2009)

Only a few species of marine fishes can detect sonars afoeet 2kHz, meaning that most fishes

would not detect most mi¢ high, or very highfrequency Navy sonars. The few marine species that can
detect above2 kHz and have some hearing specializations may be able to better detect the sound and
would therefore be more likely to react. However, researchers have found little reaction by adult fish in
0KS At R (2 a2y laNBorydeteitisnagge(Ddkshetdr gt Al.YA0d9;2D0ksaeter et al.,
2012; Sivle, Kvadsheim, Ainslie, et al., 20TBpANSI Sound Exposure Guiddiewhnical report

(Popper et al., 2014uggests that fish able to hear sonars would have a low probability of reacting to
the source within near or intermediate distances (within tens to hundreds of meters) and a decreasing
probability of reacting at increasing distances

3.4.2 Behavioral Reactions to Vessel Noise

Vesseltraffic contributes to the amount of noise in the ocean and has the potential to affect fiskes
to the low-frequency contenof the signakndfish hearing capabilitiesThe ANSI Sound Exposure
Guidelingechnical repori{Popper et al., 2014uggests that fishes have a high to moderate probability
of reacting to nearby vessel noise (i.e., within tens of meters) with decreasing probability of reastions
distance from the sourciecreaseghundredsof metersor more).

As mentioned above, behavioral reactions are variable depending on a number of fiactoding
sound sourceharacteristicge.g., type of vessel or motor vs. playback of broadband sounds) and
propagationin the water columror test tank(Popper et al., 2014; Schwarz & Greer, 1984y example,
juvenile damselfishRomacentrus wardliexposed tglaybacksrom a fourstroke engine generally
displayed similar responses as control fish exposed to ambient ndiseeas thoseexposed to twe
stroke enginenoise demonstratedtartle responsesshanges iboldness €.g.,increased time spent
hiding and reduced use of spawéthin the test enclosuréMcCormick et al., 2019AIthough the two
sound sources were very similar, the vessels powered by thedtwake engine were of lower intensity
(i.e., less energy across all frequencies) compared to vessels powered by tsérdke engine, which
may explain the overall reducedsponse to this engine typ@&dditionally, captive herring
demonstrated stronger reactions to recordings of nerseluced research vessels compared to
conventional research vessels at similar sound pressure levels, supporting the concept that received
levelalone doesnotalways ekph y | F A a(HaQdegaidBtall, ZOANsiBg AEP and behavioral
measurements, researchers found that Acadian redfish are most sensitive fvdgwency sounds
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below 400 Hz, a trait consistent with their de€lvelling anatomy. The study reveal&d fasciatusan
detect lower frequenciesvell before triggering a visible behavioral respondéile sensitive to low
frequencies, redfish likely only face significant ecological disruption at high sound inte (Big@esgzek
& Higgs, 2026)

One of the most common responsesported during vessel noise experimerisavoidance typically
measured by increases in swim speaddhorizontal or vertical displacement. Avoidance has been
reported within a few tens of meters of a passing ship, and as far as several kilometers in some open
water experimentgDe Robertis & Handegard, 2013; Engas et al., 1995; Handegard et al., 2003; Waddell
& Sirovic, 2023)For exampleMisund (1997jound that fish showed avoidance reactions at ranges of 50
to 150 m ahead of the ship. When the vessel passed over them, some species of fish responded with
sudden escape reactions that included lateral avoidance or downward compression of the school.
Ivanova et al. (202@agged Arctic cod and recorded movement and behavior during exposure to noise
produced by cargo and cruise ship traffic. Overall, cod increased their horizontal movement outside of
their estimated home range when vessels were either present or movingpawed to periods where
vessels were absent, indicating periods of potential avoida@®oea larger scaléitlanticsturgeon
(Acipenser oxyrinchlidisplayed spatial displacement when vessels passed betweehrbaway
(Senecal et al., 2025\ voidance reactions within the nearfield (a few tens of meters) are likely due to a
combination of visual and acoustic cuélewever, reactions at greater distances (several kilometers)
require additional investigation as the received sound level at these distances would theoretically fall
below the hearing threshold of some fishes (Senecal 2625)re studies should continue to

investigate whether these observed effects are prolonged or how quickly fish may return to baseline
behaviors.

Changes in attention, or increased distraction, may resudffiacts on foraging success and anti

predator responsesthoughthese vangreatlyby specie¢Bracciali et al., 2012; Gendron et al., 2020;
Magnhagen et al., 2017; Stasso et al., 2022; Voellmy, Purser, Flynn, et al., 2014; Voellmy, Purser,
Simpson, et al., 2014For example, dring exposures to vessel noise, juvenile Ambon damselfish
(Pomacentrus amboinen$iand European eels showed slower reaction times and lacked startle
responses to predatory attackSibsequentiythese fishshowed signs of distraction and increased their
risk of predation during both simulated and actual predation experimé&isipson et al., 2015;

Simpson et al., 2016However, itis not known if these responses would decrease over time as repeated
measures were not performeduvenile Ambon damselfish showed areduction in learned predator
behaviors likely because of distracti(ferrari et al., 2018Pusky DamselfistSfegastes fuscys

displayed a reduction in foraging behavior with and increase in refuging when exposed to playbacks of
boat noise(Lessa et al., 2025pimilarly, piny chromis Acanthochromis polyacanthuexposed to
chronic(12 consecutive dayboat noise playbacks spent less time feeding and interacting with offspring
and displayed increased defensive acts. In addition, offspring survival rates were lower at nests exposed
to chronic boat noise playbacks versus those exposed to ambient play@elelec, Radford, et al.,

2017) This suggests that chronic or letegm exposures could have more severe consequences. In
contrast, larval Atlantic cod showed a stronger gimedator response andlasmore difficult to capture
during simulategredator attackg{Nedelec et al., 2015)

Other documented responses to both playbacks and actual noise conditions from nearby boats include
changes in vocalizatiorfeften associated with masking effects) and gensvémming behavior§i.e.,
change in depthswim speed, distance travelegroup cohesioh(Jimenez et al., 2020; Krahforst et al.,
2016; J. J. Luczkovich et al., 2016; Joseph J. Luczkovich et al., 2016; Ogurek et al., 2024; Vieira et al.,
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2021) Additionally, alterations in parental care behaviors and social dynamics could lead to larger
reproductive consequences, such as a loss of offspring due to increased vulnerability to predators or
missed mating opportunities due to disrupted signaliBgtler & Maruska, 2020; Butler & Maruska,

2021; McCloskey et al., 2020; Nedelec, Mills, et al., 2017; Nedelec, Radford, et al., 2017; Stasso et al.,
2022; West & Moore, 2025 he severity and overall outcome of such reported reactions vary by
species and test environment and seems to depend on the duration of the response and whether
habituation was monitored and reported.

Although behavioral responses such as those listed above were often noted during the onset of most
sound presentations, most behaviors did not last long, and animals quickly returned to baseline
behavior patternsFor exampleWang et al. (2025)onducted a 12veek study on the behavioral

response of juvenile African Cichlidddylandia zebra)They observed a decrease in shoaling and
territorial behavior as well as an increase in swimming and foraging activity. These responses however
only lasted for 8 weeks of the study, before behavioral levels in the juvenile fish returned close to the
normal pre-exposed levels, indicating a sign of habituation to the vessel noise. However, many of these
reactions are difficult to extrapolate to reatorld conditions due to the captive environment in which
testing occurred.

Thereis also evidencef a general lack of response to shipping ngsey., Higgs & Humphrey, 2019;
Roberts, PereDominguez, et al., 2016 fact, in one study with zebrafish, when given the chance to
move from a noisy tank (with SPLs reaching;120 dB re LiPa) to a quieter tank (110 dB rquRa

SPL), there was no evidence of avoidance. The fish did not seem to prefer the quieter eevit@mu
continued to swim between the two tanks comparable to control sessbleo et al., 2015Mensinger

et al. (2018¥ound that Australian snapper located in a protected area showed no change in feeding
behavior or avoidance during bopassesConverselysnapper in areas where fishing occurs startled
and ceased feeding behaviors during boat presesuggestinghat location and experience have a
stronginfluence on whether fishes react.

3.4.3 Behavioral Reactions to Impulsive Noise

Most species woulghow similabehavioraresponsesacrossallimpulsivesounds regardless of the

source (e.g.weapons noise and explosion®bservations ofish behavioral reactions to impulsive

sound sourceare largelylimited to studies using caged fishes and seismic air guitls fewer

experiments that report reactions impact pile drivingCommonly reportedeactions include startle or
alarm responseghanges iswim speednd group cohesion, and in some cases avoidance of the sound
sourceat the onset osomeimpulsivesignalg Fewtrell & McCauley, 2012; lafrate et al., 2016; Kim et al.,
2024; Lokkeborg et al., 2012; Pearson et al., 1992; Roberts, Cheesman, et al., 2016; Spiga et al., 2017,
van der Knaap et al., 2022owever, these responsesayvarygreatly depending on the species and
context of the exposure.

Several species chgedrockfish Sebastespecies)white trevally Pseudocaranx dent@and pink
snapper(all hearing generalist®xhibited startle or alarm reactions to seismic air gun pulses between
180dB re 1 pPa and 20#B re 1 uPpeakto-peakSPIl(Pearson et al., 1992More subtle behavioral
changes were noted at low&PE, includingchanges irswim speeds. At the presentation of the sound,
all three species movet the bottom of the experimental enclosure. Both white trevally and pink
snapper also exhibited changes in schooling behawiatgding changes in group cohesiwhen
exposed to air gun noigg-ewtrell & McCauley, 201ZJhese behavioral responses were seen during
SELss low as 14andup to 161dB re 1 uP% but habituationoccurred in all cases, either within a few
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minutes or within 30ninutes after the final air gun sh@Fewtrell & McCauley, 2012; Pearson et al.,
1992)

A study by a research group in the Netherlands conducted an in situ experiment and exposed tagged
Atlantic codto a simulated seismic survey evefwan der Knaap et al., 20210)hrty sk airguns were

utilized in the arrayandthe seismic eventvas conducteatontinuously over threeand-a-half days. The
location was selected due to high site fidelity of cod in the areas immediately surrounding windfarm
turbines in the North Sea and allowed the research group to monitor general movements patterns and
overall behavior before, during, and after the survey. Cod were more likely to be inactive during sound
exposures and immediately following the survegsmpared tobaseline movement patterns.

Some studies have shown a lack of behavioral reactions to air gun noise. The same research group in the
Netherlands exposed cod to playbacks of an air gun in a large ndtlperen Hubert et al., 2020)

Unlike the study conducted in the North Sea, cod exposed in a net pen showed very little change in
behavior or overall use of space within the pen. Herring exposed to an approaching air gun survey (from
27 to 2km over 6 hours), resulting in single pudsaf 125 to 155 dB re 1 pRaSElalsodid not react

(Pena et al., 2013Although these levels are similar to those tested in other studies that exhibited
responsegFewtrell & McCauley, 2012he distance of the exposure to the test enclosure, the slow

onset of the sound source, ambtential motivation for feeding may have affected the observed
response(Pena et al., 2013)

Wardle etal. (2001pbserved marine fish on an inshore reef before, during, and after air gun ssavey
varying distances. The air guns were calibrated at a peak level of 210 dB re 1 pReaatd @95 dB re

1 pyPa at 109 m from the source. Other than observed startle responses and small changes in the
position of adult pollackn the water columr(Pollachiugpollachiuga hearing generalisf] when the air
gun was located withidO m ofthe test site, they found no substantial or permanent changes in the
behavior of the fish on the reef (including juvenile saiff®llachius virerjsand cod) throughout the
course of the studyTwosimilar studesmonitored species abundance, composition, behavior and
movement patterns over the course of several months to capture-kmg responses tonulti-day
seismic surgys(Meekan et al., 2021; Nguyen etal., 2029ekan et al. (2021jytilized multiple methods
such as underwater baited cameras, tagging, and passive acoustic monitoring to understand each
variable under investigation. Overall, the results suggested that there was little, if any; shlomg
term impacts on the demersalfishés., those that hover slightly above the bottofnpm exposure to
the full-scale surveyNguyen et al. (2029)sed baited cameras tmeasure changes in feeding behavior
and abundance oAtlanticcod in areas of seismic surveys. The results indicateldyed arrival time$o
bait stationsand a longer time for available bait to be consumed by Atlanticdwathg seismic impact
events. Nachanges in the abundance of cagre detectedduring impact eventssuggesting that
displacement effects did not occur.

McQueen et al. (2022ndMcQueen et al. (2026)agged Atlantic codG@adus morhua Lto analyze

potential responses to a nearby seismic survey. Tagging and analysis was conducted over multiple years
(20192021) in known spawning locations. Hydrophones and acoustic receivers were placed in two
locations; the test site located close to tHéNJ OS I NF 01 Q 6 KSNB (GKS aSAaYAO
control site in a nearby area but separated from the racetrack by islands and other features to prevent
any sound exposure at this portion of tiseidy area. Exposures consisted of a thrbeur treatment

period with active seismic signals present, and a thineer control period where no seismic activity was
detectable. These periods were repeated in random order over the course of a week in a given testyear
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SEk varied from 120 to 145 di8 1 pP&sat the closest point at the treatment site to the seismic

survey. Overall, spawning cod did not avoid the noise from the seismic survey and remained at the
AL gyAy3a aAGS RSaLMAGS StSOFrGiSR az2dzyR fS@bnf ad LG
motivated them to remain in the area despite the presence of the noise.

In contrast, research on the effectslohg term (weeks to monthsjnpulsivesignals fronseismic
surveyshave indicated thatthe above describedevel of behavioral response is unlik¢liicQueen et

al., 2022; Meekan et al., 202Bor examplelMeekan et al. (2021)bserved no shorterm (days) or

long-term (months) effects of exposure to the composition, abundance, size structure, behavior, or
movement to assemblages of tropical demersal fishes, including hearing specialist species (e.g.,
Lutjanidae sp.), in Westerhustralia exposed to noise from a commerdahle seismic air gun survey

with received SELSs of up to approximately 180 dB re 1-gRécQueen et al. (2028xamined the

responses of spawning cod in the North Sea exposed to seismic air gun noise ovexvbet periods,

with fluctuating SELs of up to 145 dB re 13i®acomparable to a fuficale industrial survey 5 to 40 km
away(Handegard et al., 2003Jagged cod in this study were not displaced from spawning grounds
(McQueen etal., 2022McQueen et al. (2023peculated that strong affinity to selected spawning sites
overcame the behavioral effects of stressor exposure. Although the sound source (i.e., seismic air guns)
is not analogous tonpactpile driving, they both produce higintensity, impulsive sound primarily in

the 100Hz or lower frequency bands that overlap the spectral range of cod communication and hearing
sensitivity and are informative in the absence of studies assessing thetsrgfgule driving to Atlantic

cod. Overall, these findings suggest that, although noise exposure during sensitive life stages is a
potential concern, disturbances resulting from impulsive sound sources, suctpastpile driving or

seismic air guns, may not necessarily result in adverse effects, such as the complete abandonment of an
area for the duration of a spawning season versus temporary displacement or disturbance of Atlantic
cod or other hearing specialist spes.Jarriel et al. (202%Iso observed changes in swim behavior and
vertical positioning of black sea baghen exposed to impact pile driving. However, these effects only
lasted temporarily with no significant behavioral reactions occurringnéetday during a second trial.

Unlike the previously described studi&dptte et al. (2004)sed fishing sonar (38 kHz echo sounder) to
monitor behavior and depth of blue whitingylficromesistius poutassQuand Norwegian spring herring
(hearing generalistggpawning schoolduringair gunexposures They reported that fisheisearthe air

guns appeared tonoveto greater depths after the air gun exposure compared to their vertical position
prior to the air gun usage. Moreover, the abundance of animat$@B&m away from the air guns

increased during seismic activity, suggesting that migrating fish left the @oseismic activity and did

not re-enter the area until the activity ceased. It is unlikely that either species was able to detect the
fishing sonar. However, these behavior patterns may have also been influenced by other variables such
as motivation for €eding, migration, or other environmental factors (e tgmperature, salinity).

Alterations in natural behavior patterns due to exposuranpactpile driving noiseeportednoted

thus far are like those seen in response to seismic surveys. These changes in behavior include startle
responses, changes in depth (in both caged and-B@&#nming subjects), swim speedgpup cohesion,
andin attention and antipredator behaviorsbreachingand directional avoidancée.g., Hawkins et al.,
2014; Kim et al., 2024; Kok et al., 2021; MueBé&nkle et al., 2010; Neo et al., 2015; Roberts,
Cheesman, et al., 2016; Spiga et al., 2007¢ severity of responsaariesgreatly by species and
receivedSPLFor exampleJapanese seabass and blackhead seabreasted tocumulative SELzs low

as 138dB re 1 pPaswhereasstarry flounder showed no significant responseatoy of the sound
exposures teste@Kim et al., 2024However,at somehigherSPL$152-mp T R. )3doBe fiee >t |
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swimming fishes avoideithpactpile driving noisdlafrate et al., 2016)The temporal structuref the

sound exposure also plays a role in potential responses as demonstmsdower recovery times in

fishes exposed to intermittent sounds (similairtgpact pile driving) compared to continuous exposures
(Neo et al., 2014)Jsing a baitedemote underwater videpRoberts, Cheesman, et al. (20%6pwed

that although multiple species of free swimming fish responded to simulmb@actpile driving

recordings, not all responded consistently. In some cases, only one fish would respond while the others
continued feeding. In other instances, various individual fish would respond to different st@keiar
results were reported at an existing windfarm in the Belgian part of the North Sea where tagged free
range Atlantic cod@adusnorhua showed no significant avoidance response to a large sogiactpile
driving effortand a high variance in measured behavioral respdwsesder Knaap et al., 2024s part

of the same experiment,@hosounders also indicated that fish abundance and group cohesion changed
whenpelagic fishes werexposed tampactpile driving and seismactivities However the locationof
schoolingfishesin the water column differed by sound source ty@ad some of these effects were also
noted at the control site (i.e., no sound exposuvd)ich may be explained by othabiotic factors such

as seasonalitgKok et al., 2021)rhe repetition rate of pulses during an exposure may also influence
what behaviorsare observed during many of these experimeatsd how quickly these behaviors
recovered as opposed to theverall sound pressure or exposure lefigeo et al., 2014)

As summarized in thANSI Sound Exposure Guidatuhnical reportPopper et al., 2014species may

react differently to the same sound source dependimgpeveral@l NA | 6 f Sa 3 & dzOK | &
stage or behavioral state (e.g., feeding, mating). Without specific ttedastandards committee

assumed that fishewith similar hearing capabilitie®act similarly to all impulsive sounds outside the

zone for hearing loss and injury. Observations of fish reactions to-lsgle air gun surveys are
informative, but not necessarily directly applicable to analyzing impacts from the-sont,

intermittent use of all impulsive sources. It is assumed that fish have a high probability of reacting to an
impulsive sound source within near and intermediate distances (tens to hundreds of meters), and a
decreasing probability of reaction at increasing distace

3.5 PHYSIOLOGICAL RESPONSE

Fishes naturally experience stress within their environment and as part of theidiferies.To simulate
physiological stress, it is common to test subjects using a variety of stimcti,agpredator

vocalizationsand anthropogenicioise exposureslhe stress responge an animais a suite of
physiological changes that are meant to helpamalmitigate the impact of a stressor. However, if the
magnitude and duration of the stress response is too great or too long, then it can have negative
consequences to thanimal(e.g., decreased immune function, decreased reproduciimcreased
likelihood of predatiof. The initial response to a stimulus is a rapid release of stress hormones into the
circulatory system, which may cause other responses such as elevated heart rate and blood chemistry
changesAsudden increase iBPL(.e., presentation of a sound souroe acute/shortterm exposureg,
increase in overall background noise leyeislongduration or continuous exposushave been shown

to cause stresancludingmeasuremensg of biochemical responsesnd alteation of metabolic rates
indicative of a stress response such as increased ventilation and oxygen consufeioCui et al.,

2024; Goetz et al., 2015; Guh et al., 2021; Lara & Vasconcelos, 2021; Madaro et al., 2015; Pickering,
1981; Popper & Hastings, 2009a; Radford et al., 2016; Retagkey et al., 2006; Simpson et al., 2015;
Simpson et al., 2016; Smith &t, 2004a; Smith et al., 2004b; Spiga et al., 2017; Wysocki et al., 2007;
Wysocki et al., 2006; Xu et al., 2029pwever, results fronthesestudies havevaried partiallydueto

the variety of stimuli used ieachstudy, as well as the complicated physiological resporrsg®rted.
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Acommonresponse that has been observed in fishes involves the production of cortisol (a stress
hormone) when exposed to sounds such as boat noise, tones, or predator vocaliz&torescample,
Nichols et al. (2015 xposed thegiant kelpfish eterostichus rostratysa hearing generalisto
intermittent boat noise and founahcreased cortisdevelswith increased sound levelCod exposed to
a shortduration upsweep (a tone that sweeps upward) across;10000 Hshowedincreases in

cortisol levels, which returned to normal one hquost-exposure(SierraFlores et al., 2015Remage
Healey et al. (2006pund elevated cortisol levels in Gulf toadfisbgsanus beta hearing generalig},
whenexposed to lowfrequency bottlenose dolphin sounds, but observedooatisolchange when
exposedto lowF NB Ij dzSy O& & LJ2 LJa ¢ shiip. ButeOdhdRMaiuska (R0Z@xhdsed y 3
mouth-brooding freshwater female African cichlids (hearing spetjdt noise within their hearing
range (0.%2.0 kHz) for threéhours and then measured the effects of sound on several factors, including
cortisol levels. Like other findings, cortisol levels were higher immediately after expdzameet al.
(2025)measured cortisol levels in juvenile hybrid sturgexti24, 48, and 96 hours after exposure to
continuous vessel noise. They foundignificant increase in cortisol levets24-hours post exposure,
and then an even greater peak in cortisol atlurs post exposure.

While gqudies haveexplored the impacts of vessel noise on hormones, results varied in that some fish
species demonstrated increases in cortisol leyBismageHealey et al., 200@)nd others showed no
evidence of chang@Mills et al., 202Q) One study did show a change in androgen hormone levels in both
male and female fisfMills et al., 202Q)however,the impacts of this change are unknown.

Smith et al. (2004bfpund no increase in corticostero{d class of stress hormonga goldfish exposed

to a cantinuous, bandlimited noise (0.410 kHz)at 170dB re JuPaSPlfor one month.Wysocki et al.
(2007)exposed rainbow trout to continuous barnited noise with a SPlof about 150 dB re fiPa for

nine months with no observed stress effeite., growth rates andecondary stress measures bilaod

sample3® DNR gGK NIGSa FyR SFFSOGa 2y (KS GNRdJzQa AYY
control animalsexposed tal10 dB re uPaSPLIn addition, although there was a difference of 10iniB

overall background leveind boat activity between test sites, reef fiHalichoeres bivittatusshowed

similar levels of wholdody cortiso[Staaterman et al., 2020This suggests that boat noise, in this

context, was not as stressful handlingthe fish for this experiment and contradicts previous

conclusions that follow similar study designs.

Kusku (2020ineasured respiratory changes as secondary indicators of stress in Nile (@ap@chromis
niloticug to determine potential effects of lonterm exposure to underwater sound playback, including
shipping noise. Fish exposed to noise showed as muclvas-tld increase in respiratory indicators
(opercular beat rate and pectoral wing rate) after 10 minutes of sound exposure as compared to
controls and preexposure rates. Over the next 120 days of continuous sound exposure, respiratory
indicators declind steadily and returned to baseline. The authors conclude that the data support
habituation of fish to chronic noise exposure.

Zhang et al. (2023jtudied the effects of simulated ship noise on liveztabolite productionandgene
expressiorof hybrid sturgeor{Acipenser baerk A. schrencki During continuous exposure to
underwater noise 12hours), cell motility increased, while protein synthe@ise process of creating
protein in the body)andseverametabolic pathways were inhibitedResultssuggested that immune
response was initiated when exposed to underwater noise stress and that imnmalaed pathways
were activated to protect the normal activities of tfish, despite evidence that underwater noise may
have caused some inflammatory responses.
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Factors such as eartage development or survival rates as indicators of stress from a given noise
exposure have also been investigated. For examplef fish embryos exposed to boat noised

ambient noisehave demonstrated changas morphological developmeérand increases in heart rate,
another indication of a physiological stress response, alth@ugbival ratesvere practicallyunchanged
(Fakan & McCormick, 2019; J&chlaepfer et al., 2018; Zhou et al., 20Egria et al. (202Zpund

evidence of detrimental effects of chronic boat noisewitd Lusitanian toadfisliHalobatrachus

didactylug development, and of increased physiological stress assessed by oxidative stress and energy
metabolism biomarkersSimilar results weralsofound in juvenile hybrid sturgeofPan et al., 2025)

Blom et al. (2024)ound negative effecten egg and larval development for common gobies
(Pomatoschistus micropgrhen exposed to continuousmise, specifically on the yolk sac resesize It

has been shown that chronic or loitgrm (days or weeks) exposures of continuous mmaade sounds
canalsolead to a reduction in embryo viabilitdecreased growth ratesand early mortality including in
larvae and fishes infected with parasitdsra & Vasconcelos, 2021; Masud et al., 2020; Nedelec et al.,
2015; SierreFlores et al., 2015Furthermore Masud et al. (2020pund that guppies exposed to 24
hoursof broadband white noise showed increased disease susceptibility compared to those exposed for
longer durations (up t@ days).

Contrary to previous findings, meagre larvae and embryos showed little change in development after
exposure to playbacks of boat noise. Specifically, eggs were either provided with either a silent
treatment (the controls) or exposed to playbacks of boaiseoOn average, playback levels were 25 dB
higher than control conditions. Overall, boat noise did not affect measured stress or development
responses such as hatching rate, larval size, and yolk sack area. Effects that were noted, such as the size
of thelipid droplet area, were small and should be verified with additional §atabulo et al., 2023)

Research on physiological stress in fishes due to exposure to explosive sources isSwatedup et al.
(1994)studied levels of stress hormones in Atlantic salmon after exposure to multiple detonations in a
laboratory setting. Increases in cortisol and adrenaline were observed following the exposure, with
adrenaline values returning to within normal range witBih hoursThis and research on fish responses
to otherimpulsive sources are used to support the analy$isvever, in a recent study by Kvadshedn

al. (2026)fish were exposed to a broadband zeimpeak pressure of 177 dB re 1uPa broadband zero
peak pressure (> 10 Hz) and 171 dB re 1puPatrepeak pressure in the hearing band of the fish, yet
exhibited no behavioral stress or pathological damage.

In summary, fishes may have physiological stress reactions to sounds that they caG éearally,

stress responses are more likely to occur in the presence of potentially threatening sound sources, such
as predator vocalizations, or the sudden onset of impulsive signals rather than frofimpaorsive or
continuous sources such as vessasear sonar. If an exposure is short, the stress responses are
typically brief (dew seconds to minutes). In addition, research shows that fishes may habituate to
(i.e.,learn to tolerate) the noise that is being presented after multiple exposures or longer duration
exposures that prove to be netinreatening. However, exposure to chronic noise sources can lead to
more severe impacts over time, such as reduced growth ratésh can lead to reduced survivability for

an individual. It is assumed that any physiological response (e.g., hearing loss or injury) or significant
behavioral response is also associated with a stress response.

3.6 DIRECT INJURY

Injury to fishes refers to the direct effects on the tissues or organs of aAigtitory injuriesare
generallydiscussedbovein Section3.2 Noresearchon the potential injuries from nederate- to low-

3-21



Version20262 July 2026

level noise from vessels, aircraft, and weapbnsg isavailable. However, these sound sourtask the
amplitude and energy to cause any direct injand are not discussed further

3.6.1 Injury due to Sonar and Other Transducers

Non-impulsive sound sources (e.g., sonar, acoustidems, and sonobuoyfave not been known to
cause direct injury or mortality to fish undesild conditions(Halvorsen, Casper, Matthews, et al., 2012;
Kane et al., 2010; Popper et al., 200 @dtential direct injuries (e.g., barotrauma, hemorrhage or rupture

of organs or tissue) from neimpulsive sound sources, such as sonar, are unlikely because of slow rise
times, lack of a strong shock wave such as that associated with an explosive aine lselow peak
pressures.

The effects of midrequency sonafike signals (1.56.5 kHz) on larval and juvenile Atlantic herring,
Atlantic cod, saithe, and spotted wolffisArfarhichas mingrwere examined byorgensen et al. (2005)
Researchers investigated potential effects on survival, development, and behavior in this snalyg A

fish keptin tanks and observed for one to four weeks after sound exposure, no significant differences in
mortality or growthrelated parameters between exposed and unexposed groups were observed.
Examination of organs and tissues from selected hgmeixperiments did not reveal obvious differences
between unexposed and exposed groups. Howeteo (out of 42) of the herring groups exposed to
continuous wave 0189 dB re LiPa and 179 dB refPaSPlhad a postexposure mortality of 19 and
30percent, respectively. It is not clear if this increased mortality was due to the received level or to
otherunknown factors, such as exposure to the resonance frequency of the swim b(agdeBection
1.1.8for discussion of resonance)orgensen et al. (200Bstimated a resonant frequency of 1.8 kHz for
herring and saithe ranging in size from 6.3 to 7.0 centimeters, respectively, which lies within the range
of frequencies used during sound exposures and, therefore, may explain some of the noted mortalities.
Frequencymodulated sonar signals of tlsame frequency range and intensities did not cause mortality.

Past researchasdemonstrated that fish species, size, and depth influence the resonant frequency
(defined in Section.1.§ of the swim bladde(Lavik & Hovem, 1979; McCartney & Stubbs, 19a)
example,dwer frequencies (i.egenerally below 1 kHz) are expected to produce swim bladder
resonance in adult fishes from about 10 to 100 centime{dtsCartney & Stubbs, 1971)igher
frequencies, greater than 1 kHz, could produce swim bladder resonance in smaller Ashesonance,
the swim bladder may absorb much of the acoustic energy in the impinging sound wave. It was
hypothesized that the resulting oscillations may cause mortality or harm the auditory organs or the
swim bladderJorgensen et al., 2005; Kvadsheim & Sevaldsen,.2808)ever, damage to the swim
bladder and to tissues surrounding the swim bladder was not observed in fishes exposed to multiple
sonar pulses from approximately X685 dB re 1 pPa at their presumed swim bladder resonant
frequency(Jorgensen et al., 2009jiskes maybe more susceptible to injury from swim bladder
resonance when exposed to continuous signals within the resonant frequangg; althoughbased on
the above studies, injury or mortality from swim bladder resonance underseald conditions is
unlikely.

Hastings (1991); (1998 sted the limitsof acoustic exposure on two freshwater fish species. Hastings

F2dzy R al 02dzaG A0 ailGdzyyAy 3¢ 6 tTachofasririchofey)dolowidglza v S & & ¢
an eightminute continuous exposure in captivity to a 150 Hz pure toh&98dB re 1 pP&PL(1995)

CKA&d aLlSOASa 2F FAAK KlFra |y FANI 6dzoofS Ay (GKS Y2«
may have caused thisjury. Hastings (1991); (1998)sofound that goldfish, exposed to a 2blz
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continuous wave sound with peak pressures of 204 dBued.for two hours, and blue gourami
exposed to a 1581z continuous wave sound at 8Plof 198 dB re 1 pPa for 0.5 hour did not survive.

To investigate potential injury to the auditosystem in fishesSapozhnikova et al. (2028xposed

freshwater fish peled Coregonspeled to tonal, 300 Hz sound at 17836 dB re > t $PL (peak to

peak), for up to 18 days. After exposure, cellular changes to hearing structures were assessed. Hair cell
bundles of the saccul@ne of three otolithic organs in the inner eavere significantly less dense in
soundexposed fish compared to untreated controls, and changes were only observed for fish exposed
longer than five days. Changes to otolith crystal structure and fusion of sterepdli&f I AA]NS ¢ & (G NHzO G d
within the inner ear)ike that observed after ototoxic antibiotic exposure were also observed after

sound exposure, but no direct measurements of hearing loss were taken. The exposure was intended to
simulate conditions of common aquaculture systems and therefore may not be alpiplito exposures

in other environments. Additionally, freshwater fishes are known to have better hearing than marine
species, making them more susceptible to auditory impacts. This study does demonstrate some of the
more severe physical impacts to the atiody system that could result from extremely long duration
exposures to lowfrequency tonal signals.

Althoughthese studiegHastings, 1991; Hastings, 1995; Sapozhnikova et al., if020ate some ofthe
highest known exposusflong duration exposures to moderately high sound levelddnal signals on
freshwaterfisheswith enhanced hearingapabilities, direct comparisons of these results to impacts
from transitorysignals (e.gsonaror vesselsyhould be treated with cautionthe conditions of the
exposures€.g., exposure dation, ¥ A anghality to avoid the sourcegre not synonymous with
conditionsto anopen ocean or coastal environmer&tunning and mortality due to exposure to non
impulsive sound exposure has not been observed in other studies.

Three freshwater species of fish, the rainbow trout, channel catfish, and the hybrid surdgbnis

sp.), were exposed to both lowl170 to 320 Hzand midfrequency(2.8 to 3.8 kHz3onar(Kane et al.,
2010; Popper et al., 2007)owfrequency exposures with receiv&@Pk of 193 dB re 1 pPa occurred for
either 324 or 648 seconds. Midequency exposures of 210 dB re 1 |[FRloccurred for 15econds.
Nofish mortality resulted from either experimenburingexaminatiorafter test exposures, both studies
found that none of the subjects showed signs of tissue damage related to exp@&ame et al., 2010;
Popper et al., 2007)As summarized in th&NSI Sound Exposure Guiddigehnical repori{Popper et

al., 2014) although fish have been injured and killed due to intense,4daation, norimpulsive sound
exposures, fish exposed under more realistic conditions have shown no signs of injury. In the absence of
other proxies to rely upon, those species tested toalean be used as surrogates for estimating injury
in other species exposed to similar sowsce

3.6.2  Injury due to Impulsive Sound Sources

Non-explosive impulsive sounds, such as those produced by seismic air guns and impact pile driving,
may cause injury or mortality in fishes. Mortality and potential damage to the cells of the lateral line
have been observeid fish larvae, fry, and embryos after exposure to single shots from a seismic air gun
within close proximity to the sound source (@6lm)(Booman et al., 1996; Cox et al., 20 2pwever,
exposure of adult pallid sturgeoS¢aphirhynchus albuand paddlefishRolyodon spathulgto a single

shot from an air gun array (four air guns) within similar ranges (@idr)ot result in any signs of

mortality within seven days after exposufBopper et al., 2016)Although injuries occurred in adult

fishes, they were like injuries seenin control subjects so there is little evidence that the air gun exposure
solely contributed to the observed effects.
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Injuries, such as ruptured swim bladders, hematomas, and hemorrhaging of othéltexhsrgans, have
beenreported in fish exposedto alarge number of simulated impact pile driving strikes with cumulative
SELsip to 219 dB re 1 pPaunder highly controlled settings where fish were unable to avoid the source
(Casper, Halvorsen, et al., 2013; Casper, Popper, et al., 2012; Casper, Smith, et al., 2013; Halvorsen,
Casper, Matthews, et al., 2012; Halvorsen et al., 2011; Halvorsen, Casper, Woodley, et al., 2012)
However, it is important to note that these studies exposed fish to 900 or more strikes as the studies
aimed to evaluate the equal energy hypothesis, which suggests that the effects of a large single pulse of
energy is equivalent to the effects of enemggeived from many smaller pulséas discussed in Smith &
Gilley, 2008)Halvorsen et al. (201BndCasper et al. (201 proposethat the equal energy hypothesis

does not apply to effects afmpactpile driving.SpecificallyCasper et al. (2017pund the amount of

energy in each pile strikead a larger influence on resulting injuries thtae number of strikegven

when theSElwas equalFor example, hybrid striped bass (white bass x striped bass) exposed to fewer
strikes with higher single strike sound exposure values resulted in a higher number of, and more severe,
injuries than bass exposed to an equivalent cumuleBtAthat contained more strikes with lower single

strike sound exposure values. This is important to consider when comparing dataripaatpile

driving studies to potential effects from an explosion. Although single strike $P&kwere measured

during these experiments (at average levels of 207 dB re 1 pPa), the injuries were only observed during
exposures to multiple strikes; therefore, it is anticipated that a peak value much higher than the
reported values would be required tead to injury in fishes exposed to a single strike or explosion.

The studies discussed in the paragraph above included species both with and without swim bladders.
Most fishesthat exhibited injuries were those with swim bladders. Lake sturgéaipensefulvesceny

a physostomous fish, was found to be less susceptible to injury from impulsive sources than Nile tilapia
or hybrid striped bass, both of which are physoclistous figi@zsper et al., 2017; Halvorsen, Casper,
Matthews, et al., 2012Halvorsen, Casper, Matthews, et al. (20a&)posed thatthe difference in

results is likely due to the type of swim bladder present in each species. Physostomous fishes have an
open duct connecting the swim bladder to their esophagus and may be able to quickly adjust the
amount of gas in their body by gulpingreleasing air. Physoclistous fishes do not have this duct;

instead, special tissues or glands regulate gas pressure in the swim bladder and are unable to react
quickly enough to reduce pressure appreciably in response to an impulsive sound stressewéhe

no mortalities reported during these experiments, and in the studies where recovery was observed,
most exposure related injuries healed within a few days in a laboratory setting. In many of these
controlled studies, neutral buoyancy was determiriedhe fishes prior to exposure to the simulated
impactpile driving. However, fishes with similar physiology to those described in these studies that are
exposed to actuampactpile driving activities magiot be neutrally buoyant at the onset of an exposure

and therefore mayshow varying levels of injury depending on their state of buoyancy.

By exposing caged juvenile European sea Haselftrarchus labrgxto actuaimpactpile driving

operations Debusschere et al. (201dpnfirmed the results discussed above. No differences in mortality
were found between control and experimental groups (@222 dB re 1 uyPaSE)Casper, Halvorsen, et

al., 2013; Casper, Popper, et al., 2012; Casper, Smith, et al., 2013; Halvorsen, Casper, Matthews, et al.,
2012; Halvorsen et al., 2011; Halvorsen, Casper, Woodley, et al., 2012)

Other potential effects from exposure to impulsive sound sources include bubble formation and
neurotrauma. It is speculated that hi@Pk may cause bubbles to form from micronuclei in the blood
stream or other tissues of animals, possibly causing embolism dafhiagéngs & Popper, 2005jishes
have small capillaries where these bubbles could be caught, leading to vessel rupture and internal
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bleeding. It has also been speculated that this phenomena could take place in the eyes of fish due to
potentially high gas saturation within the eye tiss{@®pper & Hastings, 2009b)\dditional research is
necessary to verify if these speculations apply to exposures teimpulsive sources such as sonars.
These phenomena have not been well studied in fishes and are difficult to recreate undernéddl
conditions

As summarized in thANSI Sound Exposure Guidatuhnical reportPopper et al., 2014exposure to
high intensity and long duration impact pile driving or air gun shatnot causel mortality, and fishes
typically recovered from injuries in controlled laboratory settings. Barring other proxies to rely upon,
species tested to date can be used as surrogates for investigating injury in other species exposed to
similar source¢Popper et al., 2014)

3.6.3  Injury due to Explosions

The blast wave from an explosianlethal to fishes at close range, causing massive organ and tissue
damage(Keevin & Hempen, 1997At greater distance from the detonation point, the extent of

mortality or injury depends omanyfactors including fish size, body shape, depth, physical condition of
the fish, and, perhaps mostimportantly, the presence of a swim bladdgeraraj fishes without swim
bladders have been shown to be more resilient to explosogspared to those with swim bladders
(Gaspin, 1975; Gaspin et al., 1976; Goertner et al., 1894he same distance from the source, larger
fishesand those withelongated forms that are round in crosgctionwere generally less susceptible to
death or injurythan smaller fishes andeep-bodied forms and fishes oriented sideways to the blast
suffer the greatest impadiO'Keeffe, 1984; O'Keeffe & Young, 1984; Wiley et al., 1981; Yelverton et al.,
1975)

If a fish is close to an explosive detonation, the exposure to rapidly changing high pressure levels can
cause barotrauma. Barotrauma is injury due to a sudden difference in pressure between an air space
inside the body and the surrounding water and tissuBapid compression followed by rapid expansion
of airspaces, such as the swim bladder, can damage surrounding tissues and result in the rupture of the
airspace itself. The swim bladder is the primary site of damage from expl¢Babbet al., 2020;

Wright, 1982; Yelverton et al., 19#=an et al., 2024)Gasfilled swim bladders resonate at different
frequencies than surrounding tissue and can be torn by rapid oscillation betweeramidltow-pressure
waves(Goertner, 1978)Swim bladders are a characteristic of most bony fishes, with the notable
exception ofsomeflatfishes (e.g., halibut). Sharks and rays are examples of cartilaginous fishes which
lack a swim bladder. Small airspaces, such as fbighdles that may be present in gill structures, could
also be susceptible to oscillation when exposed to the rapidgure increases caused by an explosion.
This may have caused the bleeding observed on gill structures of some fish exposed to explosions
(Goertner et al., 1994)Sudden very high pressures can also cause damage at tissue interfaces due to
the way pressure waves travel differently through tissues with different densities. Rapidly oscillating
pressure waves might rupture the swim bladder, kidney, liver, and s@edrcause venous
hemorrhagingdamage to hair cells in the inner ear evenpotentialbraintrauma as suggested by

some studiegBowman et al., 2024; Dahl et al., 2020; Fan et al., 2024; Jenkins et al., 2022; Keevin &
Hempen, 1997)

Several studies have exposed fish to explosives and examined various metrics in relation to injury
susceptibility Sverdrup et al. (1994xposed Atlantic salmon in a laboratory setting to repeated shock
pressures of around 2 megapascals (30@p2u46 dBe 1 pPgeak without any immediate or delayed
mortality after a weekHubbs and Rechnitzer (1952)posed fish to underwar detonations placed
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either on the seafloor or buried at various depths along an underwater canyon in La Jolla, CA. Data from
this experimenshowed thatwhen near the surfacdishesbegan to exhibit injuries around peak

pressure exposures of 490 psi(229to 234 dBre 1 pPgeak) However, near the bottom (all water

depths were less than 100 feet [ft.]) fish exposed to pressures over twice as high exhibited no sign of
injury. Yelverton et al. (1973pund thatpeak pressure was not correlated to injury susceptibility;

instead, injury susceptibility of swim bladder fish at shallow depths (10 ft. or less) was correlated to the
metric of positive impulse (pascal seconds-fPa whichconsiderghe positive peak pressure, the

duration of the positive pressure exposure, and fish mass, with smaller fish being more susdbptible
larger fishes

Threeexperiments reportedhe effects of underwater explosions étacific sardinesSardinops saggx
and Pacific mackere§comber japonicigo underwater detonations of C4 explosivashe same

general test site off the coast of Californiaough the experimenttook place duringlifferent years
(Bowman et al., 2024; Dahl et al., 2020; Jenkins et al., 202&)efforts, fish werestationed at various
distances(out to approximately 80@n) prior to the explosionin addition to a control group that was

not exposed. Necropsies following explosions obsestatsticallysignificant injuries, including fat
hematoma, kidney rupture, swim bladdbruisingandrupture, and reproductive blood vessel rupture.
Injuries decreased with increasing distance from the explosion, and swim bladder injuries were the most
prevalent.While most significant injuriewere consistently present at close randess tharb0 m,
approximately 24@Bre 1 uPgeak with decreasing proportion of injury farther from the source in
both studies Dahl et al. (2020)pundinconsistent findings at the §025 m ranggapproximately 24@

232 dBre 1 pPgeak).The inconsistencyn observed physical damage at this distance from the
detonationwas due tgpossible acoustic refraction effects, including waveform paths that were bottom
reflected, surface reflected, or a combination of both.

Somefish mortality was observeduring theJenkins et al. (2028xperiment, ina portion of cages at or
within 157 m(received level of 23dBre 1 pPgeak)of the explosionAdditionally, unique ideo

footage from a subset of treatment groups showed most fish at or within 257 m (a peak SPIdBfr224

1 pPa)were stunned (immobilized) immediately following exposure.the contrary, all but one Pacific
mackerel survived three hours post exposure in the foiahis series oéxperimens(Bowman et al.,

2024) Bowman et al. (2024)Isolooked at hair cell bundle densities post exposure. Densities were
significantly different between treatment groups, with the mdstir celllost for fish closest to the
explosive (150m; peak SPL of 232 dB re iPa).UnlikeYelverton et al. (1975)he statistical model
demonstrated that while all three acoustic measures were good predictors of injury, peak pressure and
SEL were better predictors of injury than pressure impulse.

Multiple fisheswith a swim bladdewere exposed to explosions of varying sizes across a variety of
depths(Gaspin, 1975; Gaspin et al., 19@)bsequentlya swim bladder oscillation modedas

developed which showed that the severity of injury observed in those tests could be correlated to the
extent of swim bladder expansion and contraction predicted to have been induced by exposure to the
explosive blast§Goertner, 1978; Wiley et al., 198Ber this model, the degree of swim bladder

oscillation is affected by ambient pressure (i.e., depth of fish), peak pressure of the explosive, duration
of the pressure exposure, and exposure to surface rarefaction (negative pressure) waves. The maximum
potential for injury is predicted to occur where the surface reflected rarefaction (negative) pressure
wave arrives coincident with the moment of maximum compression of the swim bladder caused by
exposure to the direct positive blast pressure wave, resultirgsubsequent maximum expansion of

the swim bladderGoertner (1978andWiley et al. (1981jound that their swim bladder oscillation
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model explained the injury data in théelverton et al. (1979 xposure study anthat the Yelverton and
Richmond (198lijmpulse parameter was applicable only to fishes at shallow enough depths to
experience less than one swim bladder oscillation before being exposed to the following surface
rarefaction wave.

O'Keeffe (1984provides calculations and contour plots that allow estimation of the range to potential
effects of explosionat or near the surface of the waten fish possessing swim bladders using the
damage prediction model developed @pertner (1978)0'Keeffe (1984parameters include the charge
weight, depth of burst, and the size and depth of the fish, but the estimated ranges dmnsider
unique propagation environments that could reduce or increase the range to eBased on these
calculationsit was suggested thdish at greater depths and near the surface are predicted to be less
likely to be injured because geometries of the exposures would limit the amplitude of swim bladder
oscillations. In contrast, detonations at or near the surfdit& mostproposedactivities that utilize
bombs missiles and gunfirewould result insurface blav off (i.e., loss oénergyinto the air), resulting

in lower overall ranges teffects.

Studies that have documented caged fishes killed during planned underwater explosions indicate that
most fish that die do so within one to four houefter exposureand almost all die withi24-hours

(Yelverton et al., 1975Mortality in freeswimming (uncaged) fishes may be higher due to increased
susceptibility to predationkitch and Young (1948)und that the type of freeswimming fish killed

changed when blasting was repeated at the same location within 24 hours of previous blasting. They
observed that most fish killed on the second day were scavengers, presumably attracted by the victims
ofthS LINBE@A2dza RI&Qa ofladao

Fitch and Young (1948)so investigated whether a significant portion of fish killed would have sunk and
not been observed at the surface. Comparisons of the numbers of fish observed dead at the surface and
at the bottom in the same affected area after an explosion showedfieatfound dead on the bottom
comprised less than 10 percent of the total observed mortaBitigschlag et al. (200@pnducted a more
detailed study of both floating fishes and those that were sinking or lying on the bottom after explosive
removal of nine oil platforms in the northern Gulf of Mexico. Results were highly variable. They found
that 3¢87 percent (46 percerdverage) of the red snapper killed during a blast might float to the

surface. Currents, winds, and predation by seabirds or other fishes may be some of the reasons that the
magnitude of fish mortality may not have been accurately captured.

There have been few studies of the impact of underwater explosives on early life stages of fish (eggs,
larvae, juveniles)ritch and Young (1948)ported mortality of larval anchoviescooped

opportunistically duringinderwater blasing off the coast ofCalifornia.Detonationsusedduring these

operations varied in size (from 10 to 160 pounds), with sexlosives.Jt  OSR 2dza i o06Sy Sl (K
surface and others buried under the seaflodlthough the authors mentiombservations of live fish
GAOKAY (K& TS UKESa NIRFI 2y F A2y as &LISOApfokided. RA &Gy
Another experiment reported deadnchovy and smelt larvagithin approximately 50 m dburied
chargesweighing from 90 to 180 pounds a shallow water channel during a pipeline construction

project(Nix & Chapman, 1985\lthoughthis provides useful insight into potential impacts to fishes

from explosives,@ustic measures were not taken during either of these studies to correlate mortality

with received levelsSimilar to adult fishes, the presence of a swim bladder contributes to shock-wave
induced internal damage in larval and juvenile {{Slettle et al., 2002)Explosive shock wave injury to

internal organs of larval pinfishigodon rhomboidsand spotl eistomus xanthuryexposed at shallow
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depths was documented at impuldevels similar to those predicted Bdelverton et al. (1975pr very

small fishand provide the lowest measured received level that injuries have been observed in larval fish
(peak SPLs of 220 dB re 1 padvoni et al., 2003; Govoni et al., 2008; Settle et al., 288earchers

have suggested that eggortality may be correlated with peak particle velocity exposfire., the

localized movement or shaking of water particles, as opposed to the velocity of the blas{akner

et al., 2006; Faulkner et al., 2008; Jensen, J0@&hough sufficient data from direct explosive
exposures is not available.

Observations of the inner ear and lateral liaerossishes exposed to explosives are lackiBmith et al.
(2022)provide the first examination of the physical effects of underwater explosions on the inner ear of
Pacific mackergScomber japonicysResults showed varying amounts of hair cell loss as well as
evidence of hair cell shearing and even holes in the epithelial tissue along the saccule related to the
explosive exposure. Significant impacts webserved starting gpbeakSPL®f 220 dB re 1 pPa.

Additional mpactson these sensory system organs have been observed during exposure to other
impulsive sources such as air guns and playbacks of impact pile driving noise, which would indicate that
similar effects may be possible in fishes exposed to explog$ibmsman et al., 1996; Casper, Halvorsen,

et al., 2013; McCauley et al., 2008apid pressure changes could cause mechanical damage to sensitive
ear structures due to differential movements of the otolithic structures. Bleeding near otolithic
structures was the most commonly observed injury in yesvim bladder fish exposed to a st

explosive charg€Goertner et al., 1994)Additional research is needed to understand the potential for
sensory cell damage from explosive exposures, the severity and implication aéféectsfor individual

fish, and at what sound levels these impacts may occur.

As summarized by th&NSI Sound Exposure Guiddkahnical repor{Popper et al., 2014exposure to
explosive energy poses the greatest potential threat for injury and mortality in marine fishes. Fishes with
a swim bladder are more susceptible to injury than fishes without a swim bladder. The susceptibility also
probably varies with size adepth of both the detonation and the fish. Fish larvae or juvenile fish may
be more susceptible to injury from exposure to explosives

3.7 LONG-TERM CONSEQUENCES

Mortality removes an individual fish from the population and injury can reduce the fitness of an
individual. Fishes with injuries froamy sound exposurmay not survive in the wild due to harsher
conditions and risk of predation. They may also have-kemm competitive disadvantages for prey and
mates, relative to uninjureéhdividuals of the same specigsew studies have been conducted on any
long-term consequences from repeated hearing loss, stress, or behavioral reactions in fishes due to
exposure to loud soundddawkins et al., 2015; Popper & Hastings, 2009a; Popper et al., 2014)

Repeated exposures of an individual to multiple soyomdducing activities over a season, year, or life
stage could cause reactions with costs that can accumulate over time to caustlomgonsequences
for the individual. These lonterm consequences may affect the survivability of the individual, or if
impacting enough individuals may have populatlemel effects, including alteration from migration
paths,avoidance of important habitat, or even cessation of foraging or reproductive be h@éovkins
et al., 2015) For exampleBlom et al. (2024)eported significant decreases in brood size, brood area,
brood density, and yolk sack reserve forthe common goby when exposedtiouous Jow-frequency
broadband noiseluring breeding and egg developme@ontinued or increaseamounts ofvessel noise
exposure on these populations coultereforelead tolower population growth rates anldrval survival
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overall potentially having longerm population effectsCarlson et al. (202%¢ported potential
reductions in overatealthin Pacific sand lano&hen exposed tovarious anthropogenic noissources
Such reductions in fitnessould not only affect the individual fislhut should enough individuals be
impacted, thiscould result imreduced foodoptions and overaktnergy resourceavailable throughout
the food chain, potentially having larger scale implications for a given population.

Modeling has also been utilized to estimate letegm effects of noise on fish populationSoudijn et al.
(2020)useda theoretical population consequences model without quantitative dateSktk. Atlantic

cod energy expenditure, food intake, mortality rate, and reproductive outpete analyzed

toasses®2 RQ& LR GSYyGAl £ A YLIhOmalel fradittet decreataf Roodintakd? & dzNB @
increased energy expenditure, and decreased population growthlratause ofncreased continuous
noise.Hou et al. (2025)ested a similamarine food web model thahcorporated noisenduced
disruptions across the same four physiological pathways: food intake, energy expenditure, mortality,
and reproductive outputinstead of analyzing a singufe&h species though, thegnodeled acrosghree

key functonaltypes:forage fish, large pelagic fish, and demersal fi$teresults of this model indicated
that increased noise pollution caudéotal fish biomass to decline acroal fourphysiological pathways
with energy expenditureausinghe most severémpact The decrease in fish biomass also varied
across the three functional typewith larger size fish being moresilient to reductions in food intake
Models such as these are common among other taxa and often come to similar concl@zionsrsely,
some animals may habituate to or become tolerant of repeated exposwestime, learning to ignore

a stimulus that in the pastid not accompanwny overt threat. In factSivle, Kvadsheim, et al. (2016)
andSivle, Kvadsheim and Ainslie (20pEdicted that exposures to sonar at the maximum levels tested
would only result in shorterm disturbance and would not likely affect the overall population in
sensitive fishes such as Atlantic herriAglditional research is needed tmderstand the complex
relationship of sound exposure to potential lotgrm consequences to individuals and populations.
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4 MARINE MAMMALS

This sectiosummarizes the best available science relevant to understanding the effects of acoustic and
explosive sources used during military readiness activities on marine manTroplss include hearing

and vocalization; hearing loss and auditory injury; masking; behavioral reactions; physiological
responses; direct injury; and loftgrm consequences. This literature synthesis preferentially relies on
peerreviewed publications, biunotable non-peerreviewedreports and historical documentse
includedfor topics with otherwise limited information. Thiectionincludes information on stressors,
locations, and species that may not be present in afled study areas.

4.1 HEARING

The typical mammalian ear has an outer ear that collects and transfers sound to the eardrum and then
to the middle eafFay & Popper, 1994; Rosowski, 199%)e middle ear contains bones that amplify and
transfer acoustic energy to the inner earheresensonyd K lcellsd\idansform acoustic energy into
electrical signals. Those electrical signals are then carried by the auditory nerve to théviw#ar,

2013)

All marine mammalbavemodifications to the typical mammalian edurthermore, there are

differences between the hearing of marine mammals that are fully aquatic and those that are
amphibiousg or live partially out of the watefWartzok & Ketten, 1999Marine mammals with an
amphibious ear include the marine carnivores: pinnipeds, sea otters, and polar(&zos| &

Reichmuth, 2014b; Owen & Bowles, 2011; Reichmuth et al., ZDAB)group has outerars that are
reduced or absent, and in seals, specialized tissues act as valves to seal off water from entering the ear
canal when submerge@Wartzok & Ketten, 1999)n marine mammals with a fully aquatic ear

(cetaceans and sirenians), bone and fat channels in the head conduct sound to the ear; while the ear
canal still exists, it is narrow and sealed, and outer ears are alfslenser & Mulsow, 2016; Ketten,

1998) (seeFigure4-1). These adaptations reflect specializations for hearing in both air and water for
amphibious marine mammals, and for hearing in water for fully aquatic marine mammals.

Amphibious Amphibious Aquatic
California sea lion Harborseal Bottlenose dolphin

.

e

TR e

Notes: The amphibious California sea lion outer ear is reduced compared to terrestrial mammals, while the harbor seal lacks a
outer ear and has specialized vahie tissue to close off the ear canal from water. The aquatic bottlenose dolphin lacks
an ouer ear and has a drastically reduced pinhble ear canal yet has specialized hearing for underwater sounds.

Sources: https://pediaa.com/differenebetweensealandsealion, https://www.shutterstock.com/pic.mhtml?id=69136297

Figure4-1: Examples oMarine Mammal Ears
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alNAYS YFYYlIf dzZRA2AINIYaS tA1S (GK2EABF RBFI & SANBR (1IN
FNEIljdzZSyOe NBIA2Yy 2F 06Sal KSEFENAYy3a aSyariurorade i
sensitivity outside of the range of best hear®puthall, Finneran, et al., 201@eeFigurel-8).

Direct measurements of hearing sensitivity exist for about a quarter of the nearly 130 species of marine
mammals. Marine mammals are arranged into the following functional hearing groups based on their
generalized hearing sensitivities: very higaquencycetaceans (VHF group: porpoises, Kogia spp.),
high-frequency cetaceans (HF group: delphinids, beaked whales, sperm whale$jetnvency

cetaceans (LF group: mysticetegry low-frequency cetaceans (VLF group: larger mystices®nians

(Sl group: manatees), otariids and other noimocid marine carnivores in water and air@@and GCA

groups: sea lions, otters), and phocids in water and &¥\(RRnd FZA groups: true sealgouthall,

Finneran, etal., 2019Representative composite audiografhs S. Department of the Navy, 202&)ve

been created for each functional hearing group using audiograms from published literatur€i¢see

4-2).

Since thedevelopment of the composite audiograntdouser et al. (2023)ublished new AEP
audiograms for stranded odontocetes of six species for which no audiograms had previously existed:
dwarf sperm whaleogia simg, pygmy sperm whale&Kgia brevicepsnorthern right whale dolphin
(Lissodelphis borea)ismelonheaded whalgPeponocephala electyalongbeaked common dolphin
(Delphinusapensiy, and Atlantic spotted dolphirStenella frontalis Hearing data was also provided on
the pygmy Killer whaleReresa attenuatph Theaudiograms had frequency ranges, shapes, and upper
frequency limits that were generally consistent with the hearing groups in which these species are
categorizedsee Table 4h U.S. Department of the Navy (20R5pince the development of the
composite audiograrfor the phocid carnivores in water (PCW) hearing growgw audiogramdata was
published fortwo grey sealsHalichoerus grypygRuser et al., 2025anda bearded sed[Sills et al.,
2025) This datashowed lower thresholds than predictddr frequencies below 8 kHz

For marine mammailthat are impractical to tesbr havelimited hearing datde.g., mysticete whales

and rare species), some aspects of hearing can be estimated from anatomical structures, frequency
content of vocalizations, behavioral responses to sound and inferences from related spiéSes
Department of the Navy, 2024djor examplepbservations obehavioral responseia baleenwhales
have suggested hearing sensitivity into the tens of, kiith responses igray whalegor 21- 25kHz
signalgFrankel & Stein, 2020ninke whales a5 kHZO. Boisseau et al., 2028nd humpback whales

at frequencieexceeding22 kHZDunlop et al., 2025, 2026)he onlyhearing measuremerfrom a
mysticete(minke whalesuggestthat LF ceaiceanshave a upperfrequency limit of hearing between
45 and 90 kHéHouser et al., 2024)These finlings are supported by recent estimates of highquency
hearing based on anatomical measuremefRgacock, 2025Although there have been no direct
measurements of hearing sensitivity in larger mysticetes (VLF hearing group), an audible frequency
range of approximatelf0 Hz to30 kHz has beeastimatedfrom measuredvocalization frequencies,
observed reactions to playback of sounds, and anatomical analyses of the auditory $¢steriord &
Krysl, 2015; D. S. Houser et al., 2088ethe technical report titledCriteria and Thresholds for U.S.
Navy Acoustic and Explosive Effects Analysis (Pha@¢.8/)Department of the Navy, 2026y a
complete descriptiorof marine mammatomposite audiogramsandTable8.1 inHouser (2025afor
speciesspecifichearing information

Research has shown that hearing in marine mammals is directional: the relative angle between the
d2dzy R a2dz2NDOS t20F0A2y YR (GKS FTYAYIfQa LIaArAldArzy |
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how an animal perceives souddpendon the hearing threshold. For example, a sound presented from
directly in front of an animal might be heard clearly, while the same sound presented from directly
behind an animal might not be heard. For bottlenose dolphins, hearing sensitivity becomes mor
directional as the sound frequency increases, with the greatest sensitivity to sounds presented in front
and below the dolphirfAccomando et al., 2020; Au & Moore, 1984¢aring sensitivity is asymmetrical
in the vertical and horizontal planes, which might be beneficial for localizing a sound source. Harbor
porpoises and belugas exhibit directiolependent hearing, but to a lesser degrnan the dolphin
(Kastelein, Brouwers, et al., 2019; Kastelein, Janssen, et al., 2005; Popov & SupiBd2@9pn
experiments in harbor seals, phocids likely have sgtelreloped directional hearing for biologically
relevant sound¢Byl et al., 2016; Byl et al., 2018)irectional hearing is important to consider when
assessingnasking effects.

180 150 180
VLF LF
100 | 100 ¢ 100
0F 50 50
00101 1 10 100 0.01 014 1 10 100 0.01 01 1 10 100
) 150 150 150
g VHF
w
m
S 100 100 100
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o
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Notes: For hearing in water (top two rows) and in air (bottom row, phocids and otariids ¥hly)= very
low frequency LF = lowfrequency HF= highfrequency VHF = very higfrequency PCW= phocids
in water, OCW = otariids and other ngghocid marine carnivores in wateBl = sirenians in wate
OCA = otariids and other nephocid marine carnivores in alPCA = phocids in air

Figure4-2: CompositeAudiograms used irMarine Mammal Hearing Criteria and Thresholds
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4.2 ACOUSTIC SIGNALING

Like the diversity of hearing capabilities among species, the wide variety of acoustic signals used in
communication and echolocation is reflective of the diverse characteristics of marine mammal species.
Detailed reviews of sounds generated by marine mamraedpubliclyavailable

1 Odontocete Sound&rbe & Wei, 2025)

1 Mysticete Sound&rbe, Murray, et al., 2025)

1 Pinniped Sound#®arsons et al., 2025)

i Otter Sound$SousalLima, Almeida, et al., 2025)

1 Sirenian Sound$ousalima, Azofeifesolano, et al., 2025)
A general division can be drawn between lower frequency communication signals including vocalizations
that are produced by all marine mammals, and the specific-fighuency echolocation (i.e., biosonar)

signals that are used by odontocetes to sensertbavironment.The general types and frequency
characteristics of marine mammal vocalizations are describ&dlie3-1.

Table4-1: Marine Mammal Vocalizations

Signal type | Description Margnril:];?gmal Frequency range

Broadband, shorturation, high

Echolocation so_urce_ levetlicks servipg q
primarily sensory functiomwith a HF & VHF cetaceans 20¢ 160 kHz
secondary communication
function?.
Tonal (e.g., whistles) and ndanal VLF cetaceans 0.01¢ 0.4 kHz
(€.9.,gruntg with a wide variety o LF cetaceans 0.1¢ 4 kHz
durgtlons gnd §ource leveind HF & VHF cetaceang 4¢ 30 kHz

Communication serving pnm_arlly for . Sirenians 05¢22kHZ
communication(e.g.,mating, — -
mother-calf contact, group Pinnipeds (phocids, 0.1¢ 30 kHz
cohesiontoordination and other otariids)
social functionk Otters 3¢5kHz

Polar bears 0.2¢ 1 kHz

1The frequencies near maximum eneiggsed on Table-4 inWartzok and Ketten (1999¢xcept for sirenians.

2 Sperm whales use clicks to echolocatad specific click patterns primarily to communicate. Some other spetighbt
alsouse click patternshat function primarily to communicate.

3The vocalization range of sirenians is fr@ousalLima, AzofeifeSolano, et al. (2025)

421 Communication

Communication sounds have crucial functions including social (e.g., mating), maintaining 4tather
contact,group cohesionfeeding, and other purposeS€ommunicatiorsignals include calls (i.e.,
vocalizations) and sounds produced by natal behaviors such as tail/fluke slaps on the water surface
or clapping the jaw. Vocalizations might have a tonal quality or pitch resulting from a prominent
fundamental frequency, such as whistles in some odontocatessirenian call@Brady et al., 2021)or

they might be less tonal because of energy distributed across a wide frequency range such as grunts
produced by marine carnivores like pinnipg@arsons et al., 2025\erial vocalizations are produced by
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pinnipeds, otters, and polar bearhe acoustic characteristics of communication signals of marine
mammals are quite diverse but can be generally classified as having dominant energy at frequencies
between approximately 20 Hz and 30 KIRzchardson, Greene, Malme, et al., 1995; Wartzok & Ketten,
1999)

Of note are thdowerfrequency calls of mysticete whales that range from tenblzto severakHzand
have source levels of approximately £200 dB re 1 uR&ypically, mysticete calls have fundamental
frequencies below 200 HEin whales anlilue whales makexceptionally low frequency cal|$0-16
Hz), whilehumpback whalesnake higher frequency calt&ving harmonicthat exceed20kHz,(Au et

al., 2006; Cummings & Thompson, 1971; Rldst 12y S MpdpTT ~ANBGAS Si I f o

Wartzok & Ketten, 1999 hese calls most likely serve social functions suamt@specificattraction or
detectionover long distances but could serve an orientation function as (¥edizer & Mercado, 2000;
Green, 1994; Green et al., 1994; Mercado, 2021; Richardson, Greene, Malme, et al., 1995)

422 Echolocation

Odontocete cetaceans generate shaitiration (50 200 microseconds), highiequency (1@; 200 kHz

peak frequency), specialized echolocation cligkg., biosonamised to detect, localize, and characterize
underwater objects(Au, 1993; Wartzok & Ketten, 1999)his procesis essential fohunting, including
searching, tracking, and capturing pré&gcholocation clicks are often more intense than communicative
signals, with reported source levels as high as 229 dB re 1 pPag@@alak(Au et al., 1974)The
echolocation clicks of very highequency cetaceans (e.g., porpoises) are narrower in bandwidth (i.e.,
the difference between the upper and lower frequencies in a sound) and higherin frequency than those
of high-frequency cetacean@adsen et al., 2005; Villadsgaard et al., 200Re specific characteristics

of echolocation signals such as their repetition patterns and peak frequency can be used to identify
speciegBaumannPickering et al., 2013)

Echolocation can serve communicative functions even though clicks are not usually produced for this
purposeby most odontocetesFor example, eavesdropping animals may hear rapid echolocation clicks
and other sounds associated with feeding to find food or avoid predatorsspadn whale clicks may
reveal the size or general characteristics of the clicking indiv{iReadaljian et al., 2023 owever,

some types of clicks or patterns of clickgghtbe produced for the purpose of communicatidror
example, cliclpatterns called codas are communicative vocalizatjprosluced bysperm whalegJacobs

et al., 2024; Richardson, Greene, Malme, et al., 1995; Watkins & Schevill, A% )#688%; O . $ 3dz0
et al., 2026).

4.2.3 Relationship between Hearing and Vocalization

In general, frequency ranges of sounds produced by a species lie within the audible frequency range for
that species (i.e animals vocalize within their audible frequency range). However, auditory frequency
range and vocalization frequencies do not petfgalign. For example, odontocete echolocation clicks
contain a broad range of frequencies, and not all the frequency content is necessarily heard by the
individual that emitted the click. The frequency range of vocalization in a species can therefasede

to infer some characteristics of their hearing capabilities; however, caution must be taken when
considering vocalization frequencies alone in predicting the hearing capabilities of specidsdior

data are absent or limiteduch as mysticete whales.

Aspects of vocalization and hearing sensitivity are subject to evolutionary pressures that are not solely
related to communication within the species. For example, hearing and vocalization is influenced by the
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need to detect or avoid threats such as predat(gsy., Deecke et al., 200&d listening for prey
generated sounds. Additionally, higlequency hearing is advantageous to animals with small heads
because it facilitates sound localization based on differences in sound levels at eg§cletaer &

Heffner, 1982) These factors might be partially responsible for the difference in best hearing thresholds
and dominant vocalization frequencies in some species of marine mangengls Steller sea lions,

Mulsow & Reichmuth, 2010)

4.3 HEARING LOSS AND AUDITORY INJURY

Hearing loss is a reductionam loss ofhearing sensitivityAll mammals experience normal agelated
hearing loss (presbycusis), whish progressive reduction in the ability to hear higher freque nthes
spreads to lower frequencies over timEhis type of hearing lossdueto the loss of sensory cells in the
inner earand degeneration of the pathways that connect the ear to the braigerelated hearing loss
occurs over a lifetime and distinct fromacutenoise-induced hearing loséVigller, 2013)

Noiseinduced fearing loss can be temporanyg., temporary threshold shift, afTS) or permanent.¢.,
permanent threshold shift, dPTS), and highdevel sound exposures are more likely to caBger
other auditory injury(e.g., cochlear nerve degeneratipiror marine mammals, auditory injupAINJ)s
consideredoossible whersound exposureare sufficient to produce 40 dB of TTS measunétthin
approximately four minutes after exposu(®&.S. Department of the Navy, 2025)

Numerous studies have directly examined neisduced hearing loss in marine mammadisthese

studies, hearing thresholds were measured in marine mammals before and after exposure to intense
sounds. The difference between tippst-exposure angre-exposure hearing thresholdsused to
determine the amount of TTi8 dB that was producebecause ofthe soundexposure The data from
these studies is detailed {U.S. Department of the Navy, 2026)d the major findings areutlined in
Table4-2Table4-2.

Table4-2: Major Andings fromStudies of Threshold Shift in Marine Mammals

Major Finding | Supporting Scientific Studies
Hearing test method
The method used to test hearing may affect the Finneran (2015); Finneran et al. (2007)
resulting amount of measuretmporary threshold shiftf Mulsow et al. (2025)Finneran, Schlundt, et al.
(TTS. In some studiesauditory evoked potential (2023)

measureproduceal larger amounts of TTSvhile other
studies showd smalleror no TTSompared to
behavioral measures

Effect of frequency andsound pressure leve(SPI)

Sound exposures of a narrow frequency ramnga Finneran et al. (2007); Kastelein, Cornelisse, et a|
produce TTS ovex large frequency rangdypically, the | (2020); Kastelein, Heldéfoek, Cornelisse, et al.
frequency at which maximum TTS occurs is the same| (2019); Kastelein, Helddfoek, van Kester, et al.
or % octave above the frequency of the sound exposy (2019); T.A. Mooney et al. (2009); Nachtigall et a
(2004); Popov et al. (2013); Popov etal. (2011
Reichmuth et al. (2019); Schlundt et al. (2000)

As the exposure SPL increases, the frequency at whi{ Finneran et al. (2007); Kastelein, Cornelisse, et a
the maximum TTS occurs also increases (2020); Kastelein, Heldddoek, Cornelisse, et al.
(2019); Kastelein, Helddfoek, van Kester, et al.
(2019); Kastelein, Hoek, et al. (2014); T.A. Moong
et al. (2009); Nachtigall et al. (2004); Popaale

4-6



Version20262

July 2026

Major Finding

Supporting Scientific Studies

(2013); Popov etal. (2011); Reichmuth et al. (201
Schlundt et al. (2000)

Sounds at frequencies well below the region of best
sensitivity aregenerallyless hazardous than those nea
the region of best sensitivity

Finneran and Schlundt (2013); Kastelein, Corneli
et al. (2020); Kastelein, Heldétoek, Cornelisse, et
al. (2019); Kastelein, Held#toek, van Kester, et al
(2019) Gransier and Kastelein (202¥ulsow et al.
(2025)

Effect of exposure duration, sound exposure level (SEL), imbermittent exposures

Combinations oéxposureSPL and duration resulting in
equalcumulative SELsre assumed taesult in equal
amounts of TT KA & aSljdzt £ Sy SNH
many cases (see exceptions below).

Ronald A. Kastelein, Lean Held¢wek, Laura Van
Acoleyen and John M. Terhune (202Kastelein et
al. (2024) Finneran (2015)

The amount of TTS increases with exposure SPL and
duration and is correlated with SEL, but duration of th
exposure has a more significant effecton TTS than
would be predicted based on SEL alone. As the expo
duration increases, the relationship betwed TS and
SEL begins to break down.

Finneran et al. (2010b); Kastak et al. (2007); Kas
et al. (2005); Kastelein, Hoek, et al. (2014); T.A.

Mooney et al. (2009); Popov et al. (201&3ransier
& Kastelein, 2024); Reichmuth et al. (2025)

TTS can accumulate acregxjuentialexposures, but
the resulting TTS will be less than the TTS from a sing
continuous exposure with the same SEhis means thaf
TTS predictions based on the total, cumulative SEL w
overestimate the amount of TTS from intermittent
exposures such as sonars and impulsive sodrces

Finneran et al. (2010b); Finneran et al. (2000);
Finneran et al. (2002); Kastelein, Gransier, et al.
(2015); Kastelein, Held¢oek, Kommeren, et al.
(2018); Kastelein, Hoek, et al. (2014); T. A. Moon
etal. (2009); Reichmuth et al. (2016)

Growth of TTS and occurrence pérmanent threshold shift PTS

Gradual growth of TTS with increased levels of SEL
typically occurdefore onset of PT$owever, itis
possible forPTSo occur withoutobserving gradual
growth of TTS obehavioral changes.

Reichmuth et al. (2019)

Recovery from TTS over time

The time required for complete recovery of hearing
depends on the magnitude of the initial shift; for
relatively small shifts recovery may be complete in a f
minutes, while large shifts may require several days f
recovery. Recovery times are consistéot similar
magnitude TTS, regardless of the type of sound
exposure (impulsive, continuous noise band, or
sinusoidal wave

Finneran et al. (2010a, 2010b); Finneran and
Schlundt (2013); Kastelein, Gransier, Hoek,
Macleod, et al. (2012); Kastelein, Gransier, Hoek
and Olthuis (2012); Kastelein, Gransier, et al.
(2013); Kastelein, Helddtoek, et al. (2019);
Kastelein, Hoek, et a{2014); Kastelein, Schop,
Gransier and Hoek (2014); Kastelein, Schop,
Gransier, Steen, et al. (2014); Popov et al. (2014
Popov et al. (2013); Popov et al. (20¥ulsow et
al. (2025) Finneran, Schlundt, et al. (202%&onald
A. Kastelein, Lean Heldétoek, Laura Van Acoleye
Linde N. Defillet, et al. (2025); Mulsow et al. (202
Ronald A. Kastelein, Lean Helddéoek, Laura Van
Acoleyen and John M. Terhune (2025)

Under many circumstances TTS recovers linearly with
the logarithm of time

Finneran et al. (2010a, 2010b); Finneran and
Schlundt (2013); Kastelein, Gransier, Hoek,
Macleod, et al. (2012); Kastelein, Gransier, Hoek
and Olthuis (2012); Kastelein, Gransier, et al.
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Major Finding Supporting Scientific Studies

(2013); Kastelein, Hoek, et al. (2014); Kastelein,

Schop, Gransier and Hoek (2014); Kastelein, Sch

Gransier, Steen, et al. (2014); Popov etal. (2014

Popov et al. (2013); Popov et al. (20/Muylsow et

al. (2025) Finneran, Schlundt, et al. (2023)julsow

etal. (2023)

1In most acoustic impact assessments, the scenarios of interest involve shorter duration exposures than the marine
mammal experimental data from which impact thresholds are derived; therefore, use of SEL tengsestimatethe
amount of TTS. Despite this, SEL continues to be used in many situations because it is relatively simple, more
than SPL alone, and lends itself easily to scenarios involving multiple exposures with different SPL and multiple

Notes:PTS permanent threshold shiftSEL = sound exposure level; SPL = sound pressure levelteffi®rary threshold
shift

The data from studies dfearing (i.e., composite audiograntSgure4-2) and hearing loss in marine
mammals were used to generate exposure functiqms predictions of hearing loss based on sound
frequency, level, and type (continuous or impulsigddr each hearing groufJ.S. Department of the
Navy, 2025)

43.1 TTS Growth and Recovery

SEls used to predict TTS in marine mammals based on availabléld&aDepartment of the Navy,

2025) These predictions likely hold true for shorter duration exposures, but for lcdgeation

exposures, SEL likely overestimates TTSTable4-2). In general, TTS increases with SEL in dinear
fashion(Finneran, 2015)For lower SEL exposures, TTS will increase at a steady rate, but at higher SELs,
TTS will either increase more rapidly or plat¢buS. Department of the Navy, 2025)

Small amounts of TTS (a few dB) typically begin to recover imnmediately after the sound exposure and
may fully recover in minutes, while larger amounts of TTS take longer to recover. Studies have also
found substantial individual variation both in the amduwi TTS produced by similar SB astelein,
Gransier, Hoek, Macleod, et al., 2012; Popov et al., 2048)n recovery from similar T{Enneran,

2015; Kastelein, Helddtoek, et al., 2019)For example, one harbor seal began recovering immediately
aftera 34 dB TTS, while a 45 dB TTS in another harbor seal only began recov24ingurs after the
exposure ended and complete recovery was observed after four @&stelein, HeldeHoek, et al.,

2020) In general, recovery from TTS occurs linearly with the logarithm of(fim@eran, 2015)

Most of these findingare fromstudies that used continuous sound exposures, but intermittent,
impulsive sound exposurdgve also been testedhe sound resulting from an explosive detonation is
considered an impulsive sound and shares important qualities (i.e., short duration and fast rise time)
with other impulsive sounds such as those produced by air galtitough explosive signals are
characterized by sharper rises and higher peak presstitesse are no direct measurements of hearing

loss in marine mammals due to exposure to explosive souress studies using impulsive sounds have
produced enough TTS to make predictions about hearing loss due to this sourqdt@department

of the Navy, 2025)In general, predictions of TTS based on SEL for this type of sound exposure is likely to
overestimate TTS because some recovery from TTS may occur in the quiet periods between impulsive
sounds; especially when the duty cycle is low. Peak SPL (unweigistato used to predict TTS due to
impulsive soundg§Southall et al., 2007; Southall, Finneran, et al., 2019; U.S. Department of the Navy,
2024a)
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4.3.2  Self-Mitigation of Hearing Sensitivity

Several studies have shown that certain odontocete cetaceans (toothed whales) may learn to reduce
their hearing sensitivity (presumably to protect their hearing) when warned of an impending intense
sound exposurer the duty cycle is predictablg-inneran, 2018; Finneran et al., 2024; Nachtigall &

Supin, 2013, 2014, 2015; Nachtigall et al., 2015; Nachtigall, Supin, Pacini, et al., 2016; Nachtigall et al.,
2018; Nachtigall, Supin, Smith, et al., 20I6)e effechas beermdemonstrated irthe false killer whale
(Pseudorca crassiden@achtigall & Supin, 2013)ottlenose dolphin Tursiops truncatugFinneran,

2018; Nachtigall & Supin, 2014, 2015; Nachtigall, Supin, Smith, et al., R8lL&)a Delphinapterus

leucag (Nachtigall et al., 2015and harbor porpoiseRhocoena phocoen#&Beedholm et al., 2025;
Nachtigall, Supin, Pacini, et al., 2016)

Based on these experimental measurements with captive odontocete passiblethat wild

odontocetes would also suppress their hearing if they could anticipate an impending, intense sound, or
during a prolonged exposure (evemnifanticipated). Based oresults from these conditioned hearing
sensitivity experimentspdontocetes participating in some previous TTS experiments could have been
protecting their hearing during exposuréBinneran, 2018; Finneran et al., 2024; Finneran, Lally, et al.,
2023) Abetter understanding of the mechanisms responsible for the observed hearing changes is
needed for proper interpretation of some existiig Slata, particularly for TTS due to shattiration,
unpredictable exposures.

A similar observation has been made f@inedharbor sealsvhereby lifting their heads above the
surface of the water duringxposureto underwater soundsthey reducedheir overall sound exposure
levels(Ronald A Kastelein et al., 202bhis type of behavioral sefhitigation is possible inther
pinnipeds and sea otters.

4.4 MASKING

Maskingoccurs when noise interferes with the detection, discrimination, or recognition of the relevant
sound or signgErbe et al., 2016 Auditory maskings defined as the amount in dB by which the

threshold of hearing for one sound is raised by the presence of a masking 6&cmaistical Society of
America, 2015)Masking occurs only in the presence of the masking noise and does not persist after the
cessation of the noisetailed reviews and analysis of masking in marine mammals are provided by
Clark et al. (2009Erbe et al. (2016)andBranstetter and Sills (2022)

Most research on auditory masking measures the ability of the listener to detect a signal in noise. This is
Ffaz2 OFftfSR GSYSNHSGAOE YIalAy3ao 9ySINBEGN@E YI &1 A\
2015; Southall et al., 2000, 2008)dontoceteq Au & Moore, 1990; Branstetter et al., 2021; Branstetter

et al., 2017; Johnson et al., 1989; Kastelein & Wensveen, 2008; Lemonds et al., 2011; J. Thomas et al.,
1990) sireniangGaspard et al., 2012and sea otter¢Ghoul & Reichmuth, 2014bJhese

measurements allow predictions of masking if the spectral density of noise is k{R@ramstetter et al.,

2017) Although energetic masking is typically estimated in controlled laboratory conditions using white
noise, results can vary considerably depending on the noise(B@nstetter et al., 2013; Trickey et al.,
2010) These fundamental measurements of the ability of marine mammals to detect different signal
types under different masking noise conditions are useful for prediction of masking iwoelal

scenarios.

The overlapn frequencybetween the signal and masker is perhaps the most important consideration
when assessing the potential effect of noise. For example -tngguency noise is more effective at
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masking higkifrequency signalfAu & Moore, 1990; Lemonds et al., 2013)gnal type (e.gwhistles,
burst-pulse, echolocation clicks) and spectral characteristics (e.g., frequency modulation and/or
harmonics) may further influence masked detection thresh@Bisinstetter et al., 2016; Branstetter &
Finneran, 2008; Branstetter et al., 2013; Cunningham et al., 2BiyYre4-3 shows an example of low
frequency ship noise masking communication calls.

Much emphasis has been placed on signal detection in noise and, as a result, most masking studies and
models have used masked signal detection thresholds. However, signal detection does not equate to the

ability touse information from that sound such dsterminingthe sound source location. Marine

mammals use sound to recognize conspecifics, prey, pred@dien et al., 2014; Cummings &

Thompson, 1971; Curé et al., 2015; Fish & Vania, 18rbther biologically significant sources. Masked
recognition thresholds for whistlike sounds, have been measured for bottlenose dolp{@Branstetter

et al., 2016)and are approximately 4 dB above detection thresholds (signal detection masking) for the
alyS airayrfad LG aK2dZ R 6S y20SR GKIG GKS GSNXY &
detect or recognize a signal 50 percent of the tilmehuman speech communicatioif only 50 percent

of the words are recognizetttis wouldresult in poor communication. Likewise, recognition of a

conspecific call or the acoustic signature of a predator at only the 50 percent levebodietrimental

(Branstetter et al., 2016MMasking that may not result in a loss of signal detection but results in loss of a
AAAYyLFHE QA YSFEYAY3 Aa EbrekdmPl® stidigsrhaviZhbwin zhat jor nbaring | & { A y 3
mammals that are preyed upon by killer whales, some recognition of predator cues might be missed if

the killer whale vocalizations were maskgguré et al., 2016; Curé et al., 2015; Deecke et al., 2002;

Isojunno et al., 2016; Visser et al., 201R¢latively little data exists on informational masking in marine

mammals despite its potential importance in models of how noise affects communication.

Echolocation & calls Acoustic masking

|
)
i
f
\
|
|
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Sound frequency (kHz)

01 2 3 45 6 7 8 9101 12 13:14 15 16 17 18 1920 2] 22 23 24

Time (seconds)

Notes: Spectrogram showing killer whale communication calls and echolocation sounds inthe first nine seconds, which are themyrtiasked

LI aaAy3a 2F | aKALID ¢KS AKALIQA YIA1Ay3a y2AaS A& LINGRzaibeeghiat i modp
11 and 19 seconds. Echolocation calls (small vertical stripes) extend to muchfreghencies anére not masked as much as communication

calls in this example. Figure from Kathy Heise and Tracy Saxby, Coastal Ocean Researchhttgitiibeeanwatch.ca/bccoast/wp
content/uploads/sites/4/2018/10/OceanWatcBGCoastunderwaternoise.pdf

Figure4-3: Masking ofKiller Whale Calls by aPassingShip
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441 Masking Concepts
4411 Release from Masking

Masking is less likely or is expected to be less impactful when the noise is intermittent, suchdagyow

cycle sonar or impulsive noise, compared to when the noise is continuous, such as vessel naise, high

duty cycle sonar, or continuous active sondnisTis because for intermittent noise, the signal of interest

Oy 65 RSGUSOGSR RdNAY3I (GKS ljdASG LISNA2RAa 08G688y
listening. The effect of masking on communication space is often modeled using ceastplitLde

noise, whereas many anthropogenic sources contain gaps or fluctuations in the noise. Studies have

shown that the signal duration, duty cycle, masker level, and fluctuations should be considered when
modeling the effect of noise on signal detecti@ranstetter & Finneran, 2008; Branstetter et al., 2013;

Kastelein et al., 2021; Sills et al., 2017; Trickey et al., 2010)

Satial release from masking (SRM) occurs wheiseand signal are separated in space, resulting in a
reduction or elimination of maskingdolt & Schusterman, 2007; Popov et al., 2020 relative

position of sound sources can act as one of the most salient cues that allow the listener to segregate
multiple sounds in a complex auditory scene. Many sounds are emitted from a directional source that is
spatially separated from biologitalrelevant signals. Under such conditions, minimal masking will occur,
and existing models of masking will overestimate the amount of actual masking. Marine mammals have
excellent sound source localization capabilifiBsanstetter & Mercado, 2006; Byl et al., 2019; Renaud &
Popper, 1975and directional hearingAccomando et al., 2020; Au & Moore, 1984; Mooney et al., 2008;
Popov & Supin, 2009¥hich likely combine to aid in separating auditory events and improving detection.
Spatial release from masking has been empirically demonstrated using behavioral methods in a harbor
seal a California sea lion, three harbor porpoises, and a bottlenose do{ptut & Schusterman, 2007;
Kastelein et al., 2021; Popov et al., 2020here maximadpatial release from maskingas 19, 12, 14.5,

and 24 dB for each species respectively. The spatial positions of the receiver and noise source are often
considered in terms of distance but the relative angles betweenigitening animal, thesound of

interest (i.e., vocalizatioffom other animal®r prey echdrom biosonaj, and the noise source are also
important to consider when estimating masking effects.

4.4.1.2 Communication Space Models of Masking

Communication space models estimate how the distance at which animals can communicate is reduced

AY y2AaSd ¢KS GSNY a02YYdzyAOFGA2y aLlJ OS¢ (G&LAOI ff
feasibly be heard and interpreted by a listener. Sineerfnge of available communication space varies

widely with species and habitat, reduction in communication space is usually quantified as a percentage

loss or a percentage of space available during increased anthropogenic and ambient noise.

Clark et al. (2009 stimated masking effects on communication signals for three species of calling

mysticete whales, including calculating the cumulative impact of multiple noise sources. For example,
0KS Y2RSt SadAYFrdSa GKFG N3 Kuhd 20 k) it de@ease@ i A Y I §
as much as 84 percent when two commercial ships pasSdmgmunication space for singing fin and

humpback whales briefly decreased by approximately 20 goekr&nt respectively wheane ship

passed close to the whales. For the same ship passage, right whale communication space was reduced

by approximately 77 percent. These differences were due to the call repetition rate, source level, and

call frequency differences between species. Nidyathe right whale calls had a much lower repetition

rate in comparison to humpback and fin whale calls. In another stddich et al. (201Zpund that
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North Atlantic right whale communication space was reduced byeéZent during exposure to vessel
noise.

An experiment in a shallow water environmetggs tharb0 m depth) investigating humpback whale
sounds (vocalizations and surfagenerated sounds) determined that, in typical ambient (wind) noise,
their communication range extends to approximately£km(Dunlop, 2018)Considering this baseline
space restricted by ambient noisBunlop (2019used vocalization and whale interactions to show a
reduction in humpback whale communication space in vessel noise. Results from additional scientific
studies on communication space, primarily from vessel noiseslaogvnin Table4-3.

Table4-3: Examplesof CommunicationSpaceModel Resultsfor Marine Mammals

Species Summary of Communication Space Reduction Results

Passing vessels reduced communication space by 77% (single vessel
North Atlanticright whale 84% (two vessels) for 7224 Hz contact callClark et al., 2009)For 36¢
(Eubalaena glacialjs ydm |1 a3ddzyakziaé OFftas O02YYdzya(
(Cholewiak et al., 2018)

For single passing vessels, song communication space was reduced

Humpback whale (Clark et al., 2009)For increased vessel and ambient noise, up ta 899
(Megaptera communication space reduction was estimated for song and other soqg
novaeangliag sounds below 355 HZholewiak et al., 2018or song and calls betwee

224 and 708 Hz, communication space was reduced by313% by vesse
noise(Dunlop, 2019; Gabriele et al., 2018)

In Stellwagen Bank National Sanctuaty3-28 Hzsong communication

Fin whale space was reduced B0%duringsinglevessel passages, and up to 80

(Balaenoptera physal)s 99% during vessalominated noisgCholewiak et al., 2018; Clark et al.,
2009)

. NBRSQa gKI f S|Vesselnoise reduced communication space by as much as 87%.5ay

(Balaenopteraeden) 207.8 Hz callPutland et al., 2018)

Minke whale Vesseldominated noise reduced communication space by

(Balaenoptera acutorostrafa ¥ vy faf’56 ¢ 355 Hz pulse train€holewiak et al., 2018)

For vessel noise iHaro Strait,a62 ¢ 97%communication space reductio
was predicted forl.5¢ 3.5 kHzalls(Williams et al., 2014)n the western
Killer whale Juan de Fuca Stratpmmunication cal{1 ¢ 40 kHzyange may be reduce
(Orcinus orca by 75%in vessel nois¢Burnham & Vagle, 20255or wind and vessel noig
in the Salish seacommunication space was reduced &90% for 1¢ 50
kHz callgBurnham et al., 2023)

Vessel noise resulted in a €B5% reduction in communication space fg
Beluga whale calls with a 2.5 kHz center frequengyervaise et al., 2012)and a 53;
(Delphinapterus leucas 57% reduction in communication calls by adults, subadults, and calves
(Vergara et al., 2021)

Vessel noise reduced communication space by 26% €1 @ kHz whistles
(Jensen et al., 2009)

Bottlenose dolphin
(Tursiopssp.)

Vessel noise reduced communication spacé&89%6

Shortfinned pilot whale For 2¢ 12.5 kHz tonal calldensen et al., 2009)

(Globicephala macrorhynchyu
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Species Summary of Communication Space Reduction Results
Harbor seal Vessel traffic reduced communication space byc321% for 4¢ 500 Hz
(Phoca vituliny a N2 | N¥sabfelefetal 2018)

These studies demonstrate that anthropogenic souQdspecially broadband vessel norsean reduce
the communication space available to marine mammals. Existing models tend to simplify the noise
characteristics such as how the sound propagates away fin@nmoise source, and the auditory
capabilities of the listener (e.g., do not consider directional hearing). Additionally, as pointed out by
Branstetter and Sills (2022nany of these models are based on an assumed signal detection and
recognition threshold; usually a 10 dB signei-noise ratio(Clark et al., 2009 onditions that produce
masking are also likely to reduce the range over which marine mammals commutioatee amount
of reduction is highly dependent dyoth the noise and signal characteristics.

44.1.3 Noise-Induced Vocal Modifications

Masking noise can result in vocal modifications or other acoustic signaling behaviors that might reduce
or compensate for the effestof maskingThese noisenduced vocal modifications (NIVMiclude
increasing the source level (Lombard effect), modifying the frequency, increasing the repetition rate of
vocalizations, or ceasing to vocalize in the presence of increased(iosehkin & Parks, 2013yor
example, vith increasedatural backgroundambient)noise levelsaswitch from vocal communication

to physical, surfacgenerated sounds such as pectoral fin slapping or breachingnasabeen observed

in mysticete whale¢Dunlop et al., 2010)

Vocalization changes have been reported from exposure to anthropogenic noise sources such as sonar,
vessel noise, and seismic surveyi@prdon et al., 2003; Holt et al., 2011; Holt et al., 2008; Lesage et al.,
1999; McDonald et al., 2009; Nowacek et al., 2007; Rolland et al., 201l as changes in the natural
acoustic environmentBrumm & Slabbekoorn, 2003} is often difficult to discriminat&1VMfrom
potentialeffects of context(e.g., vessel presence in addition to the vessel nois&asurement tools,

and analysis methods. For examplecalizationsnay be maskeérom the recorderor confounded by

other behavioral responses of the marine mammal such as moving away from the noise and recorder
increasing dive duratio(Castellote et al., 2012; Cerchio et al., 20T4e ability to observ&llVMmight

also depend on the methods used to quantify baseline behavior and timescale over which recordings are
analyzed Casey et al., 2024)able4-4 summarizesome examples dhe best available scientific
observations of noisénduced vocal modifications in marine mammals due to anthropogenic and
ambient noise.

Table4-4: Summaryof Noise-InducedVocal Modifications in Marine Mammals

Species Observations Studies
Blue whale Balaenoptera Increasedvocalization rates in response to
musculu¥ impulsive seismic survey noise and vessel
noise. Di Lorio and Clark (201,0)

Shabangu et al. (2022)

North Atlantic right whale Decreased vocalization rates but increased
(Eubalaena glacialjs frequencies and amplitude in response to
ambient noise increases.

Parks et al. (2011); Parkg
etal. (2009)
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Species Observations Studies
Humpback whale In most §tud|es, humpback whales |n9reasec Girola et al. (2023)
(Megaptera their calling amplitudein response to wind

novaeangliag

and vessel noise. In response to sonar,
increases in overall song length were
observed Decreases in calling rates were alg
observed in some cases.

Shabangu et al. (2022)
Laute etal. (2022)
Dunlop etal. (2014)
Dunlop (2016)

Fournet et al. (2018)
Fristrup et al. (2003);
Miller et al. (2000)

Bowhead whalgBalaena
mysticetu3

Depending on the noise level, bowhead
whales may increase, decrease, or not chan
their calling ratesn response to seismic
surveys or largescale drilling operations.

Blackwell et al. (2015);
Blackwell et al. (2017)

Beluga whale
(Delphinapterus leucas

In response to vessels, overall calling rates
decreased, but call bandwidth increased. No
changes were observed in echolocation calls

Lesage et al. (1999)
Vergara et al. (2025)

Belugawhale (Delphinapterus
leucas St. Lawrence Estuary

Increase in call amplitude

Scheifele et al. (2005)

Killerwhale (Orcinus orca

Increases in call amplitudand durationdue
to vessel noise have been observed

Foote et al. (2004)
Wieland et al. (2010)
Holt et al. (2011); (2008)

Bottlenose dolphin
(Tursiops sp.

Both increases and decreases in call rates a|
call frequencies have been observed in
response to vessels.

Buckstaff (2004)

Luis etal. (2014)
D2aLIAS | YR {
(2016)

Antichi et al. (2022)

Delphinids (multiple species)

Increases in minimum and maximum call
frequency were observed in response to
anthropogenic and ambient noise.

Papale et al. (2015)

Harbor porpoise Rhocoena
phocoena

Increases in echolocation click train length a
click amplitude were observed in response t
vessel and ambient noise.

Hermannsen et al. (2025

Dugong
(Dugong dugoh

Vessels within a 400 m proximity resulted in
increased vocalization duration and
bandwidth.

Ando-Mizobata et al.
(2014)

Harbor sealRhoca vitulina
pups, 1¢ 3 weeks old)

A decrease in call frequency was observed,
most seals did not increase call amplitude in
response togplayback recordings dfroadband
ambient noise

Torres Borda et al. (2021

Bearded seal
(Erignathus barbatus

An increase in call amplitude was observed
response to lowfrequency ambient noise
(below 900 Hz)and vocal activitydecreased in
the presence ofeaice-generated sound

Fournet et al. (2021)
Shajahan et al. (2025)

Narwhal
(Monodon monocergs

A decrease irall counts for three types of
calls(< 24 kHywas observed duringulk
carrier passingt above ambient leveland

returned to normal after the ship passed.

Radtke et al. (2023)
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In some scenarios, depending on the capability of the individual animal to adjust the frequency and/or
source levels of their calls and the characteristics of anthropogenic noise, vocal modifications might not
compensate for masking. For examfeurnet et al. (20213howed that estimated source levels of seal
calls increased with ambient noise up to approximately-108 dB rms, above which no further

Lombard effect was observed. This suggests that masking of bearded seal mat@d-csll & 0 S
compensated foduringnoise that exceeds 100 dBimilarly Hegeman et al. (202@bserveda < 1 dB
increase in vocalization amplitude for every 1 dB increase in vessel noise levelsfini@ppilot

whales.

Vocal and other behavioral changes in response to masking noise might have fithess consequences, such
asthose thatcould result from an increase in metabolic rates and oxygen consumption, as was found for
bottlenose dolphins when increasing their call amplityélt et al., 2015)Some species migheduce

calling toconserve energy in unfavorable communication conditifmg.,(Shajahan et al., 2025)

Othersmight not modifytheir vocalizations to avoid increased risks of predation. For example, beaked
whales that modify their vocalizations might compromise otherwise cryptic foraging strategies which
function to avoid predation by killer whal¢Aguilar de Soto et al., 2006; Brumm & Slabbekoorn, 2005)

4.4.2  Masking by Anthropogenic Noise Sources

This section summarizes the predicted effects of masking by each type of anthropogenic noise source on
marine mammals based on the information presented above. Examples of studies specific to vessel
noise, sonar, and impulsive sounds are also discussedmbist important considerations for potential
masking are the source level, frequency, duty cycle, and range (distance between masker and listening
or calling animal).

4.4.2.1 Masking by Vessel Noise

Masking of marine mammal vocalizations is most likely to occur in the presence of broadband, relatively
continuous noise sources such as vessels. This type of noise overlaps in frequency with many marine
mammal sounds and can effectively reduce their comination space. BotBnergeticand

informational masking are likely to occur in the presence of vessel (ibe et al., 2016; MiksSlds &
Tyack, 2009)Models of communication space reductioraple4-3) have predicted substantial

decreases in communication space for a variety of speEm®xample, vessel noise resultedliranges

in communication space reduction as welldmnges to call parameteirs humpback whalege.g.,

Doyle et al., 2008; Fournet et al., 2018Jhen there is persistent vessel noise such as in a busy harbor,
this effect is likely to be pervasive in nearby habitats as compared to intermittent when vessels pass
through a habitat with lower ambient noise levels.

It is also possible that high source level vessel noise could mask marine mammal echolocation sounds.
Hermannsen et al. (2014stimated that broadband vessel noise could extend up to 160 kHz at ranges
from 60 to 1,200m, and that the higher frequency portion of that noise might mask harbor porpoise
clicks.Hermannsen et al. (2028)emonstrated that harbor porpoisesxposed to an oraxis masking

noise at 125 kHincreased the source levahdlengthof their clicktrains andshowed reduced

performance in an echolocation task compared to unmasked conditior@other studyvith the same

noise type maskng ofharbor porpoise echolocatioaccurredat low received levels (85120 dBre 1

uP3g, but did not causel TSBeedholm et al., 2025However, masking due to vessel naisight not

occur in practice, since harbor porpoises may avoid vessels and therefore may not be closearimugh
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on-axisto the noise(Dyndo et al., 2015; Polacheck & Thorpe, 1990; Sairanen,.2014} al. (2017)

found that broadband shipping noise could cause masking of humpback dolphin whistles wigfan 1.5
km, and masking of echolocation clicks withing.% km.Williams et al. (2014jound that killer whale
echolocation clicks (1860 kHz) in Haro Strait were not masked by vessel noise over a 2 km djstance
but Burnham and Vagle (202pjedicted masking of bothkiller whaleecholocatiorclicks (50 kHznd
communicatiorcalls due to vessel noigethe western portion of the Juan de Fuca Sti@iervaise et al.
(2012)showed that the echolocation frequency range of belugas in the Sagunhdyawrence Marine
Park was masked by car ferry noi§ennessen et al. (202dhowed thatmasking due to vessel noise
resulted in reduced prey capture by killer whales.

Overall, vessel noise has a substantial probability of masking marine mammal communication sounds
and can also mask echolocation in some cases. However, many studies of vessel noise masking do not
consider spatial release from maskifeyg., Brewer et al., 2023)hich is likely to reduce the effect of
masking if the vessel is spatially separated from the signal of inteassvas demonstrated in harbor
porpoises performingmecholocation taskHermannsen et al., 2025his is especially relevant for

situations where avoidance behavior is digely. The overall potential effects of masking by vessel

noise are(1) a reduction in the ability of marine mammals to communicaletect,or interpret

biologically relevant sound§2) costs associated with noiseduced vocal modifications such as the
Lombard effect, of3) costs associated with other behavioral responses to masking noise or the physical
presence of vessels (see Behavioral Reacddns

4.4.2.2 Masking by Sonar

Because military sonars typically have low duty cycles, relatively short duration, and narrow bandwidth
that does not overlap with vocalizations for most marine mammal species, masking would be limited as
compared to continuous sources (e.g., vessel noBe)phin whistles and mitfequency active sonar

are similar in frequency, so masking is possible but less likely due to thautycycle and short

durations of most sonars and the probability that dip listening would odeor similar reasas) masking
caused byow-frequency active sonanaybe limitedwhere itoverlaps in frequency with some

mysticete vocalizations (e.gninke and humpback whalegfristrup et al., 2003; Miller et al., 2000)

High-duty cycle or continuous active sonars have the potential to mask marine mammal vocalizations.
These sonars transmit more frequently than intermittent sonars, tgpically atlower source levels.

While the lower source levels limit the range of impact compared to other systems, animals close to the
sonar source are likely to experience masking on a much longer time scale than those exposed to
intermittent sonars. Continuous e at the same frequency of communicative vocalizations may cause
disruptions to communication, social interactions, and acoustically mediated cooperative behaviors
(Sgrensenetal., 2028)uch as foraging and mating. Similarly, becauséitjeduty cycle or continuous
active sonaare mid-frequency there is the potential for the sonar signals to mask important
environmental cues like predator vocalizations (e.g., killer whales), possibly affecting prey (including
other marine mammals). Spatial release from masking may occur with higher duty cgoletiouous
activesonars.

von BendaBeckmann et al. (202hodeled the effect of pulsed and continuou2kHz active sonar on
sperm whale echolocation clicks and found that the presence of upper harmonics in the sonar signal
increased masking of clicks produced in the search phase of foraging compared tadiszzretiuced
during prey capture. Different levels of sonar caused intermittent to continuous masking (120 to 160 dB
re 1 uP3, respectively), but varied based on click level, whale orientation, and prey target strength.
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Continuous active sonar resulted in a greater percentage of time that echolocation clicks were masked
compared to pulsed active sonar. This means that sonar sounds could reduce the ability of sperm whales
to find prey under certain conditions. However, egs from prey are most likely spatially separated

from the sonar source, and so spatial release from masking would be expected.

Overall, sonar has the potential to mask marine mammal communication sounds and echolocation
clicks. Continuouactivesonar is more likely to mask vocalizations than intermittent sonar, and in
general, sonar is less likely than vessel noise to have masking effects on sounds that are biologically
relevant to marine mammals.

4.4.2.3 Masking by Impulsive Sound Sources

Impulsive sound sourcemcludingexplosionsare intense and short in duratiofseel.1.9. Since

impulsive noise is intermittent, the length of the gap between sounds (dytje) and received level are
pertinent when considering the potential for masking. Impulsive sounds lawtier duty cycles or lower
received levels are less likely to result in masking than higher duty cycles or received levels. There are no
direct observations of masking in marine mammals due to exposure to explosive sdRotestial

masking fromexplosive sounds aveapon noise is likely similar to masking studied for other impulsive
sounds, such as air guns or pilaving.

Masking of mysticete calls could occur due to the overlap between theiflegquency vocalizations

and the dominant frequencies of impulsive sour¢€astellote et al., 2012; Nieukirk et al., 2012)r
example, blue whale feeding/social calls increased when seismic exploration was undBnkayio &
Clark, 201Q)indicative of a possible compensatory response to masking effects of the increased noise
level. However, mysticetes that call at higher rates are less likely to be masked by impulsive noise with
lower duty cyclegClark et al., 2009)ecause of the decreased likelihood that the noise would overlap
with the calls, and because of dip listening. Field observations of masking effects such as vocal
modifications are difficult to interpret because when recordings indicate that call ratelinde this

could be caused bfi) animals calling less frequently (actual neiséuced vocal modifications{2) the

calls being masked from the recording hydrophone due to the noise (e.g., animals are not calling less
frequently but are being detected less frequently),(8) the animals moving away from the noise, or

any combination of these causéBlackwell et al., 2013; Cerchio et al., 2014)

Masking of pinniped communication sounds at 100 Hz center frequency is possible when vocalizations

occur at the same time as air gunpulse(Sills et al., 2017Yhis might result in some percentage of

vocalizations being masked if an activity such as a seismic survey is being conducted in the vicinity, even
GKSYy GKS aSYRSNIFYR NBOSAGSNIINB ySIENI2yS Fy2GKSH
in this scenario.

While a masking effect of impulsive noise can depend on the received Baekwell et al., 201%nd

other characteristics of the noise, the vocal response of the affected animal to masking noise is an

equally important consideration for inferring overall impacts to an animal. As illustrat€dkie4-4, it is

possible that the receiver would increase the rate and/or level of calls to compensate for masking; or,
conversely, cease calling.

In general, impulsive noise has the potential to mask sounds that are biologically important for marine
mammals, reducing communication space or resulting in nimidaced vocal modifications that might
impact marine mammals. Masking by clesage impulsie sound sources is most likely to impact

marine mammal communication.
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4.5 BEHAVIORAL REACTIONS

Any stimulus in the environment can cause marine mammals to react, including noise from
anthropogenic sources such as vessels, sonar, or aircraft, as well as the physical presence of a vessel or
aircraft. Marine mammatesponses to anthropogenic soumeere reviewedoy Richardson, Greene,

Malme, et al. (1995andrecentlyupdatedbyErbe, Bowles, et al. (202%8pther reviewgNowacek et al.,

2007; Southall etal., 2008ddressed studies conducted since 1995 and focused on observations where
the received sound level was known or coulddstimated anddiscussedhe role of contextSouthall et

al. (2007)synthesized data from many past behavioral studies and observations to determine the
likelihood of behavioral reactions at specific sound levels,2mathall et al. (2016eviewed the range

of experimental field studies that have been conducted to measure behavioral responses of cetaceans
to sonar.

Considerable variability has been observed in marine mammal responses to sound. Methods have been
developed and refined to categorize and assess the severity of acute responses, consideringampacts
individuals that may consequently impact populatig@outhall et al., 2007; Southall et al., 202Hese
severity scales assess immediate discrete responses in relation to behaviors affecting vital rates,
including survival, reproduction, and foraging. Using these scales, a behavioral response bireewild
rangingmarine mammal may range from low severity (e.g., detectable interruptions in foraging, diving,
or courtship behavior) to moderate severity (e.g., avoidance, sustained foraging reduction) to high
severity (e.g., separation of moth@&ffspring, prolonged diplacement from foraging habitat, repeated
breeding disruption leading to reduced reproductive succeSs)diesconductedundercontrolled
conditions (i.e., with animalsoused outside of their natural environmeuahder professional careand

often trained), allow forexposures with very precisaeasurementsbutthesemarine mammals may
have motivational contexts that make their responses difficult to compare to-feaging animals
(Southall et al., 2021)

Generaly, the louder the sound sourds, the more intense the behavioral responddoweverthe
LINPEAYAGE 2F | &2dzy R a2dzNDS | yR GKS influgdcefiet Qa SE LI
response(Southall et al., 2007; Southall et al., 2016; Wensveen et al., Z0B8dn et al. (201Qubmit

GKFd aSELRA&dZNBE O2y(iSEG¢ aANBLGfte AyFtdzSyodsa GKS
outlined an approach to assessing the effects of sound on marine mammals that considers not just the
received level of sound, but also in whatigity the animal is engaged, the nature and novelty of the

a2dzy R 0FNRY GKS FYyAYlFIfQad LSNRLISOGIAOSLE YR (KS R
Other variables and contextual factors that may affect the probability and magnitude of a behavioral
response includsubjectspecific factors (e.g., age, sex, presence of a calf, group size and comppsition)
characteristics of the sound (frequency, duration, similarity to predator sounds, and whether it is

continuous or intermittent) whether the sound is approaching or moving away; the presence of

predators, prey, or conspecifics; and navigatianahabitatconstraints(Ellison et al., 2012; Southall et

al., 2021; Wartzok et al., 2003)

Extensive research programs have and are investigating the responBegs-oangingmarine mammals

to anthropogenic sounds, including actual and simulated tactical sonar both on and off military ranges
(Southall et al., 2016; Wensveen et al., 202%)esebehavioral responsstudies includecontrolled
exposuré studies, invhichdetailedacoustic dose and behavioral datee obtained fronmtags on focal
animals, as well atata obtained from longeterm tagsand passive acoustic monitoring during
opportunisticexposures to actual sonan naval training and testing ocean ranges with bottom
mounted hydrophoneg¢Harris et al., 2018)l'able4-5 provides an overview of current and past efforts as
background to the findings presented in the taspecific sections below.
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Table4-5: FreeRangingBehavioral Response Studies

Project/ Location

| Focal Species |

Sound source

Studes

Opportunistic Studies onNavy instrumented Ranges

AUTEC, Bahamas

CEFAY DAL E SQ:

Navy huiimounted
sonar

Joyce et al. (2019); McCartl
etal. (2011); Moretti et al.
(2014); Tyack et al. (2011)

SOCAIAnti-Submarine | Goosebeakedwhale Navy hullmounted and | Falcone et al. (2017§Dolan
Warfare RangéSOAR) dipping sonar etal., 2025)
ContiruousActive
Sonar(CASand Patial
Active Sonar (PAS)
Pacific Missile Range Minke whale Navy hullmounted Durbach et al. (2021);

Facility, Hawaii

Humpback whale
EFPAYOALEESQ

sonar

Catriona M. Harris et al.
(2019); Henderson et al.
(2019); Henderson et al.
(2016); Jacobson et al.
(2022); Manzandroth et al.
(2016); Martin et al. (2015%)

BRSwith Controlled Exp

osure Experiments

AUTEEGBRS (Bahamas)

CEFPAYOAEE SQF
whales

Simulated tactical
sonar

Tyack etal. (2011)

3ST (Norway) Killer whale Simulated tactical Antunes et al. (2014); Curé
Longfinned pilot whale sonar etal. (2016); Isojunno et al.
Sperm whale (1¢2kHz or & 7 kHz, | (2016); Isojunno et al.
intermittent) (2017); Miller et al. (2014);
Miller et al. (2012); Samarrg
etal. (2025); Sivle,
Kvadsheim, Fahlman, et al.
(2012); Visser et al. (2016)
3SZ (Norway) Humpback whale Simulated tactical Curé etal. (2021);
Minke whale sonar Kvadsheim et al. (2017);
Northern bottlenose (1¢2kHz or & 7 kHz, | Miller et al. (2015); Sivle,
whale intermittent) Kvadsheim, Curé, et al.
(2015); Sivle, Wensveen, e
al. (2016); Wensveen et al.
(2019); Wensveen et al.
(2017)
3S3 (Norway) Sperm whale Simulated tactical Curé etal. (2021); Isojunno
Longfinned pilot whale sonar etal. (2021); Isojunno et al.
(1¢ 2 kHz continuous | (2020)
and intermittent)
SOCAL BRS Blue whale Simulated tactical DeRuiter, Southall, et al.
Finwhale sonar (2013); Friedlaender et al.
Minke whale (3.5¢ 4 kHz (2016); Goldbogen et al.
. FANRQ& 0S|I | intermittent) (2013); Kvadsheim et al.
Goosebeakedwhale (2017); Southall, DeRuiter,
wAdaazQa R2f | etal. (2019); Stimpert et al.

(2014)
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Project/ Location Focal Species Sound source Studes
Atlantic BR% Goosebeakedwhale Simulated tactical Southall et al. (2026)
Shortfinned pilot whale | sonar(3¢ 4 kHz,
intermittent) and Navy
hull-mounted sonar

U.S. Navy SURTAISSA | Blue whales Low frequency sonar | Clark (1999); Croll et al.
Fin whales (100-500 Hz; receive | (2001); Fristrup et al. (2003
Humpback whales levels 115 150 dB re ]
Gray whales uP3

13S = Sea mammals and Sonar Safety

2This is the most recent BRS effort; thus, pemriewed publications of findings alenited.

Notes: AUTECAtlantic Undersea Test and Evaluatioanter; BRS Behavioral Response Studiédiz = kilohertz; SOCAL
Southern California

For most species, little or no data exist on behavioral responses to any sound source. For the below
synthesis of best available science on marine mammal behavioral responses, all species have been
grouped into broad taxonomic groups from which generap@sse information can be inferred.

Anti-predator hypothesis

Tyack et al. (201Bypothesized that beaked whale responses to sonar mélgctan antipredator
responsein that the perceived threat of predatianfluences the severity of the responsgo test this
idea, vocalizations of a potential predatoamarine mammatkatingkiller whaler were played back to

L EFAYOAT TS QEpasBardsEted inda Kimitar ut more pronounced reaction than that
elicited by sonar playback, inclingjlonger interdive intervals slow ascents from deep diveand a
sustained straightine departure of more than 20 km from the aréallen et al., 2014; Tyack et al.,

2011) Scientistdhaveplayed recordings of mammalating killer whale vocalizations to pilot whales,
sperm whalesw A & & 2 Q & huR@backIhalgsgiay whalesharbor sealsand even other killer
whales, toobserveresponsedncluding responsesy both potential prey and conspecifi@owers et al.,
2018; Curé et al., 2013; Curé et al., 2015; Deecke et al., 2002; Read et alLikép2havioral
responsego sonar playbacksgesultshaveincludedcessationsn feeding (Allen et al., 2014; Curé et al.,
2015; Miller et al., 2022changes in vocalizatigre.g., Curé et al., 201,3ttraction to the sourcde.g.,
Bowers et al., 2018; Curé et al., 2QE)done instance ofastampede (Read et al., 2022Playbacks of
long-finned pilot whalecallsto killer whales elicited strong avoidance responses and changes in vocal
rate, suggesting killer whales perceived lefuigned pilot whales as #reat - similar to observed
response$rom naval sonar playbackSelbmann et al., 20268Fhanges in foraging duration during killer
whale playbacks and miftequencyactivesonar were positively correlated across four species in3Be
Norwegian studies, suggesting that tolerance of predation risk may play a role in sensitivity to sonar
disturbance(Miller et al., 2022)For example, ampback whales responded more severely to killer
whale vocalization playbacks than they did to sonar playbgCkseé et al., 2015; Sivle, Kvadsheim, Curé,
et al., 2015)

Acoustic Harassment Devices and Acoustic Deterrent Devices

Acousticharassmentevices (AHDs) aratousticdeterrentdevices (ADDs)yhich transmitnon-
impulsivesound into the environment, have been usedntentionallydeter marine mammals from
fishing gear both to prevent entanglement and to reduce depredation (taking figime
characteristics ofthe deterrents and the motivation of the animal play a role in the effectiveness of
AHDs and AD¥Schakner & Blumstein, 2013)eterrents that are strongly aversive, simulate a
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predator, or are otherwise predictive of a threat are more likely to be effective, unless the animal
habituates to the signal or learns that there is no true threat associated with the sigrakensitivity of
the species plays a factorAHD/ADD succesBor less sensitive species, like killer whaestlenose,

and common dolphins, a decrease in ADD effectivenasde seen over timas the animals become
habituatedto the pingers, or when foraging behaviakes preceden{Marcalo et al., 2025; Tixier et al.,
2014 Ly a2yYS OFrasSazr ySiG LAYy3ISNA YIe S@Sy ONBIFGS
learned to associate the signal with the availability of piésfferson & Curry, 1996; Schakner &
Blumstein, 2013)Regardlessnanystudiesreport significant decreases in depredation and bycatch
when ADDs were attached to ngis.g., Barlow & Cameron, 2003; Ceciarini et al., 2023; Marcalo et al.,
2025; Morton & Symonds, 2002 comparison, harbor porpois@ more sensitive species, shew
strong avoidance responsés high-frequency pingerge.g., ElImegaard et al., 2021; Elmegaard et al.,
2023; Kyhn et al., 2015; Mikkelsen et al., 2017; Omeyer et al.,.2020)

Somemigrating mysticetes responded by changing their route away from the dete(®umlop et al.,
2013; Frankel & Stein, 2020; Watkins & Scheuvill, 18Tie some showed no path deviatig@alan et
al., 2025; Harcourt et al., 2014; Morton & Symonds, 2002; Pirotta et al.,.20fl&@r behavioral
response$rom mysticetesncludealtered dive behavioandincreasedswim speedgOliver Boisseau et
al., 2021; Galan et al., 2025; D. Nowacek et al., 2004)

Likecetaceanspinnipeds show various behavioral reactions depending on the species and pinger
characterstics. Harbor seals exposed to AHDs occasionally showed minor resikasasiling out
(Kastelein, HeldeHoek, Gransier, et al., 201%ut did notshowa significantresponsen severabther
studies(Kastelein, HeldeHoek, Gransier, et al., 2015; Mikkelsen etal., 2017; Morton & Symonds, 2002)
Gray seals responded strongly ta ADD in a river; all seals terminated their upstream movement and
quickly swam back downstream, away from the deyldarris et al., 2025)

45.1 Sonar and Other Transducers

Responses to sonar and other dutycled tonal sounds depend on the characteristics of the signal,
behavioral state of the animal, sensitivity and previous experience of an individual, and other contextual
factors including distance of the source, movemehthe source, physical presence of vessels, time of
year, and geographic locatig@oldbogen et al., 2013; C. M. Harris et al., 2019; Harris et al., 2015;

Martin et al., 2015; Sivle, Kvadsheim, Curé, et al., 2Bé&havioral response studies have been
conducted over a variety of contextual and behavioral states, helping to identify which factors, beyond
the received level of the sound, may lead to a response. Low andreddiency exposures, both

through controlled exposure experiments and opportunistic exposures on instrumengal ranges,

have beerconducted Observed reactions during behavioral response studies have not been consistent
across individuals based on received sound lealelse, likely becauseof complex interactions between
contextual factors

45.1.1 Behavioral Reactions of Myst icetes

Although some strong responsassonar and other transducetsave been observed in mysticetes
(Kvadsheim et al., 2017; Sivle, Kvadsheim, Curé, et al.,, B@dS)mysticete responses appear to be
moderate across all received levels. While some responses such as cessation of foraging or changes in
dive behavior couldauseshort-term impacts, behavior returned to normal after the signal stopped.
Mysticete responses also seem to be highly mediated by behavioralatateontextal factors with

signal characteristics havimglevance rathethan received level alone. Many of the contextual factors
resulting from behavioral response studies (e.g., close approaches by multiple vessels or tagging) would
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not be introduced in real Navy training scenarios. While data are lacking on behavioral responses of
mysticetes to continuous active sonars, these species are known to habituate to novel and continuous
sounds(D. Nowacek et al., 20048uggesting that they are likely to have similar responses todhigj

cycle sonars. Therefore, mysticete behavioral responses to Navy sonar witlékelgd onli KS | YA Y £ Q2
behavioral state and prior experience rather themlelyexternal variables such as ship proximity

significant behavioral responsescur,they will likely be short term. In fact, no significant behavioral

responses such stranding, or other severe reactions have been observed during monitoring of actual

training exercise§Smultea et al., 2009; U.S. Department of the Navy, 2011b, 2014; Watwood et al.,

2012)

Responses by Specific Mysticete Species
Blue Whales

In the SOCAL BRS, tagged surfaegling blue whales did noéspondto mid-frequency simulated and
incidentalNavysonar sources with received levels between 90 and 179 dB re 1 pPa, bufeedpg

and nonfeeding whales showed temporary reactions including cessation of feeding, reduced initiation
of deep foraging dives, generalized avoidance responses, and changes to dive behavior. The behavioral
responses were generally brief, of low to moderate seveaity highly dependent on exposure context
(behavioral state, sourcéo-whale horizontal range, and prey availability), with a return to baseline
behavior shortly after the end of the exposui@eRuiter et al., 2017; Goldbogen et al., 2013; Southall,
Finneran, et al., 2019When the prey field (krill) was mapped and used as a covariate in the22QBlL
SOCAL BR$del the response in deefeeding blue whales was more apparent, reinforcing the need

for contextual variables, such as feeding state, to be included when assessing behavioral responses
(Friedlaender et al., 2016 he probability of a moderate behavioral response increased when the range
to source was closer for these foraging blue whales, although there was a high degree of uncertainty in
that relationship(Southall, DeRuiter, et al., 2019)

Additionally,blue whales exposed to mififequency sonar in the Southern California Bight were less
likely to produce lowfrequency calls usually associated with feeding behavior, beginning at received
levels of 110 120 dB re 1 puP@elcén et al., 2012)however, without visual observations it is unknown
whether another factor contributed to the reduction in foraging calls, such as the presence of
conspecificsln contrast when Navy SURTAEBBAsonarsourcesvere played foblue whales on
foraging groundsno behavioral response was measuifrtoll et al., 2001Blue whaleencounter rates
and dive behaviowere more correlated to the availability of prey than to sonar playbg¢k®ll et al.,
2001)

Fin Whales

None of the tagged fin whales in tIBOCAL BRi®monstrated more than a brief or minor response
regardless of their behavioral stat€. M. Harris et al., 2019)he fh whaleswere exposed to both mid
frequency simulated sonand pseudorandom noise of similar frequency, duration, and source.level
Theywere less sensitive to disturbance than blue whales, with no significant diffesémoesponse
betweenbehavioral statsor signal typs. Southall et al. (2023atedfin whaleresponses as lowo-
moderate severity with no negative impact to foraging succBisswhales werestudiedon foraging
groundsduringNavy SURTASFA sonar exposureshese studies found only shagrm responses to
the low-frequency sound by some fin whales, while other fin whales did not respond(@rrall et al.,
2001) Like blue whales, fin whale behaveppeared to be more correlated to the availability of prey
than to sonar playback#\cevedeGutiérrez et al., 2002)
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Humpback Whales

Likeblue whales humpback whale behavioral responses to sonar have been influenced by foraging
state. During sonar exposure of tagged whales in the 3S2 study, the rates of foraging lunges generally
decreased, but responses varied across individuals (e.g., ceasingtiogsiaforage); most of the non
foraging humpback whales did not respond to any approa¢Bede, Wensveen, et al., 2016pr

foraging whales, luriggdecreased during a nsonar control vessel approach prior to the sonar
exposure put this reactionessenedluring a second approachith sonarthan during the initial

approachwith no sonar There was also variability in humpback avoidance responses. Some tagged
whales in the 3S2 study avoided the sonar vessel only during the first or second exposure, and only one
whale avoided botl§Sivle, Wensveen, et al., 2018his suggests that there may have béwbituation

to the sonar and vessel after repeated approaches. Almost half of the animals with avoidance responses
were foraging before the exposure; the ndeeding whales that avoided responded at a slightly lower
received level and greater distance th#nose that were feedingWensveen et al., 201.7\When

responses did occur the animals quickly returned to their previous behavior after the sound exposure
ended(Sivle, Kvadsheim, Curé, et al., 2018)another exampleRisch et al. (2012, 201dtermined

that humpback whale song was reducgidring a highsourcelevel, lowfrequencysound transmission

that was occurring 200 km awallowever,Gong et al. (2014nalyzed the same data set and found

that the reduction in whale songould be explained bgther factors (e.g., natural changes in prey
abundancg.

Responses by humpback whales to actual training activities on Navy ranges have also been monitored.
Several humpback whales have been observed during aerial or visual surveys during Navy training
events involving sonamn many studies, mavoidance or other behavioral responses weoted, even

when the whales were observed within 5 km of a vessel with active sonar and maximum received levels
were estimated to be between 135 and 161 dB gPh(Mobley, 2011; Mobley & Milette, 2010;

Mobley & Pacini, 2012; Mobley et al., 2012; Smultea et al., 200%xct, one group of humpback

whales approached a vessel with active sonar so closely that the sonar was shut down and the vessel
slowed; the animals continued approaching and swam under the bow of the &s&IDepartment of

the Navy, 2011a)Another group of humpback whales continued heading towards a vessel with active
sonar as the vesselwas moving away for almost 30 minutes, with an estimated median received level of
143 dB re 1 pyPa. This group was observed producing pec slaps, taiasidfseaches; however, these

are common behaviors in competitive pods during the breeding season and were not considered to
have occurred in response to the sorfiobley et al., 2012)

Monitoring at the Pacific Missile Range Facility (PMREJY | dzl QA KIF & LINRPJARSR RI Gt
responses to naval ariubmarine warfare sonar in actual training conditioHenderson et al2019)

examined the dive and movement behavior of tagged humpback whales, including whales incidentally
exposedo sonar during Navy training activities. Tracking data showed that individual humpbacks spent
fAYAGSR GAYSE y2 Y2NB GKlIy | FS¢ RILe&aszs Ay UGUKS QA
behavioral responses to sonar exposure were limited angl have been influenced by engagement in

breeding and social behavioiBuringNavy SURTA&FAsonar exposuresiumpback whales were

exposed on breeding groundsniy shortterm responses by some humpback whalesre observed
includingincreased song length during exposy@ark, 1999)Qther humpback whaleshowed novocal

or behavioral responsd_owfrequency signalé/5 Hzf the Acoustic Thermometry of Ocean Climate

sound source were also not found to affect dive times of humpback whales in Hawaiian (Fatarkel

& Clark, 2000)
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Minke Whale

The most severe baleen whale response in any behavioral response study was observed in a minke
whale in the 3S2 study, which responded to simulated naval soreareateived level 0f46 dB re 1 pPa

by strongly avoiding the sound sour@i¢évadsheim et al., 2017; Sivle, Kvadsheim, Curé, et al.,. 2015)
Although the minke whale increased its swim speed, directional movement, and respiration rate, none
of these were greater than rates observed in baseline behavior, and its dive behavior remained similar
to baseline. A minke whale tagged in the SOBR&lso responded by increasing its directional
movement, but maintained its speed and dive patterns, and so did not demonstrate as strong of a
response(Kvadsheim et al., 2017n addition, the 3Séhinke whale demonstrated some of the same
avoidance behavior during the controlled ship approach with no sonar, indicating at least some of the
response was to the vesg@gvadsheim et al., 2017)

a2yAU2NRAY 3 G tawC 2FTF Y whider€shondes té natamsigbi&iceR R G I
warfare sonaduringNavytrainingactivities Martin et al. (2015found that the density of calling minke
whales was reduced relative to the periods before trainmmgddensitiesncreased again in the days after
training was completed. The responses of individual whales could not be assessed, so in this case it is
unknown whether the decrease in calling animals indicated that the animals left the range or simply
ceased callingCatriona M. Harris et al. (2018jilized minke whale movement tracksferred from call
locationsto demonstrate changes in the spatial distributioncaflingminke whalesbefore, during, and

after surface ship midrequency active sonar training. Thesults showed a differende whale
distributionbetweenthe periods of time befor@and duringtrainingconditions,and the probability of
presence atthe center of ship activity duringd-frequency active sonar training was close to zé\tier

the training activitieslower probabilities of presencsuggested thathe return to baseline conditions

may take more than five days. The results show a clear spatial redistribution of calling minke whales
during surface ship mifrequency activesonar;however, a limitation of passive acoustic monitoring is

that one cannot conclude if the whales moved away, went silent, or a combination of the two.

Building on this workDurbach et al. (2021)sed the same data and determined that individual minke
whales tended to be in either a fast or slow movement behavior state while on the range, where whales
tended to be in the slow state in baseline or before periods but transitioned into the fastwititenore
directed movement during sonar exposures, a finding that was reinforced in subsequent analysis of
baseline behavior over longer timeframes without training at PNIR&shman et al., 2023They also

moved away from the area of sonar activity on the rajgeplairingthe spatial redistribution found by
Catriona M. Harris et al. (2019Ylinke whales were also more likely to stop calling when in the fast state,
regardless of sonar activity, or when in the slow state during sonar adfivitsbach et al., 2021)

Similarly, minke whale detections made using Marine Acoustic Recording Instruments off Jacksonville,
Florida, were reduced or ceased altogether during periods of sonafNieseis et al., 2012; U.S.
Department of the Navy, 2013¢specially with an increaseltiity cycle(Charif et al., 2015)

Gray Whales

WhenNavy SURTASFA sonar exposuregere playedin the path of migrating gray whalgthe whales
changed course up tokIn to avoid the sound, but when the source was outsifléheir path, little
response was observed although received levels were sif@llark, 1999; Fristrup et al., 200S)milarly,
migrating gray whales exposed to hiflequency sonar (225 kHz; received SPL 148 dB [¢P#) directly
in their migration route avoided the source by diverting their route EYKinwhen sonar was on, but did
not change their route when sonar was ¢Frankel & Stein, 2020)
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45.1.2 Behavioral Reactions of Odontocetes

Behavioral responses by odontocetes to sonar and other transducers range from no response at all to
responses that could potentially lead to lotgrm consequences for individual animals (engother-calf
separation). This is likely in pdmcausethis taxonomic group is so broathcludingsome of the most
sensitive species (e.g., beaked whales and harbor porpamtome of the least sensitive species (e.g.,
bottlenose dolphins). This is also the only group for which both field behavioral response studies and
controlled exposure experiments have been conducted, leading to the assessment of both contextually
driven responses as well as delased responsefesponses bydontocetes carncludestartle
responseshorizontal avoidancechanges in swim speed, changes in whistle regduced breathing

rates, changes in behavioral state, and changes in dive bel@ntunes et al., 2014; Casey et al., 2024,
Isojunno et al., 2018; Isojunno et al., 2017; Isojunno et al., 2020; Miller et al., 2011; Miller et al., 2014;
Miller et al., 2012; Southall et al., 2028eceived level thresholds at the onset of avoidance behavior
were generallyower forkiller whales (mean 129 dB re 1 pRajnpared topilot whales (mean 150 dB re

1 pPa) and sperm whales (mean 140 dB re 1 (Radunes et al., 2014; Curé et al., 2021; Miller et al.,
2014; Miller et al., 2012)

Experimentshave been conducted amained animalsin controlled environment$o estimate received
levels at which behavioral responses occur. In one study, bottlenose dolphin behavioral responses were
recorded when exposed to 3 kHz so#liie tones between 115 and 185 dB reR2a(Houser et al.,

2013) and inother studiesbottlenose dolphins and beluga whales were presented with-eaeond

tones up to 203IB re InPa to measure TT&inneran, Carder, et al., 2003; Finneran et al., 2001;
Finneran et al., 2005; Finneran & Schlundt, 2004; Schlundt et al.,. Z0@)g these studies, responses
included changes in respiration rate, fluke slaps, and a refusal to participate or return to the location of
the sound stimulus. This refusal included what appeared to be deliberate attempts to avoid a sound
exposure or tavoid the location of the exposure site during subsequent tésisneran et al., 2002;
Schlundt et al., 2000)n the behavioral response study, bottlenose dolphins demonstrated a 50 percent
probability of response at 172 dB revPa over 10 trials. In the TTS experiment, bottlenose dolphins
exposed to onesecond intense tones exhibited shagrm changes in behavior above received sound
levels of 178 to 193 dB renPa; beluga whales did so at received levels of 180 to 196 dBfa and

above. In some instances, animals exhibited aggressive behavior toward the test apRidgway et

al., 1997; Schlundt et al., 2000@)hile animals were commonly reinforced with food during these
studies, the controlled environment providansight on received levels at which animals behaviorally
respond to noise sources.

There are opportunistiobservations of behavioral responses to sonar as well, although in those cases it
is difficult to attribute observed responses directly to the sonar exposure, determine the exact

nature ofthe response. For example, both sperm and pilot whales potentially ceased sound production
duringtransmissions centered at 57 Hz and up to 220 dB re 1 pyPa, although it could not be determined
whether the animals ceased sound production or left the gi@awles et al., 1994Dpportunistic
aA3AKGAYy3Ia 2F aAaSOSNIf 20KSNJ 2R2y(120S3GS aLIS0OASa
sided dolphins, common dolphins) have been observed near the Southern CalfatrBubmarine
WarfareRange(SOARJuring periods of migfrequency active sonar. Responses included changes in or
cessation of vocalizations, changes in behavior, and leaving the area, and at the highest received levels
animals were not present in the area at(@llenderson et al., 2014However, thes@bservations were

from a vessel offange, and so responses could not be attributed to the sonar with certaiigre

were also fewer passive acoustic dolphin detections during and after longer sonar activities in the
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Mariana Islands Range Complex, with the padivity absence lasting longer than the mean dolphin
absence of two days when sonar was not pregdihtinger et al., 2014; Munger et al., 2015)

Not all responses to sonare avoidance responses or deleterious changes in behasoare species

like pilot whales false killer whies I Yy R w A phin®h@wbedd 2etordednimicking the sound of

the sonar with their whistlegAlves et al., 2014; DeRuiter, Boyd, et al., 2013; Smultea et al., 2012)

Tagged odontocete(e.g., pilot whalesmelon-headed whalesioughtoothed dolphins, bottlenose

dolphins, and false killer whaledid not have aravoidance response to sonar on or n€aMRFE-and n

some casesodontoceteseven traveédtowards areas of higher noise levels, while estimated received

SPLs varied from 130 to 168 dB re 1 pPa and distances from sonar sources ranged betaed 884

km (Baird et al., 2014; Baird et al., 2017; Baird et al., 204&)ustic detection rates are also variable

during sonar exposurdelon-headed whalesesponded t®6 7 kHz signawithd YA Y 2 NJ G N} yAA Sy
AAESYOAYy3IE 61 ONRARST LISNAZ2R 2F aAfSyoOoSus FyR O0AYy |
apparent responséDeRuiter, Boyd, et al., 2013y a passive acoustic study using Marine Autonomous
Recording Units in the Jacksonville Range Complexyrtt®ability of detecting delphinid vocalizations

(whistles, clicks, and buzzes) increased during periodstafesonaruse comparedo the period prior

to its use while there was nahange irthe probability of detecting sperm whale cliggGharif et al.,

2015; HDR EOC, 2012)

While most of the published literature involving bow riding odontocdees not involve sonar, certain
species (e.g., bottlenose, spotted, spinner, Clymene, Pacific white sided-toottied dolphins) will
approach vessels to bow ride, indicating either that these species are less sensitive to vessels or that the
behavioradrive to bow ride supersedes any impact of the associated ndiégsig et al., 1998Puring

aerial and visual monitoring of Navy training evemisigh-toothed dolphins anather unidentified
delphinidswere observed approaching the vessel with active sonar as if to bowSéted dolphins
werealsoobserved nearby but did not avoid or approach the vegsklbley, 2011; U.S. Department of

the Navy, 2011a; Watwood et al., 2012)

Despite the range of observed responses in odontoceatlese proximity exposures, with multiple

vessels that approach the aninaak likely b lead toresponses in most odontocete species regardless of
NEOSAOGSR tS@St 2NJ 0SKI JA BNINE REG ISEI R aLdyNBO 2a8yAGINIEI SR
sources moving in variable directions, behavioral responses appear to be driven by behavioral state,
individual experiencgeor speciedevel sensitivitiesThe likelihoodand severityof theseresponse might

alsoh Y ONBI aS 6AGK AYONBI aSR NBQNERER NBH@RHEES 41 2 NBJD !
short term, lasting the duration of the exposure or even shorter as the animal assesses the sound and
determines athreatis unlikelyased on prior experience or contextual cugssome cases, longéerm

responses could occur, where animals avoid the are&dars or days after the exposuréherefore,

while odontocete behavioral responses to Navy sonar will vary across species, popu&titns

individuals Jong-term consequences or populatidlevel effectswill depend on the frequency and

duration of the disturbance and resulting behavioral respanse

Responses by Specific Odontocete Species
Killer Whales

A close examination of tag data fradorwegian killer whales indicated that responses were mediated
by behavioal context signal frequency, or received sound eneligifer whaleschanged their dive
behaviorduringdeepforagingdives at the onset abw-frequency activesonar (-2 kHz sweeping
across frequencies) but did not change their dive behavior if they were deep diving cdng
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frequency activesonar 6-7 kHz sweeping across frequencies). Nor did they change their dive behavior
if they were conducting shallow dives at the onset of either type of s(Bmte, Kvadsheim, Fahiman, et
al., 2012) Acoustic recordings using the same dataset showed killer glsagmificantly changed their

call rates, call overlagnd increased the maximum frequency of their cdiising 22 kHz and & kHz

sonar exposurgs)(Samarra et al., 20250 dditionally,a strong relationship between the presence of
Norwegian killervhales and the abundance of herrimgs found and only a weak relationshypas

found between thepresence ofvhales and sonar activifgkuningas et al., 2013)

More severe behavioral responsesich aseparation of a killer whale calf from its grgugpave been
observedduring exposure tanid-frequencysonar playback(Miller et al., 2011)However, it is difficult

G2 GSIFLasS GKAA NBalLkRyasS G2 a2y pusuihglelesidh veEsBndn G KS |
environment with limited egres<iller whales in Haro Strait exhibited what wetescribedoy some
observersasaberrant behaviors, duringtime that the USS Shoup was in the vicinity and engaged in
mid-frequency active sonar operations. Sound fields modeled for the USS Shoup transn{iSsioms,

2009; National Marine Fisheries Service, 2005; U.S. Department of the Navye 2tdted a mean

received SPL of approximately 169 dB re 1 pPa at the location of the killer whales at the closest point of
approach between the animals and the vessel However, attributing the observed behaviors to any one
cause is problematisecausehere were six nearby whale watch vessels surrounding the pod, and
4dz0aS1ljdz2Syd NBaSIFNDK KFa RSY2yaidNr SR GKIFG a{2dziK
surface activity (breaches, tail slaps, and pectoral fin slaps) and swimming in more gaths when

@S aasSt a (NatibBal AodagiciabdiAtmospheric Administration, 2014)

Sperm Whales

The behavioral context and parameters of sonar exposure are important variables in sperm whale
behavioral response to sondn one study, whiléghere was no change in foraging (deep dive) behavior
during midfrequency active sonar, sperm whales were more responsive to low frequency active sonar
(e.g., reduced dive depth, foraging, and vocalizat{@iyle, Kvadsheim, Fahlman, et al., 20l2pther
studies(Harris et al., 2015; Quick et al., 2013perm whales were exposed pulsedlow frequency

sonar at moderate and high source levels, as well as continuous active sonar at moderate source levels
(Isojunno et al., 2020)foraging behavior did not change during exposures to modei@iecelevel

sonar, but norforaging behavior increased during exposuresigh-sourcelevel sonar and to the
continuous active sonar, indicating that the SEL was a better predictor of response than SPL. Other
studies also demonstrate that higher SELs and shorter distances to the source reduced sperm whale
buzzing (i.e., foraging)sojunno et al., 2021At similar received levels, sperm whales farther fritra

source were less likely to resporf@uré et al., 2025; Wensveen et al., 2028)e time of day of the
exposure and order effects (e.g., the SEL of the previous exposure) were also important covariates in
determining the amount of nofforaging behavioflsojunno et al., 2020Curé et al. (202fpund that

sperm whales exposed to continuous and pulsed active sonar were more likely to produce low or
medium severity responses with higher cumulative SEL. Specificallyrahability of observing a low
severity response increased to 0.5 at approximately 173 dB SEL and observing a medium severity
response reached a probability of 0.35 at cumulative SELs betweemnd7839 dB.

One study opportunistically observed sperm whale vocalizations during andaghultiplatform

naval exercise off the Scotian Shelf of Canada. During long bouts of sonar (various waveforms, both
pulsed and continuous) lasting up to 13 consecutive héosdian and maximum SPL = 120 dB and

164 dB), sperm whales substantially reduced how often they produced clicks, indicating a decrease or
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cessation in foraging behavi@Btanistreet et al., 2022few previous studies have shown sustained
changes in sperm whales, but there was an absence of sperm whale clicks for six consecutive days of
sonar activity Additionally, research on sperm whales in the Caribbean in 1983 coincided with the
U.S.intervention in Grenada, where animals wgreesumed to satter and leae the areabecause of
military sonar(Watkins et al., 1985; Watkins & Schevill, 19Th)ese studieslsoreported similar

reactions from noise generated by banging on their boat hull; therefore, sperm winaggd be more

likely to reacto novel or unexpectedgoundsin general.

Common Dolphins

Durban et al(2022)observedong-beakedcommon dolphins vialand-based observation platform
coupled with a drone and multiple acoustic recorders. Vocal behavior, group cohesion, group size, and
group behavior were observedlore, during, and after a simulatexid-frequencysonar exposure. The
number of whistles and sufgroups increased during the exposure, but the directigity speedf the
tracked subgroumvas less affectedSubsequentlySouthall et al. (2024)onducted controlled exposure
experiments on groups of shekieaked and longeaked common dolphins using simulated mid
frequency active sonar and actual helicopter dipping sohe observations suggest changes in
behavior due to the exposures, although more potential respomsa® seernin shortbeakedcommon
dolphinsthanlong-beaked common dolphin€hanges in movement and grouping were more evident
than changes irwhistle counts.

Pilot Whales

Sonar frequency content and behavioral context are important variables in pilot whale behavioral
response to sonar. While there was no change in foragieg dive behaviorduringmid-frequency
activesonar, pilot whales had fewer deep dives durilogv frequency activesonar(Sivle, Kvadsheim,
Fahlman, et al., 2012Jheir behavior at the onset of low frequency acta@nar was especially
important. If they wereforagingat sonar onset, they were more likely to switch to travel or rest
behavior.But i they were shallow diving at low frequency active sonar onset, they would not change
their behavior(Sivle, Kvadsheim, Fahlman, et al., 20l2another study, pilot whales initially reduced
foraging timeandincreasel travel behavioduring both low frequency activendmid-frequency active
sonar exposurs, butforaging increased again during subsequent exposdsggunno et al., 2017)his
kind of behavioral reactionouldindicate habituation to sonar or be driven by prey availabilifiotP
whales exposed to a 38 kHz downwdeting echosounder did not change their foraging behavior
during exposure period$ut their heading variance increased and fewer deep dives were conducted
(Quick et al., 2017)

Diving pilot whales are also sensitive to the received level of d@maund 170 dB re 1 pPa; Antunes et

al., 2014) Cessation of foraging appeared to occur at a lower received (&48]150 dB re 1 pPdhan

had been observed previously for avoidance behafaoound 170 dB re 1 pPa; Antunes et al., 2014)

Pilot whales reduced breathing rates relative to their diving behavior wberfrequency activesonar

levels were high (180 dB re 1 pPa), but only on the first sonar expd3uibsequent exposures their
breathing rates increasedsojunno et al., 2018)jndicating a change in response with additional
exposureglsojunno et al., 2018Dtherbehavioral responses to sonar include the synchronization of

pilot whale surfacing with sonar pulses during one exposure, possibly as a means of mitigating the sound
(Wensveen et al., 2015)

None of the taggegilot whales near sonar activities in Hawd@imonstrated a largescale avoidance
responseto estimated received SPLs from 130 to 168 dBpPdat distances betweef8 and 94 km
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from the sonar sourcéBaird et al., 2014; Baird et al., 2017; Baird et al., 2013; Henderson et al., 2025)
However, one pilot whale did haxaxreduced dive rate and deeper dives during a period of sonar
exposure Baird et al. (201&)ypothesizel that that likelihood of exposure to mifequency active

sonar, and therefore the potential for response, would differ betwdlea resident islaneassociated
populationand the pelagic populatiarSome of theslandassociated pilot whales taggedhtenderson

et al. (2025xhowedsignificant differences in dive depth and duratiacross different metrics (i.e., time

of day or sonar exposure phada)t showed naconsistent differences for amgne metric. They even
recorded one islanéssociated pilot whale entering the PMRF rahgiee during sonar emissions
(maximum received level #4dB re 1 pPgaclosest point of approach = 16.3 kmhichexhibited no

change to dive behaviolhese diverse examples demonstrate that responses can be varied, are often
context and behaviordriven, and even exposutgpecific.

Beaked Whales

hoaSNIWSR NBI OlidegkgdavhaileR . £ kX NI Oa {,gddLeFesSkBd whdtes f S &
OF2NX¥SNI e 1y26y & [/ dz@ASNRE 6SIF{SR 6KIftSauvs yR y
whales) to mid-frequency sonar sounds include cessation of clicking, decline in group vocal periods,
termination of foraging dives, changes in direction to avoid the sound sdetge, horizontal

avoidance) slower ascent rates to the surface, longer deep and shallow dive durakiowgerinter-
deep-diveintervals,altered swim gaitsand othermodifieddive behavios (Defence Science and
Technology Laboratory, 2007; DeRuiter, Southall, et al., 2013; Hewitt et al., 2022; Jacobson et al., 2022;
Martin Lépez et al., 2025; McCarthy et al., 2011; Miller et al., 2015; Moretti et al., 2014; Southall et al.,
2011; Southall eal., 2026; Stimpert et al., 2014; Tyack et al., 20Edjlowing several beaked whale
strandings in which military mitrequency sonar was identified as a contributing factesearchers
hypothesized that these deegiving species may be more susceptible to behavioral disturbance
behaviorallymediated physiologicabnsequencesSubsequently,dhavioral response studiexposing
beaked whales to real or simulated sonar, in some casanilitary rangesconfirmedthat they are

likely more sensitive to disturbance than most other cetaceans

Beaked whales have been tagged and exposed to sonar across multiple efforts (e.g., AUTEC, 352, SOCAL
BRS, Atlantic BRS), however there are some limitations to these studies that should be considered when
interpreting resultsMany of the exposuret® taggedwhalesoccurwithin 1¢9km of the focal animal,

within a few hours of tagging the animal, and withservationboatsnearbyto recordresponses and

acoustic dataWhile tag data is precise, behavior may be influenced bgmbination of the sonar

source andheseother experimentaimethods Additionally, individual variability can only be assessed

with many taggedvhalesand while rangewide studies can provide populatidavel observations

during real military training conditionsheydo not provide finescale individuatlata. Physical
environmentvariables such asea floor depth and lighevelsare also importanto consider as

discussed iBarlow et al. (2020)For goosebeaked whalegoraging dive depth increased with sea floor
depth up to 2,000 mWhalesspentmore time at foraging deptht night,especially on nights with bright
moonlight, andspent more time near the surface during dark nights with little moonl{@srlow et al.,

2020) In this study, snar occurred during 10 percent of the dives studied and had little effect on the
resulting dive metrics.

5dzZNAy 3 GKS {h/!'[ .w{Z I {l Sthdedmibdfedi@nysonan8hinl SR & K |
3 kmincreaseis swim speed andhangedts dive behaviofStimpert et al., 20140Onegoosebeaked
whale was also incidentally exposedaceal Navy sonasourcelocated over 100 km awaat an
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estimated received level af8¢106dB re 1 uPan addition to thecontrolledsource3.4-9.5 kmaway at
84¢144 dB re 1 pPalheresearchesobserved differentesponse®venat comparable received levels

during both exposuresndicating thatthe context of the exposures (e.g., source proximity, controlled

source rampup) may have been a significant factoflirencingthe responsegDeRuiter, Southall, et al.,

2013) Longterm taggingon the SOCAL BR&ssincedemonstrated that the longer dives considered a

behavioral response dyeRuiter, Southall, et al. (201&Il within the normal range of dive duratiotier
eight taggedyjoosebeakedwhales orthe Southern California Offshore Rarn(@ehorr et al., 2014)
However, longer intervals between deep foraging divése., interdeep-dive intervalsfound by
DeRuiter, Southall, et al. (2013yhich were among the longest found Bghorr et al. (2014nd
Falcone et al. (2017¥ould indicate a response to sonBuring controlled expage experimentsri an
area ofthe Atlantic Oceanvith relatively infrequentsonaruse, Southall et al. (2026pund a consistent
pattern of longer interdeep-dive intervalsn goosebeaked whalesxposed to simulatethid-frequency
sonarbeginningat received levelbetween 10Q; 120 dBre 1 pPa

Williams et al. (2017alsofoundthat in postexposure diveghe taggedyoosebeakedwhales described
in DeRuiter, Southall, et al. (2013wam with almost continuouuke strokesinstead of the more
typical dive patterns of gliding in between bouts of strok€bis change was calculated to increase
metabolic costdy about 3L percent andraised theenergyspenton fast swinmingfrom 27 to 59
percent of their overall energy budget. Tieifect occurredup to 1.7 hours after the single sonar

exposure. Therefore, while the overall pestposure dive durations were similar, the metabolic energy

calculated bywilliams et al. (201Avas higherSouthall, BenoiBird, et al. (2019aterfound that prey
was more abundarih the western area dhe Rangavheregoosebeakedwhalesoften occurred than

in the easterrandnorthernareaof the Range. This high prey availability haye reduced the number
of foraging dives needed to meet metabolic energy requiremeoispared toareas with fewer
resourcesMartin Lopez et al. (202bi)sed data from multiple BRS studiesstocamine beaked whale
diving behavior during sonar exposure and found that a specific tysevmfiminggaitwasaffected by
sonar exposureThe type ohigh-energymovement was more likely to occur on ascent during sonar

exposurethan baseling andthe overall proportion of this type of movement was positively correlated

with sound exposure leveThis finding supports that sonaan alterdive behavior in beaked whales,
whichis hypothesized toesult in physiological consequences to individate Sectiod.7.1.].

During the 3S2 Projeaiesearchers studiedorthern bottlenose whales an environment without
frequent sonar activity using controlled exposure experiméBisgal et al., 2022; von BenBackmann
etal., 2019; Wensveen et al., 201B¢havioral avoidanceccurredover a wide range of distances (6.8
28 km) and estimated avoidance thresholds rdéfom received SPLsof XidH ¢ R. ThBse m
thresholds were comparable to those observedirbsequenbeaked whale studieSouthall et al.,
2026) However, distancérom the sourcalid not predict the strength of thbehavioral responsewhile
received SPL dithterestingly, me whalein Wensveen et al. (2018foppedforagingat the onset ofa
sonar exposuré¢received SPL of 12.  NXB), approachdd the sourcend encircled the vessel until
the end of the exposureshere it began tdorage again Meanwhile, oneindividualin Miller et al. (2015)
approached the sound source at an exposure level &2 98 NI butwramatidally turned 180
degrees when exposed the sonarat 107R . NB before makihgthe longest and deepest dive on
record for the species

Onthe AUTEGilitaryranges . £ | Ay @A f f Sfed maveawaydariRg sarfartuse&udd return
only after transmissions stop, sometimes taking several tlage so(Boyd et al., 2009; Henderson et
It ®dX wnampT W2y Samn ¢RokRtalS 2022f MadzarRathsetah, 2016 McLdrthyyét2

4-30

>t o



Version20262 July 2026

al., 2011; Tyack et al., 201¥hales within 229 km of the range at the onset of sonar were displaced

up to68 km although one whale approached the range during active sdrednre acoustic data

indicatedtheir returnwithin 72 hours after training ende@oyce et al., 2019peep divegdeclinedat

the onset of training whileforagingtime increaseds individuals moved away from the ran@eedicted

received levels at which responsescurredwere comparable to those observedather beaked whale
studies.Despite these displacementst I Ay @A f £ SQ& oe&lbnjthe Rngétiilorag@a NB Y I Ay
throughout the rest of the yeaiHenderson et al., 20183uggestinghat the sonar activitjhasno

long-term effects onhabitat preference

At PMRF fte probability ofletectinggroups offoraging. f A y @A £ f S Qwasmo8edletlagrdss ¢ K| £ S
three conditionsno naval activity, naval activity without hutiounted midfrequency sonar, and naval

activity with hultmounted midfrequency sona(Jacobson et al., 2022t areceived level 0150 dB re

1>t | (MNdr@dean square}the probability of group vocal detecti@during sonadecreasedy 77%

compared tonaval activity without sonar, ad by 87% compared to no naval actidiig reduction in

probability of a group vocal perioslas greatethanthat2 6 8 SNIWSR 2F . f Ay @At SQa
AUTEQMoretti et al., 2014) The differencanay be due to theAUTE®aseline period including naval

activity without sonar, lowering theverallbaselinevocalactivity, orfrom differences inwhale

residencyfor each range. Along the edge of the Scotian Shelf off eastern Camadaplodant and

goosebeaked whale detection ratesisodropped during and after an eigittay, multiplatform antk

submarine warfare training exercise, and remained low seven days(&tanistreet et al., 2022)

OnSOARdeep and shallow dive durations, surface interval durations, and-désp dive intervals of
goosebeakedwhaleswvere modeledagainstvariouspredictor values incluidg helicopter dippingsonar,
mid-power midfrequency sonar and huthounted, highpower midfrequency sonaFalcone et al.,
2017) Both shallow and deep dive durations incredseswhales got closer to botmid- and high
poweredsources. Brface and interdeep dive intervals increasén the presence of both types of
sonarswhile surface intervals shortened during periods of no active sonar. The responses to the mid
power midfrequency sonar at closer ranges were comparable to respdnsesthe highersourcelevel
sonar, again highlighting the importance of proximiEglcone et al., (2018)so suppored context as a
factor, as helicopter dipping sonansasshort and randomly locatednaking it difficultfor beaked

whales to predict or tragkwhich may explain strongeesponse®speciallyat closer distances (&5

km). Alternatively, Watwood et al. (2017/ound thatwhile helicopter dipping eventa/ere more
frequentand shorterthan hullmounted sonar evenipnger sonar periods resulted a greater

reduction ingroup dives fogoosebeakedwhales. As a resultgroup divedetectionsdeclined more
during periods of huimounted sonar than during helicopter dipping sonar. Similar results were found
by DiMarzio et al. (2019Despite the sonar activity and behavioral reactigpisoto-identification

studies in the SOCAL Range Complex have ideraifiedt 100 individuajoosebeakedwhales, with

40 percentre-sighted in latelyears,indicating a possibly resident population on the rar{§alcone &
Schorr, 2014; Falcone et al., 2009)

Echosounders

Beaked whales may respond similarly to shipboard echosounders, commonly used for navigation,
fisheries, and scientific purposes, with frequencies ranging from 12 to 400 kHz and source levels up to
230 dB re 1 yPgCholewiak et al., 2017puring a cetacean survey, an array of echosounders was used
in a oneday-on, oneday-off paradigm. Beaked whale acoustic detections occurred predominantly (96
percent) when the echosounder was off, with onlgletections occurring when it was on. Beaked
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whales were sighted fairly equally when the echosounder was on or off, but sightings were further from
the ship when the echosounder was @@holewiak et al., 2017hese findings indicate that the beaked
whales may be avoiding the area and may cease foraging near the echosoénd#rer study found

that while echosounders contributed to fewer beaked whale observations, ultrasonic antifouling devices
elicited an even stronger avoidance respoii$ackey et al., 2022)

In contrastgoosebeaked whaleyroup vocal periods during multibeam echosounder activity recorded in

the Southern California Antisubmarine Warfare Radigenot decreaseluringthe echosounder survey

(Varghese et al., 2020yhe whales did not leave the range or cease foraging, and group vocal periods
increasedduring and after multibeam echosounder surveys. Since echosounders are highly directional
YR (GKS a2dzyR R2Say Qi LINRLIIIFGS K2NAT 2y dltfftes (K
locations of beaked whales relative to the echosounttawever one of the surveys byarghese et al.

(2020)was largely conducted on a portion of the rangw frequented ofterbygoosebeakedvhalesA

subsequent analysis suggestit the observed spatial shifts were most likely due to prey dynamics
(Varghese et al., 2021)

PredatorSounds

Similar to the antpredator response hypothesis presentedlipack et al. (2011Pe Soto et al. (2020)
hypothesized that the high degree of vocal synchrony in beaked whales during their deep foraging dives,
coupled with their silent, lonangled ascents, have evolved as an-pnéidator response to killer whales.
Since killer whales do not dive deep when foraging and so may be waiting at the surface for animals to
finish a dive, these authors speculated that by diving in spatial and vocal cohesion with all members of
their group, and by surfacing silently and upltbm away from where they were vocally active during

the dive, they minimize the ability of killer whales to locate them when at the surface. This may lead to a
trade-off for the larger, more fitndividualsthat canconduct longer foraging dives, such that all

members of the group remain together and are better protected by this behavior. The authors speculate
that this may explain the long, slow, silent, and shallow ascents that beaked whales make when sonar
occursduring a deep foraging dive. However, these hypotheses are based only on the dive behavior of
tagged beaked whales, with no observations of predation attempts by killer whale $aatigpredator
responsé (1 K S 2 Ndbe t¢sE8 fitrtner to be validatedhis antipredator hypothesis was also

tested by playing back killer whale vocalizations to northern bottlenose whales and several other
odontocetes to determine responses by both potential prey and conspe(ifitier et al., 2011; Miller

et al., 2012) Results varied in other odontocetes, from no response to an increase in group size and
attraction to the sourcéCuré et al., 2012)Changes in foraging duration during killer whale playbacks

and midfrequency sonar were positively correlated across four species in the 3S Norwegian studies,
including northern bottlenose whales, suggesting that tolerance of predation risk may pléyia ro
sensitivity to sonar disturbangdMiller et al., 2022)

Harbor Porpoises

Harbor porpoises are members of the Sensi@ecies behavioral group that includes beaked whales.
Most research on behavioral reactiotissoundin wild harbor porpoises fromimpulsive sound (see
Sectiord.5.4.9, but there are some controlled laboratory studies of harbor porpolsehavioral

reactions to sonar and sondike signalsin generalchanges to respiration rate, swispeedand
echolocation and habituatiorhave beembserved

Kastelein, Ainslie, et al. (2018)easuredsignificanithanges imarbor porpoisesurfacing andaespiration
ratesduringplaybacks ohigh-duty-cycle3.5¢ 4.1 kHz (53G3onar signalat a received leveif 122 dB

re 1nmPg but not 117 dBThese responses occurreldring exposure to higlseastate ambient noise,
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suggesting thamasking did not reduce sensitivity to sonén.another studysonar sweeps did not elicit
a startle response; instead initial exposures induced bradycardia (slowing of the heart rate), with
subsequent habituation that was conserved for at least three y@airmegaard et al., 2021 one
study, harbomporpoises did not respond to lowuty cycle midfrequency tones at any received level,
but one did respond to the highuty cycle signal with increased respiration ratesl jumping behavior
(Kastelein, HeldeHoek, Van de Voorde, et al., 201B)arbor porpoises responded to seal scarers with
broadband signals up to 44z with a slight respiration response at 117 dB né4 and an avoidance
response at 139 dB rertPa, but anothesealscarer with a fundamentalle strongest) frequency of 18
kHz did notesult inan avoidance response untceived SPLs reach&81 dB re hiPa(Kastelein,
Hoek, et al., 2015)Exposure of a striped dolphimthe same acoustic pingender the same conditions
did not elicit a responséastelein et al., 2008)lemonstratingspecies differences iesponses

Behavioral responsdsy harbor porpoiseto a variety of sound sourcegher thanacoustic alarmsave
been studiedKastelein et al., 2006; Kastelein et al., 20bjludingemissions for underwater data
transmissior{Kastelein, Verboom, et al., 2005pnesranging froml-25 kHz(Kastelein, Schop, Gransier,
Steen, et al., 2014; Kastelein, van den Belt, Gransier, et al., 2015; Kastelein, van den Beitibkgider
et al., 2015) and midfrequency sonar at 3&!.1 kHZKastelein, HeldeHoek, Van de Voorde, et al.,
2018) Responses includencreased respiration rateandswim speed, increasedumpingbehaviors
swimming further from the sourceanddecreasing echolocation rateHowever,responses were
different depending on the souréef@atures(i.e.,bandwidth, received SPL, and presence of harm@nics
For example, harbor porpoises responded to the2kHz upsweegpat 123 dB re tPa, but not to the
downsweesor the 6 7kHz tonal at the sameeceivedevel(Kastelein, Schop, Gransier, Steen, et al.,
2014) When measuringtartle responséo the same sweeps, the 50 percent response threshold was
133 and 101 dB reiPa for 1 2 kHz and 67 kHz sweeps, respectively, when no harmonics were
present, and decreased to 90 dB reRafor 1 2 kHz sweeps with harmonics preséKkastelein, Schop,
Gransier, Steen, et al., 2014)

45.1.3 Behaviora | Reactions of Pinnipeds

The pinnipeds consist ghocids§ + NI Saa¢ aSFfao FyR 20 NAARa o0asSt
walruses Studies of pinniped behavioral responses to sonar and other transducers are limited.

Observed responses seem to be mediated by the contextual factors of the exposure, including the
characteristics of the signé.g., Hastie et al., 2014nd the behavioral state of the animal. However, all
studies of pinniped behavioral response to sonars (not including fisheries deterrents) have been
conducted in captivity, so application to reabrld exposure situations must be done with caution.

Basedn exposures to other sound sources in the wild (e.g., impulsive sounds and vessels), pinnipeds
may only respond strongly to Navy sonar that is near or approaching.

Different responses displayed by captive and wild phocid segsttntiallythreateningsoundshave

been reported(Go6tz & Janik, 2010 aptive seals recemngfood during sound playbackhowed

habituationto all sound types presenteavhile wild seals were exposed opportunisticalhyd exhibited
avoidance behavioiThese results indicate that motivational state (e.g., reinforcement via food
acquisition) can be a factor in whether an animal tolerates or habituates to novel or unpleasant sounds.
Another study found that captive hooded sealsided 1¢7 kHz sonar signadg levels between 160 and

170 dB re 1 yP&vadsheim, Sevaldsen, Scheie, et al., 20t@yever, the animalsabituatedto the

sound and did not show the same avoidance behavior upon subsequent exposures. Captive harbor seals
responded differently to three signals at 25 kHz with different waveform characteristics and duty cycles.
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The seals responded to the frequency modulated signal at received levels over 137 dB re 1 pPa by
hauling out more, swimming faster, and raising their heads or jumping out of the water, but did not
respond to the continuous wave or combination signals at meceived level (up to 156 dB re 1 uPa)
(Kastelein, HeldeHoek, Janssens, et al., 201Bpwfrequency signals centered at 75 Hz, with received
levels between 118 and 137 dB re 1 pPa, were not found to overtly affect elephant seahdiveyer
they did produce subtle effects that varied among individ@lssta et al., 2003)

To better understand otariid responses to tactical Hidquency sonar, captive California sea lions were
exposed to midfrequency sonar at various received levels (I dB re 1 pPa) during a repetitive task
(Houser et al., 2013Behavioral responses included a refusal to particiateials, hauling out, an

increase in respiration rate, and an increase in the time spent submerged. Young animals (less than two
years old) were more likely to respond than older animaisd they exhibited many of the most severe
reactions Doseresponse curves were developed both including and excluding those young animals.
Most responses below 155 dB re 1 yPa were changes in respiration, whereas more severe responses
began to occuover 170 dB re iPa(such as hauling out or refusing to participatk) another study
investigating potential deterrent sounds, captive Steller sea lions were exposed to a variety of sounds
for two minutes, at a maximum source level of 165 dB re 1fpPaon-impulsive soundg¢Akamatsu et

al., 1996) Killer whale vocalizations (whether these were from-&siting or mammakating killer

whales is not stated) -4 kHz sweeps, and lelgvel impulsesesulted in the fewest haul outs by adults
whereas juveniles were more likely to haul out in response to sweeps antkbiglimpulses. The
intermittent pure tone at 8 kHz was most likely to elicit responses in adults and juveniles, although not
consistently. The addition of prey items to the tg®ol greatly reduced the likelihood of hauling out
during a sound exposure.

45.1.4 Behavioral Reactions of Sirenians

Few data exist on manatee responses to sonar; however, there has been some work usstgagsidad

fish-finding sonar to detect manated&onzalezSocoloske & Oliver&omez, 2012; GonzakSocoloske

et al., 2009; Niezrecki, 2010)hese are typically vetyigh-frequency systems, with frequencies over

200 kHz, although in some cases frequencies of 50 kHz were used. The response of the manatees to the
sonar was not the focus of these studies, buhen reported the authors stated that no response was

observed. Studies have also been conducted on the efficacy of using pingers to warn manatees about

the presence of vessels or fishing geBowles et al. (2001)bserved brief startle responses to pingers

sweeping 1@o 80 kHz in two of nine manatees testddowever, the captive manatees appeared to be

attracted to the fishing gear, and did not avoid it evarthe presence of pinge(8owles et al., 2001)
5dz32y 34 Ay ! dzZaG NI fAl 6SNB SELRA&ASR (G2 odp YR mna |
with no significant responses observed and continued foraging throughout the exper{idedgson &
Marsh,2007% Ly O2y (N} adx 6AfR RdzZ32y3& Ay C¢KFIAflI YR SEL
approach the source within 100 m, while playbacks of dugong calls elicited approaches within 10 m

(Ichikawa et al., 2009)

These limited data may indicate that sirenians are relatively robust to sonar and other active acoustic
sources; however, with the lack of focused studies on these sound sources it is difficult to draw any
conclusions.

45.1.5 Behavioral Reactions of Sea Otters

There is no research on the effects of sonar on sea otters. A study that exposed two captive Eurasian
otters to simulated AHD sounds underwater at 1 kHz and 14ngdeiyed levels105145 dB re 1uPa
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rms) found that as sound level increasétk severityscoreof the behavioral responsécreased, along
with a decrease ithe number of dives andn increase in théatency to extract foodStepien, Galatius,
et al., 2024) Eurasian otterbave a hearing range between 200 Hz and 32 kHz, withlilesirhearing
sensitivity at 4 kHz #air (Voigt et al., 2019)In the wild, sea otters may show similar reactions to those
of pinnipeds which are also amphibious hearers. However, underwater haargga otters is less
sensitivecompared to pinniped§Ghoul & Reichmuth, 2014a, 2014kp any reaction® underwater
noisemaybe less likely dower severity.

Pinnipeds may haul out, swim faster, or increase their respiration rate in response to(stmeser et

al., 2013; Kastelein, Heldétoek, Janssens, et al., 201B)nnipeds also showed that they may avoid an
area temporarily but may habituate to sounds quicifvadsheim, Sevaldsen, Folkow, et al., 2010;
Kvadsheim, Sevaldsen, Scheie, et al., 2@6yiationsn sea ottergromtypical pinniped behavior could

be attributed to the fact that sea otters spend approximately 80 percent of their time on the surface of
the water(Curland, 1997yith their heads above the surface, which reduces their exposure to
underwater sounds. In addition, sea otter dives are energetically costly (i.e., requiring twice the
metabolic energy that phocid seals need to dive). As a result, sea otters may not dligeel far in
response to disturbance, as they already require long periods of rest at the surface to counterbalance
the high metabolic cost of foraging at s@éeates et al., 20075ea otters may also habituate to sonar
signalshowever, sea otters liveartherinshorethan areasmpacted by Navy sonaandlive outsidethe

areas of piersideactivity.

452 Vessel D isturbance

Behavioral responses to vessels can be caused by multiple factors, and it is often difficult for researchers
to separate the effects of vessel noise and vessel presence; therefore, this section will cover both
aspectsThe likelihood of any behavioral response may be drivewdsgel characteristics (i.@ensity,
type, distance or approachz G KS | YA Y f JQik., for&ikdr digrating) dr bydhé priorS
experience of the individual or populatige.g., Ng & Leung, 2008)or exampleanimalsthat residein
high traffic areas masespond differently if at all,compared toanimals in less trafficked areds.g.,
Sullivan & Torres, 2018\ nylack of response may beaud to habituation tovessepresence and
associated noiswithin habitats, or it may be due to propagation effects that attenuate vessel noise
near the surfac€D. Nowacek et al., 2004; Terhune & Verboom, 1999; Watkins, . J2&6jnore
informationon how vessel noisenpactsvocal behavior andommunication space, see Sectiegh4d
(Masking).

Numerous studies have examinbdhavioral responses arourizhing andvhale watching vessels,
which often intentionally circle capproachspecieqArcher et al., 2010; Arranz et al., 2021; Christiansen
etal., 2013, 2014; Di Clemente et al., 2018; Fiori et al., 2019; Laute et al., 2022; Lesage et al., 2017;
SantosCarvallo et al., 2021; Westdal et al., 2038 sults of these studies are not indicatiofe

responses to Navy vessels because Navy vessels do not intentionally approach or encircle marine
mammals.

45.2.1 Behavioral Reactions of Mysticetes

Baleen whales demonstrate a variety of responses to veksirbance including no respase,vessel
approachhorizontalavoidancgswimming away) and verticaloidancgincreased diving)Baker et al.,
1983; Fiori et al., 2019; Gende et al., 2011; Watkins, 198Mhidance responses can include changes in
swim patterns, speed, or directiqdahoda et al., 2003)r changes to dive behaviancluding reducing
time at thesurface(Au & Green, 2000; Lesage et al., 200therresponsesaninclude altered
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breathing patternge.g., Baker et al., 1983; Jahoda et al., 2083) changego vocalizations, feeding
and social behaviof@Au & Green, 2000; Dunlop, 2019; Fournet et al., 2018; Machernis et al., 2018;
Richter et al., 2003; Williams et al., 2002)

Overall habituation or changes to vocalizations are the predominantitarg responsed-or example,
Watkins (1986pbserved habituation in behavioral responses in four species of mysticetes to vessel
traffic in Cape Cod over 3tears (19571982).However, in some cases, lotgrm habitat displacement
hasbeen observedAnderwald et al., 2013; Richardson, Greene, Hanna, et al.,.1995)

In many casesvhales do not appearto change their behavior a{Réeves et al., 1998y only react to
closepassing vesse(®Vatkins, 1981)Although a lack of response in the presence of a vessel may

reflect a minimatlisturbance from passing ships, itincreaseK S ¢ KI £ SAQ @dzf Y SN} 0 Af A
North Atlantic right whales demonstrate lit{ld any, avoidance respons® the sounds ofapproaching

vessels or the presence of the vessels themselaad continue to occupy habitats with high vessel

activity (D. Nowacek et al., 2004)

Initial behavioral statean influence responsdo vessel disturbancdn areas with high vessel traffic,
gray whalestoppedsearching for food and switefd to travelingwhen encountering a vessel, bdid

not stop foraging when engaged in foraging behavior at the tirfthe vessebpproach(Sullivan &
Torres, 2018)It was possible that the need to foragethis highvessel are@utweighed other riskef
vessel disturbancdn comparisongray whales in areas with less vessel traffiere more likely to
abandon foraging behavior when approached by a vessggesting these whales had not habituated
to vessetisturbancelike the whales foraging ithe high vessel traffi¢Sullivan & Torres, 2018)
Similarly,humpback whale continued to feedwhen vesseapproached but were more likely to start
traveling if they wereactive at thesurface when approache@di Clemente et al., 2018)

Behavioral reactions can also dependwssebehavior(e.g., approach type, speed), in addition to time

of day and seasofDi Clemente et al., 2018; Fiori et al., 20¥9joidance responsdsom humpback

whales2 OOdzNNBR Y2ail 2FGSYy | TOANS dWé i NR @St PP A 419 NI fLIL
direction of travel, then overtaking the whales by turning in front of the group) compared to parallel or
direct approachesMother humpbacks were particularly sensitive to direct and J type approaches
spendingmore time diving in respongéioriet al., 2019)Resting humpback whale motheralf pairsdid

not change their behavior to the presence of passing vesbatexposures tdast vessels with louder
low-frequency weighted source levels of 173 dB re 1 {@mating to weighted received levels of 133

dB re 1 yPpat an average distance of 100 m, led to a decrease in resting behavior and increase in dives,
swim speeds, and respiration rat€Sprogis et al., 2020n Hawaii, humpback whale avoidance

behaviors included increasing dive times and decreasing respiration rates at the surface when vessels
were within 0.52 km(Smultea et al., 20095 0cial interactions between migrating males and mother

calf pairs were reduced in the presence of vessels towing seismic air gun arrays, regardless of whether
the air guns were active, indicating that it was the presence of ships (rather than the aictouns) that
impacted humpback behavigDunlop et al., 2020)

Certain vesseltypes, such as icebreakers, come with additional associated sounds other than engine and
propeller cavitation noiseSightings of migratingdwhead whalesn Alaska were less frequedtiring
icebreaker shiplaybacks up to 500 m from the sound source compared to control periods, potentially
suggesting avoidance, although bad weather conditions and the presence of other feeding whales in the
area could have influenced the observed respo(Rehardson, Greene, Hanna, et al., 19Bwever,

most bowheads observed in tiRichardson, Greene, Hanna, et al. (1985)dy swam within 3 km of the
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projectors during playbacks, exposing themselves to moderately strong icebreaker sounds up to 20 dB
above ambient noise, suggesting some tolerance to the exposures. Other Alaskan bowhead whales
showed no discernable behavioral reaction to various typesestel traffic at distances greater than

20km, similar to North Atlantic right whales; their close relative J. Martin et al., 2023Minke whales

in Antarctcashowed noavoidancewithin a 5.5 NM radiugo a transitingcebreakettraveling 12 knots

but approached the vessel wheravelingat less than 1 knafLeatherwood et al., 1982)

45.2.2 Behavioral Reactions of Odon tocetes

Bothavoidance and attraction behavior have been obsemeaztiontocetegHewitt, 1985; Wiirsig et al.,
1998) Theodontocetegroup includes sensitive species (e.g., beaked whales and harbor porpoise) as
well as some of the least sensitive species (e.g., bottlenose dolptiresEfore contexisuch aspecies
sensitivity season, prior experienceessel behaviognd/orii K S | yhiliavbleHawodis important to
consider(Williams et al., 2014)Avoidance reactionsaninclude a decrease in resting behavior or

change in travel directio(Bejder, Samuels, Whitehead, & Gales, 2088jaction to vessels have been
seenincommon, roughktoothed, and bottlenose dolphinand include behaviors such bew riding and
jumping in the wake of a vesg@orris & Prescott, 1961, Ritter, 2002; Shane et al., 1986; Wiirsig et al.,
1998)

Odontocetesof the same specieeact variably to vessels. For exampidiile sme sperm whales are
prone to avoidance behavior, such as quick diyMggalh&es et al., 2002; Wirsig et al., 1998ess
time spent at the surfacéisojunno & Miller, 2015)sperm whales generallgnly reactedto vessels
approaching within several hundred metetskewise, mst bottlenose dolphin studies on the
behavioral reactions to vessel traffic have documented at least sleomh changes in behavior,
activities, or vocalization patterns when vessels are neéflmgvedo, 1991; Arcangeli & Crosti, 2009;
Berrow & Holmes, 1999; Fumagalli et al., 2018; Gregory & Rowden, 2001; Janik & Thompson, 1996;
Lusseau, 2004; Marega et al., 2018; Mattson et al., 2005; Rerepa et al., 2021; Puszka et al., 2021;
Scarpaci etlg 2000) However, ttlenose dolphingypicallyexposed to lower levels of vessel traffic
had stronger and longelasting reactions to vessel approachesnpared todolphins regularly
subjected to high levels of vessel traffidejder, Samuels, Whitehead, Gales, et al., 2066ome
studies, the presence of vessels has been shown to interrupt feeding behavior in deljiiridsner et
al., 2015; Pirotta, Merchant, et al., 2018utin an important foraging area, bottlenose dolphins
continued to forage and socialize even while exposed to high vessel t(ffiis et al., 2023)

Wirsig et al. (1998)pound that Kogia whales and beaked whales were the most sensitivatocetes
avoiding marine mammal survey vesdgysabrupt diving andgexhibitingother avoidance maneuvers.

Little information is available on the behavioralimpacts of vessel disturbance on beaked WWalest

al., 2006) There is some evidence that suggests beaked whales respond to all anthropogenic noise at
similar sound level6Aguilar de Soto et al., 2006; Tyack et al., 2011; Tyack,. 200@calizingoose
beakedwvhale was disrupted from foraging when a large, noisy vessel passgdestingome types of
vessel traffianaydisturb foraging beaked whalésaguilar de Soto et al., 2006h one study, gposure

to broadband ship noiséeceived level of 135 dB re 1 uREj not change the duration of whale

foraging dives, butould haverestrictedthe movement of a groufPirotta et al., 2012)

Small dolphins and porpoises are also sensitive to velssterbance Both finless porpoised.i et al.,
2008) and harbor porpoise@-rankish et al., 2023ypicallyavoid vessels, and overall presence of harbor
porpoisedecreasesvith closer proximity to vessels or an increase in tluenberof vesselgPigeault et
al., 2024) Vessel presencdisrupts foraging in &rborporpoises (Sairanen, 2014jor example fewer
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prey capture attemptfiave been observed wheressels pass closely and noise levels are higher
(Wisniewska et al., 2018Howeverresidentharbor porpoisepopulationsthat are regularly near vessel
traffic may exhibit some habituation, especialiparger groupgOakley et al., 2017)n one study of
fast-moving, closegoroximity (within 50 m) vessel trafficharbor porpoises had an 80 percent probability
of changing their swimming direction, btitis was reduced td0 percent when vessels were beyond
400 maway(Akkaya Bas et al., 201However, in another study, harbor porpoises continued to avoid
vessels 2 km awayp to 10 percent of the timewhich suggests that evenoisefrom far-away vessels
can result in behavioral disturban¢Erankish et al., 2023)

Although most vessel noise is constrained to lower frequentielw 1 kH}, vessel noisat close
rangescan extend into midand high frequencies (into the tens of kHElermannsen et al., 2014; Li et
al., 2015) These frequencies are what harbor porpoises are likely responding to; the meesighted
received SPL threshold for a response at these frequencies is 123 dB rélypBa et al., 2015)
Hermannsen et al. (2018)stimated that noiset 16 kHz resulting from small recreational vessels
which arenot included in most vessel noise impact modetould be elevated up to 124 dB re 1 |IPa
and therefore could result ibehavioral responses in harbor porpois#sniewska et al. (2018)

Odontocetes have been shown to make sht@tm changes to their vocalizations as an immediate
response to vessel noiserhich indicatesnasking(seeTable4-4). But some types of vocal
modifications, such as a sudden increase in the number of whistlesssation of click emissians
indicate other behavioralisturbancesObserved changes in echolocation vocalizations can indicate
behavioral disturbance related to foragirgor examplesperm whalesvere quicker to emitheir first
clickafter divingwhen vessels were prese(Richter et al., 2006 Sperm whales have also been
observed reducing clicks during and after the vessel paéserhra et al., 2013 his could indicate that
these whales left the area, surfaced or ceased foraging or communication beh&Reégsated
interruption of foraging behaviors could lead to letgym implications for odontocete populations
(Stockin et al., 2008andthe coastaldistribution or resident populations of some odontocet@skes
them less resilient than mysticetes to this kind of chronic stre§Southall et al., 2021) ongterm
modifications to vocalizationsan result fronchronic orincreased vessealoise.For examplekiller
whales off the northwestern coast of the United Statesreased the duration of their primary
communication calleetween 1973 and 2003. Ttekiftwas related tovessel density (e.g., whale
watching), whichndicates that the vocalization changes wertongterm response to increased
masking noise produced by the vesgéieote et al., 2004)

The longterm and cumulative implications @ksseHisturbanceon odontocetes iglifficult to predict
(National Academies of Sciences Engineering and Medicine, 2017; National Marine Fisheries Service,
2007) although some longerm consequences have been reportédisseau & Bejder, 200Fpr many

years (199& 2012) Resident killer whale populations in the Padiierthwesthadan average of 20

vessels within 0.5 miles of their location during daytime hawsry month(Clark, 2015; Eisenhardt,

2014; Erbe et al., 2014Received levels of vessel noise did not decrease with the implementation of
new policy on vessel distancastead noise levels increased as more and faster moving vessels were
introduced(Holt et al., 2017)These noise levetanresult in behavioral disturbange.g., feeding,

nursing, rubbing behavicl) Ay G§SNFSNB G6AGK O2YYdzyAOF A2y > YR
capabilities via maskinderbe, 2002; Konrad Clarke et al., 2024; Veirs et al., 2016)
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45.2.3 Behavioral Reactions of Pinnipeds

Pinniped reactions to vessels are variable, and include vigilance, avoidance, alerting, and reduced time
feeding, resting, or nursin@. Martin et al., 2023; Martin et al., 2022; Mikkelsen et al., 2019;

Richardson, Greene, Malme, et al., 1995pme reports observed a lack of significant reaction when
hauled out, suggesting habituation to or tolerance of ves@eishardson, Greene, Malme, et al., 1995)

but others have shown responses to airborne vessel ndisglor et al., 2024)

Impact to pinnipeds may differ based on the location or species, as some populations may be more
tolerant of vessel disturbance or have a lower degree of overlap with boat tr&ffadrus reaction to

vessel noise in the Arctic remains inconclugivaylor et al., 2023fGrey seal reactions to increasing

@SaasSt GUNIYFFAO 2FF LNBilIyRQa O21ad Ay |aaz20Al GA2y
@gSaasSta KFER Fy AYRSGSNYAWhdansaldetalr B BModelifg ofhdatdr 4 S £ & ¢
seals and grey seals in the UK found that they were most likely to overlap with vessel traffic within 50

1Y 2F GKS O2Faidsx ¢ KAOK BpeddAlERSORCohshi®atidbdes e€al.t ¥ 2 F |
(2017) While there was no evidence of reduced population size in any of these high overlap areas,

estimated received levels of shipping noise and maximum daiyeijhted cumulative SEL values

ranged from 170 to 189B, with the upper confidence intervals of those estimates sometimes

exceeding TTS values.

Like other marine mammafsnniped responses to vessels aigoaffected by contextual factors

Southall etal. (2007For example, Cape fur seals were less responsive to vessel noise in sites with lower
seal abundances compared to a site with a large breeding cddniartin et al., 2023)Richardson,
Greene, Malme, et al. (1998pncluded thabehavioralesponseso vessels by pinnipedsry based on
factors such as routine anthropogenic activity, distance from the vessel, engine type, wind direction, and
ongoing subsistence hunting.

Vessel disturbanckas resultedn reduced haubut time andflushing (noving away bgntering the
water) for harbor seals imultiple studies For example, th@resence of any vessel during pupping
seasoron Alaskan tidewater glaciers reduced haut time, but large vesselbadthe strongest effect
(Blundell & Pendleton, 2015Another study in Alaska found that hauled out harbor seals were more
likely to flush when cruise ships approached the ice within 500 m, and were four times more likely to
flush when the cruise ship approaches within B@QJansen et al., 2010Harbor seal heart rates
increased when vessels were present during haul out periods and increased further when vessels
approached and animals +entered the water(Karpovich et al., 2015indicating a possible stress
response (see sectioB.5Physiological Responsdjarbor seals responded more to vessels passing by
haul out sites in areas with less overall vessel activity, and their flushing behasgonfluenced byhe
number, type, and distance teesselgCates & AcevedGutiérrez, 2017)

Other behaviors aralsoimpacted by vessel disturbaad=or example, in a lontgrm taggingstudy,

harbor seals and gregeals were exposed to vessel noise between 2.2 and 20.5 percent of their time in
water (Mikkelsen et al., 2019Potential responses to vessels, coinciding with increasing or peak vessel
noise on the tags, included interruption of resting and foraging behavioi@ vessel noisgs0¢ 80 dB

re 20puPa RMS SPpjJayback studyhauledoutfemale and pugape fur sealspentup to 45%less time
resting andhursingand more time awake, vigilant, and mobile during boat noise conditions compared
to baselineconditions(Martin et al., 2022)
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45.2.4 Behavioral Reactions of Sirenians

Behavioral responses to vessels can be cabyedultiple factors. It is difficult for researchers and
analysts to separate the effects of vessel noise and vessel presence; therefore, this section will cover
both aspects in publications that specifically aim to target response to nbiseWest Indian manatee
responds to vessel movement via acoustic and possibly visual cues by moving away from the
approaching vessel, increasing its swimming speed, and moving toward deepe(MissOlds et al.,

2007; S. M. Nowacek et al., 200Mfhen vessels pass within 10 m, manatees responfitliing,

changing their heading or depth, or rolliiBycyk et al., 2018Yhe degree of response varies with the
individual manatee and may be more pronounced in deeper water, where they are more easily able to
determine the direction of the approaching vesgsl M. Nowacek et al., 2008imilar responses were
observed for Bw- and fastmoving vesselgRycyk et al., 2018Hbwever,they were more likely to

change their behavior to boat passes of longer durations, and the longer they had to change their
OSKI GAZ2NI 6SdIds Af26SNIY2Q0Ay3I o02FGa0 GKIFIG 0SKIF @As
approach. In other wordslower moving vessels allowed manatees a greater opportunity to move out
of the way of the vesseThis disturbance is a temporary response to the approaching vessel. West
Indian manatees have also been shown to seek out areas with a lower density of yBss&lagham et

al., 1999) West Indian manatees exhibit a clear behavioral response to vessels within distances of 25 to
50 m, but it is unclear at what distance the manatees first detect the presence of vEssdsNowacek

et al., 2004) Vessel traffic and recreation activities that disturb West Indian manatees may cause them
to leave preferred habitats and may alter biologically important behaviors, such as feeding, suckling, or
resting(Haubold et al., 2006)

In manatees, call rates and call amplitude were affected by noise that shared dominant frequencies of
watercraft, with call rates decreasing during feeding and socializing. Differential effects were also seen
on call type based on the presence or absenteatve{MiksisOlds & Tyack, 2009pimilarly, call rates

in dugongs did not change in the presence of vessels, but call durations were longer and more
harmonics were present when boats passed within 400Amdo-Mizobata et al., 2014)These changes

in vocalizations varied with the frequency of the noise, the type of call being produced, and the
behavioral or social context; taken together, these changes may indicate that responses to vessel noise
are dependent on behavioral and envwinmental contexts.

45.2.5 Behavioral Reactions of Sea Otters

Sea otters that live far inshore and may be exposed to noise from recreational boats and commercial
and military ships transiting in and out of port areas. Sea otters have simaar lirearing sensitivities as
pinnipeds(MiksisOlds et al., 2007; S. M. Nowacek et al., 20841 may react in a similar fashion when
approached by vessels. However, underwater hearing sensitivities are significantly reduced compared to
pinnipeds(Ghoul & Reichmuth, 2014a, 2014kYhile reactions to underwater vessel noise may occur,
they will have lower overall severithanthose of pinnipeds. Sea otters in Monterey, CA that were living
in areas of disturbance from human activity such as recreational boating spent more time engaged in
travel than restindCurland, 1997)Sea otters in undisturbed areas spent 5 percent of their time
travelling; otters in areas of disturbance due to vessels were shown to spend 13 percent of their time
travelling(Curland, 1997)While this may not appear to be a large change in behavior, sea otter dives
are very costly and require twice the metabolic energy that phocid seals need to dive; therefore sea
otters may not dive or travel far in response to disturbance, as they alresglyire long periods of rest

at the surface to counterbalance the high cost of foraging at(3eates et al., 2007For example, when

a single air gunessepassed a large raft of otters, several otters weriddly alarmede.g., rolled over
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on their sides or bellies and looked intently at the vessel as it approached) but did not leave the raft.
However, they reacted to the vessel every time it passed, even though the air gun was only operational
for two of the four passes. This indicates tlogiiers were either responding to thieud airborne sounds

of the boat engines and compressar to the close approach of the vesselitself, rather than the seismic
soundgReidman, 1983However, sea otters may habituate quickly. Even when purposefully harassed
in an effortto cause a behavioral response, sea otters generally moved only a short distance (100 to 200
m) before resuming normal activity, and nearby boats, nets, and floailrgpntainment booms were
sometimes an attractanfDavis et al., 1988AlthoughBarrett (2019¥ound that sea otters have a high
metabolic rate and are at risk of increased energetic costs when disturbed, there was less than a

10 percent chance of disturbance when small vessels were more 54 m away from sea otters

453 Aircraft Disturbance

Effects from aircraft disturbance may be speesgpecific based on sensitivity, and could be due either to
noise or the shadows created by the aircrgBmith et al., 2016)t is difficult for researchers and
analysts to separate the effects aifcraftnoise andaircraftpresence therefore, this section will cover
both aspects.

45.3.1 Behavioral Reactions of Mysticetes

Mysticetes either ignore or occasionally dive in response to aircraft overfligloski et al., 1998)
Richardson et al. (1985); Richardson, Greene, Malme, et al. (ftl29%) no evidence that single or
occasional aircraft flying above mysticetes causes-teng displacement of these mammals. Reactions
were frequently observed at less than 1,000 ft. above sea level, infrequently observed at 1,500 ft., and
not observed atll at 2,000 ft(Richardson et al., 1985)

Bowhead whales reacted foxed-wing aircraft anchelicopter overflights by diving, breaching, changing
direction or behavior, and altering breathing patterd®&actions decreased in frequency as the altitude

of the helicopterincreased to 150 or higher(Patenaude et al., 2002)t should be noted that bowhead
whales in this study may have more acute responses to anthropogenic activity than many other marine
mammals since these animals were presented with restricted egress due to limited open water between
ice floes. Additional, these animals are hunted by Alaska Natives, which could lead to animals
developing additional sensitivity to human noise and presence.

Studies on unmanned aerial systems have not found significant behavioral responses from mysticetes so
far. These devices are much smaller and quieter than typical aircraft, anbexefore less likely to

cause a behavioral response, although they may fly at much lower alti{i&ragh et al., 2016)
AcevedeWhitehouse et al. (2010nhaneuvered aemote-controlledhelicopter over large baleen whales

to collect samples of their blows, with no more avoidance behavior than noted for typical photo
identification vessel approaches. Bowhead whales did not respond to an unmanned system flying at
altitudes between120and mn Y | 62 @S U K(Rosk ed&. 2915 Koski edzilJF1998hde
collecting humpback photogrammetry and fitness datayistiansen et al. (2016)d not observe any
responses to their unmanned aerial vehicle flowrgB20 m above the water either. Even 10 southern

right whale mothercalf pairs showed no change in swim speed, respiration rate, turning angle, or inter
breath interval in response to an unmanned aerial veH(i€laristiansen et al., 2020bome of the

animals were equipped with DTAGs to measure the sound of the unmanned aerial vehicle; the received
levels in the 1061,500 Hz band were 86 + 4 dB re 1 yPa, very similar to ambient noise levels measured
at 81 + 7 dB in the same frequency band.
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45.3.2 Behavioral Reactions of Odontocetes

Variable responses to aircraft have been observed in toothed whales, though overall little change in
behavior has been observed during flyovers. Some toothed whales dove, slapped the water with their
flukes or flippers, or swam away from the direction bétaircraft during overflights; others did not

visibly reac{Richardson, Greene, Malme, et al., 1998)irsig et al. (1998pund that beaked whales

were the most sensitive cetacean and reacted by avoiding marine mammal survey aircraft in 89 percent
of sightings and at more than twice the rate as Kogia whales, which was the next most reactive of the
odontocetes in 39 percentfesightings.

During standard marine mammal surveys at an altitude of 750 ft., some sperm whales remained on or
near the surface the entire time the aircraft was in the vicinity, while others dove immediately or a few
minutes after being sighted. Other authorshave 8o 2 N} 4§ SR (G KS @F NAF oAt AGE Ay
to fixed-wing aircraft or helicopteréGreen et al., 1992; Richter et al., 2006; Richter et al., 2003; Smultea
et al., 2008; Wirsig et al., 1998Whale watching aircraft (fixeding airplanes and helicopters)

apparently caused sperm whales to turn more sharply but did not affect blow interval, surface time,
time to first click, or the frequency of aerial behavi®ichter et al., 20037 group of sperm whales
responded to a circling fixeding aircraft (altitude of 800 to 1,100 ft.) by moving closer together and
forming a defensive fashaped semicircle, with their heads facing outward. Several individuals in the
group turned on their sies, apparently to look up toward the aircrg@multea et al., 20085perm

whales showed no reaction to a helicopter until they encountered the downdrafts from the rotors
(Richardson, Greene, Malme, et al., 1995)

Smaller delphinids generally react to overflights either neutrally or with a startle resgvigesig et al.,

1998) A change in travel direction was noted in a group of pilot whaldbea fixedwing aircraft

circled while conducting monitorin@HDR, 2011)No changes in group cohesion or orientation behavior

GSNBE 20aSNIBBSR F2NJAINRdzLJA 2F wAaazQa R2fLKAyasz O2)Y
flew at altitudes of 218610 m, but this may be due to the plane maintaining lateral distancestgre

than 500 mn allcasegSmultea & LomaMacNair, 2016)Beluga whales reacted to helicopter

overflights by diving, breaching, changing direction or behavior, and altering breathing patterns to a

greater extent than mysticetes in the same a(@atenaude et al., 2002y hese reactions increased in

frequency as the altitude of the helicopter dropped below 150 m.

Much like mysticetes, odontocetes have demonstrated no responses to unmanned aerial systems at
altitudes over 30 m. For exampBurban et al. (2015onducted photogrammetry studies of killer

whales using a small helicopter flown 38 m above the animals with no disturbance noted. However,
odontocete responses have been reported with use at reduced altitudes. St. Lawrence belugas
responded to drones below 23 m with evasive dive responardtheir alert surface active reactions

(e.g., tail slap) also increased in larger groups or while socigliirgn et al., 2023)Bottlenose

dolphins responded to a small portion of unmanned aerial vehicles by briefly orienting when the vehicle
was relatively close (30 m high), but in most cases did not respond atRélmos et al., 2018)

45.3.3 Behavioral Reactions of Pinnipeds

Richardson, Greene, Malme, et al. (1986}ed that responsiveness to aircraft overflights generally was
dependent on the range (altitude and distance) of the aircraft, the abruptness of the associated aircraft
sound, and life cycle stage (breeding, molting, etc.). Pinnipeds may startle, tmvesrids the sound

source, increase vigilance, or brieflyeater the water, but, in general, they are unresponsive to
overflights and typically remain hauled out or immediately return to their haul out locdBtackwell et
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al., 2004; Gjertz & Barset, 199Reactions of walruses on land varied in severity and included minor
head raising at a distance of 2.5 km, orienting toward, or entering the water at less than 150 m and 1.3
km in altitude, to full flight reactions at horizontal ranges of less themH altitudes as high as 1,00
1,500 m(Richardson, Greene, Malme, et al., 1995)

Helicopters are used in studies of several species of seals hauled out and are considered an effective
means of observatiofBester et al., 2002; Gjertz & Barset, 19@#hough they have been known to

elicit behavioral reactions such as flee{itpover, 1988)For California sea lions and Steller sea lions at

a rocky haulout off Crescent City in northern California, helicopter approaches to landing sites typically
caused the most severe response of diving into the wékational Oceanic and Atmospheric
Administration, 2010) Responses were also dependent on the species, with Steller sea lions being more
sensitive and California sea lions more tolerant. Depending on the time between subsequent
approaches, animals hauled out in between and fewer animals reacted upon subsesxparsures
(National Oceanic and Atmospheric Administration, 2010)

Pinnipeds may respond to unmanned aerial systems, especially those flying at low altitudes, due to their
possible resemblance to predatorial birBmith et al., 2016which could lead to displacement or

flushing behaviofOlson, 2013; Stepien, Khan, et al., 20RBsponses may also vary by species, age
class, behavior, and habituation to other anthropogenic noise, as well as by the approach type, size,
model, and source levels of unmanned aerial vehicle Beineroy et al., 2015; Stepien, Khan, et al.,
2024) Biological contextis also importantto consider; gestating pinnipeds were much more likely to be
disturbed by UAVEStepien, Galatius, et al., 2024yhile pinnipeds generally have demonstrated little
response to unmanned aerial systems at altitudes over 55 m, as altitude of UAVs decrease, multiple
pinniped species oriented towards the vehicle, decreased resting behaviors and increased vigilance,
aletting behaviors, displacement and shaetrm flushing(Laborie et al., 2021; Moreland et al., 2015;
Stepien, Khan, et al., 2024; Sweeney et al., 2015)

45.3.4 Behavioral Reactions of Sirenians

There are few data on the effects of aircraft overflight on sireni&athbun (19883tudied the reaction

of West Indian manatees to both fixasling aircraft and helicopters used during census surveys. The
manatees did not react to a fixeding aircraft moving at approximately 130 kparhour at 160 m

altitude. However, animals did react to a helicopter below approximately 100 m moving at speeds of
0 (hovering)to 20 kmperhour by startling from rest and diving to deeper waters. This again
demonstrates that distance to the aircraft impaetbetherand how an animal may respond.

Hodgson et al. (2018pnducted a pilot study to conduct aerial surveys of dugongs using an unmanned
aerial vehicle flown at altitudes of 500, 750 and 1,000 ft.; no behavioral responses were mentioned but
noise levels were much lower than for a typical fixethg aircraft. Sinfarly, manatees were not

disturbed by a fixedving unmanned vehicle flying at 100(dones IV et al., 2006; Smith et al., 2016)

45.3.5 Behavioral Reactions of Sea Otters

Sea otters spend approximately 80 percent of their time on the surface of the \({@tetand, 1997)

with their heads above the surface, aatk likelyto be exposed to noise from aircraft. Recordings of
underwater noise produced by helicopter overflights did not appear to affect sea otter foraging
behavior, foraging success, or daily activity patterns when projected underwales km from a group

of otters in Lobos CovReidman, 1983)Young et al. (202&tudiedthe behavioral responses of
Southern sea otterto small dronesndfound significant differences in behavior compared to baseline
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conditions when drones were closer to the raftotters (60 ft[18 i in altitude) compared to the

RNR2YySQ& YI EAY dzY45 mf BehatiataR&sponhsé was plso ddpéndent on group gize
RNRYSQa 7Tt A m&piesandeBflgilleng theype<enE of sea otterpup. Howeveralerting

behaviors such as lifting their head to look at the drone and grooming wieserved more often

compared tabaseline. Whilsomeinstances ohighd LISSR a6AYYAYy3 YR GFf dzAKAY
were observedn response to the drongt was unknowrnwhetherthe presence of the drone had

adverse effects aside froohanges tdaseline behaviofYoung et al., 2026Prones used by the U.S.
Navytypically fly athigher altitudes and appeé&arther offshore(i.e., would nointentionallyhover over

sea otters) making behavioral reactions or auditory effects to sea otters from drone noise unlikely

Sea otters have similar-gir hearing sensitivities as pinnipe@@Shoul & Reichmuth, 2014a, 2014ahd

may react in a similar fashion when exposed to aircraft né&émipeds in general are unresponsive but
may react depending on the altitude of the aircraft or the abruptness of the associated sound
(Richardson, Greene, Malme, et al., 1998ith reactions ranging from unresponsiveness to flushing into
the water location(Blackwell et al., 2004; Gjertz & Bgrset, 19%)a otters may dive below the surface

of the water or flush into the water to avoid aircraft noise. However, sea otter dives are very costly and
require twice the metabolic energy that phocid seals need to dive; therefore sea otters may not dive or
travel so readily in response to disturbance, as they already require long periods of rest at the surface to
counterbalance the high cost of foraging at §¥aates et al., 200750 far, there has been no evidence
that any aircraft has had adverse effects on a wadinitored translocated colony of sea otters at San
Nicolas Island, which has a landing field operated by theNa®y(U.S. Fish and Wildlife Service, 2012,
2015)

4.5.4  Impulsive Noise

Impulsive signals, particularly at close range, have a rapid rise time and higher instantaneous peak
pressure than other signal types, making them more likely to cause startle responses or avoidance
responses. However, atlong distances the rise time ases as the signal duration lengthens (similar to

I & NA Yy 3 Ay 3 ég tha ihpaigive signal Mord skmyfar to a nompulsive signalHastie et al.,

2019; Martin et al., 2020)Behaviorateactions from explosive sounds are likely to be sindar

reactions studied for otherimpulsive sounds, such as those produced by air guns and impact pile driving.
Data on behavioral responses to impulsive sound sources are limited across all marine mammal groups,
with only a few studies available for mystiestand odontocetes. Most data have come from seismic
surveys that occur over long durations (e.g., on the order of days to Weekistypically utilize large

multi-air gun arrays that fire repeatedly. While seismicveydata provide the best available science for
assessing behavioral responses to impulsive sounds by marine mammals, it is likely that these responses
represent a worsicase scenario compared to responses to explosives used in Navy activities, which
would typically consist of single impulses or a cluster of impulses, rather thardoragion, repeated
impulses.

45.4.1 Behavioral Reactions of Mysticetes

Baleen whales have shown a variety of responses to impulsive sound sources, including avoidance,
aggressive movement towards the source, reduced surface intervals, altered swimming behavior, and
changes in vocalization rat¢Gordon et al., 2003; R. D. McCauley et al., 2000; Richardson et al., 1985;
Southall et al., 2007)Responses to impulsive noises have been recorded in gray, humpback, blue, fin
and bowhead whales and are assumed to be broadly representative of all mystidesesimay ofthe

main findingsdrom mysticete reactions tgeismic surveyare presented below iifable4-6.
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Behavioral state is often an important context for determining how whales will respond and the impact
those responses willhave. For example, migrating gray whales avoided active seismic surveys along their
migration route, with higher rates of avoidance geceived level increased @:6180 dB re 1 uPa)

(Malme et al., 1986, 1988yhile migrating humpback whales avoided arraysc@ i8n, with some

changing their swim speed and path, and some decreasing dive times and spending more time at the
surface(McCauley et al., 1998)Dunlop et al., 2015)Course deviation and swim speed were observed

in both constant exposure and ramyp trials, suggesting no dogesponse relationship to behavior
change, and similar changes were seen during control trials with vessel movement alone, suggesting
vessel preence contributed to observed behavi@unlop et al., 2016)Additionally, social interactions
between males and mothegalf pairs also decreased in the presence of vessels, regardless of air gun
activity (Dunlop et al., 2020)

Proximity to the impulsive source is also a key factor, with some whales more sensitive than others.
Dunlop et al. (2017/ound humpback whales responded mdmesmaller, closer sources than to larger,
farther sources at the same received levels. Responses were found to be more likely when the source
was within 3 km or above 140 dB re 1 pPa, were generally small, and whales showesharburse
deviations aromd 500 m(Dunlop et al., 2017)On the other hand, while somteumpback whales

exposed to seismic surveys showed no avoidance or change in behavioral state (Wei 2008)

whale stopped vocalizing and changed its travel direction 10 km from a seismic vessel (estimated
received SPL 143 dB re 1 pPa perbeak;McDonald et al. (1995Bowhead whales seem to be the

most sensitive species with some avoiding vessels by more than 20 km at received levels as low as 120
dB re 1 pPa and changes in diving and breathing patterns out to 7BIRimé et al., 1988; Richardson

etal., 1995b, 1999; Koski and Johnson 1987, as cited in Gordon et a).,l208&ver, work by

Robertson et al. (2013uggest whales may remain in the area but alter their diving behavior, making
them less detectable during visual observation surveys.

Vocal and other behavioral responses to seismic surveys have been observed in a number of baleen
whale species, including a cessation of calling, a shift in frequency, increases in amplitude or call rate,
leaving the area, or a combination of these straesgBlackwell et al., 2013; Blackwell et al., 2015;
Blackwell et al., 2017; Di Lorio & Clark, 20E9r example, responses by fin whales to -aa9 seismic
survey in the Mediterranean Seaincluded possible decreased call prodaciibmovemenawayfrom

the area(Castellote et al., 2012Models of humpback whale song showadecrease in the number of
singers with increasing received levels of air gun pulses, indicating either a vocal modification or that
whales left the are@Cerchio et al., 2014)

Mysticetes seem to be the most behaviorally sensitive taxonomic group of marine mammals to
impulsive sound sources, with possible avoidance responses occurring out to 30 km and vocal changes
occurring in response to sounds over 100 km away. However, tteeglso the most studied taxonomic
group, yielding a larger sample size and greater chance of finding behavioral reactions to impulsive
noise. Their responses appear to be behadependent, with most avoidance responses occurring
during migration behavioand little observed response during feeding behavior. These response
patterns are likely to hold true for Navy impulsive sources; however, Navy impulsive sources would
largely be stationary (e.g., explosives fired at a fixed target), and short terniméoortler of hours

rather than days or weeks) than were found in these studies and so responses would likely occur in
closer proximity or not at all.
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Table4-6: Main Findings for Mysticete Behavioral Responses to Seismic Surveys

Species Main Behavioral Findings Citation(s)
Migrating whales avoided vesselaring airgun use Gailey et al. (2016); Gailey
Gray whale (164¢180 dBre 1puPa SBLSome &eding whales al. (2022); Gailey et al.
(Eschrichtius stopped and movec_i away f_rom sound source but (2007); Johnson et al. (2007
robustug resume_d feeding either duringr post-exposureRate Malme et al. (1983, 1984);
of feeding was not affected by air gun usesgel Malme et al. (1986, 1988);
proximitywas an important factor in responses Yazvenko et al. (2007)

Migrating whales avoided arrays withig&km and Dunlop et al. (2020); Dunloq
reduced dive/speedSocial interactions decreased et al. (2015); Dunlop et al.
near vesselsandforaging whales showed no clear | (2016); McCauley et al.

Humpback whale
(Megaptera
Novaeangliae)

responses to explosions. (1998); Todd et al. (1996)
Blue whale Ceased calling and changed direction 10 km from
(Balaenoptera o gl 9 McDonald et al. (1995)
musculud seismic vessel.

Fin Balaenoptera

physalug & minke | Fin whales decreased calling during survéyead Castellote et al. (2012):

whales scale modeling showed no change in fin or minke Vilela et al. (2016)
(Balaenoptera distributions when prey variables included. '
acutorostrata)

Blackwell et al. (2013);
Blackwell et al. (2015);
Blackwell et al. (2017);
Malme et al. (1988);
Richardson, Greene, Malme
et al. (1995); Richardson et
al. (1999); Robertson et al.
(2013)

Bowhead whale Avoidance up to 30 km at received levels as low as
(Balaena dBre 1pPa SPlvocal changes and altered diving
mysticetug behavior reduced detectability.

Sightings reduced &88% during both active and
inactive phases, suggesting vessel presence more | Kavanagh et al. (2019)
influential than air guns.

Multi-species
(baleen whales)

dB = decibelkm = kilometer SPL = Sound Pressure Level
45.4.2 Behavioral Reactions of Odontocetes

Odontocetes appearto be less sensitive to impulsive sound than mysticetes, with responses occurring at
much closer distances. This may be due to the predominance efrlquency sound associated with
these sources that propagates long distances and opesldth the range of best hearing for mysticetes
but is below that range for odontoceteBehavioral responses to impulsive sound sources are likely
speciesand contextdependent, with most species demonstrating little to no apparent response.
Responses might be expected close to a noise source, under specific behavioral conditions such as
females with offspring, or for sensitive species such as harbor porpaissarwhalMost reactions

from smaller cetaceans such asavoidance, vocal communication changasd foraging disruptioiq

are short-term, with reactions generally correlated to receivellLand distance to the sound source.
Animals often return to the area and resume typical behavior within houesfew daysafter the
impulsive sound has stopped. In letgym activities like offshore wind farm construction or seismic
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surveys lasting months to yeagsssible habituation was observed as avoidance distances decreased
over time. Longterm habitatabandonment was rarely observed, even during mystar projects
(Teilmann and Carstensen, 20T2dd et al., 2022)Table4-7 summaizesthe man findings from

studies on marine mammal responses to impulsive sound sources

There are few direct observations of behavioral reactions wuexplosive soundsviostimpulsive

sound studies are focused gile driving duringpffshorewind farm construction and seismic surveys
using air gunsHarbor porpoiseare among the most studied species in impulsive noise research and
are more sensitive than other odontocetesvoiding both stationary (e.g., pile driving) and moving
(e.g.,seismic survey vessels) impulsive sound sources out to approximately 0dkiHaelters et al.,
2014; Pirotta et al., 2014However, even this response is short term, with porpoises returning to the
area within hours after the cessation of the naidé&arwhals also show strong sensitividyseismic

surveys and vesselshanging their swimming directiodivestroke rate dive type and increasing speed
away fromseismic sources evei relatively low received leve($leide Jorgensen et al., 2021; Williams

et al., 2022) For harbor porpoises and impact pile drivingceived level threshold®r behavior

changes (e.g., changes in respiration rate, distance from sound source, and vocalize¢icns)

calculated to be between 9010 dB re JuiPa using perceived loudneasd VHF weighting functions
(Tougaard, 2025However, most studies do not report weighted received SPL or SEL values for the
dGdzReQa NBfSOlIyld KSEFENAY3I INRPdzLId DSYSNIf GNBYyRaA
impact pile driving for harbor porpoises at unweighted SELSs starting betd22i45 dB re 1 yPa

(e.g., Brandt et al., 2011; Clement et al., 2025; Kastelein et al., 2013b). Noise reduction measures can
lessen impactd-or example, bubble curtains used during impact pile driving reduced harbor porpoise
displacement distances and attenuated impact noise by 1¢Bi&ndt et al., 2011; Déhne et al., 2017)
Softstart procedures for pile driving or seismic surveys may also reduce strong reactions by warning
animals before peak impulses occur.

Captive bottlenose dolphins sometimes vocalized or were reluctant to return to the test station after
exposure to single impulses from a seismic water @inneran et al., 2002)Vhen exposed to multiple
impulses from a seismic air gun, some dolphins turned their heads away from the sound source just
before the impulse, showing that they could anticipate the timing of the impulses and perhaps reduce
the received levelFinneran et al., 2015When exposing a captive harbor porpoise to impact pile

driving soundsKastelein, van Heerden, et al. (2018)nd that above 136 dB re 1 pPa (z¢ompeak)

GKS FyAYFfQa NBALIANIGAZ2Y NIFGSa Ay ONSIlwintspeEd | YR
respiration rate, distance from the transducer, and jumping may also increase in respomgact pile
driving sounds, as long as those sounds have higher frequencies present (i.e., aboviKag&tderin et

al., 2022)

Table4-7: Main Findings for Odontocete Behavioral Responses to Impulsive Sound

Noise

Species
P Source

Main Findings Citations

Some decrease in vocal output

Odontocetes (unidentified Explosion | observed. No longerm change in

Seger and Madhusudhana

species) vocal behavior. (2024)
Bottlenose DolphinTursiops| ¢, Immediate increase in whistling | | ammers et al. (2017); Lar
sp) XPIOSION| followed by significant decrease. | gt 51, (2023)

Daytime vocal activity decreased
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Species Noise Main Findings Citations
Source
for two days before rebounding to
baseline.
No significant avoidance, change
Sperm WhaleRhyseter Seismic | behavior, or change in encounter| Miller et al. (2009); Weir
macrocephalus Survey | rate observed. One whale rested| (2008)
at surface until air guns stopped.
Avoidance observed within ~1 km
Atlantic Spotted Dolphin Seismic | of air guns when in use. Weir (2008
(Stenella frontaliy Survey | Approached vessel when air gung ( )
turned off.
Common dolphins Seismic Avoidance of area during active &
(Delphinus delphjs and Surve gun use by 59% compared to Kavanagh et al. (2019)
other odontocetes y control.
Changed swim direction and
increased swim speed away from
source when BL1 km from vessel.
Narwhal(Monodon Seismic | Feeding ceased for one whale HeideJorgensen et al.
monocero3 Survey | when air gun was less than 10 kil (2021)
away. No effect on sitéidelity in
the following winter (i.e., no
habitat abandonment)
Reluctant to station at biteplate
following exposures between 193
Bottlenose Dolphin* seismic | 195 d.B re 1 uPa (SEhwm) and Finneran et al. (2015);
(Tursiopssp.) Water vocalized after exposure. Some Finneran et al. (2002)
’ Gun dolphins surfaced or turned their ’
head to mitigate the anticipated
sound exposure at highest levels
Seismic Reluctant to station at biteplate
Beluga Whale* following exposure at 186 dB re 1| _.
(Delphinapterus leucas V\éajir uP&s SEL and vocalized after Finneran et al. (2002)
exposure
Exhibited spatial displacement for|
. up to 48 hours following pile
Beluga Whale Pile L .
ug . iy driving events, with a more Castellote and Knoth (2026
(Delphinapterus leucas Driving . .
pronounced aversion to impact
than vibratory pile driving
Avoided seismic survey area.
. - i i i Pi I. (2014);
Harbor PorpoiseRhocoena | Seismic | Decrease inforaging activity ':F)tﬁ etzaé(AOZ ) P
phocoend Survey | (echolocation) within 12 km { ¥ al §

from source and as SEL increasg

Returned to area within hours

M. Thompson et al. (2013)
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Noise

Species Source Main Findings Citations
after air gun ceased and showed
habituation over time.
Presence decreased dependent g
construction phase and as SPL | BenhemmalLe Gall et al.
increased. Displacement up to-12[ (2021); Brandt et al. (2011)
20 km during pile driving. Decreay Déahne et al. (2014); Dahne
in foraging echolocation clicks by| et al. (2017); Graham et al.
. Impact | up to 62%. Most animals returneq (2017); Haelters et al.
Harbor PorpoiseRhocoena ) . L g
phocoend Ellg to Fhe site once activity stopped. | (2014); Teilmann and
Driving | Teilmann and Carstens€2012) Carstensen (2012);
recorded increase in acoustic Thompson et al. (2010);
activity over the years post Todd et al. (2022); Tougaar
exposure, but acoustic activity did et al. (2005); Tougaard et.a
not reach baseline activity even | (2009)
after 10 years.
— Impact !ncregsed resp|rat|on ratg and Kastelein et al. (2022);
Harbor Porpoise*Rhocoena ) jumping behavior. Behavioral .
phocoena Pile response increased as frequency Kastelein, van Heerden, et
Driving | . al. (2013)
increased.
Immediate avoidance when less
| 80G2NDA 52f I Impact than 1 km from source. Dolphins
(Cephalorhynchus hectpri P_ll_e returned same day pos_t Clement et al. (2025)
Driving | construction. Echolocation rates
gradually resumed.
Impact & | Small reduction in detections
Bottlenose DolphinTursiops V|br§tory V\{|th|n pile driving area lbut‘ef.fect Graham et al. (2017)
sp.) Pile sizes were small and fit within
Driving | seasonal baseline variability.

An asterix (*) denotes studies done with animals in professional human care as opposed to ones with wild animals
SPL = Sound Pressure Level; SEL = Sound Exposure Level; dB =kdecilkdhmeterskHz = kilohertz

4543

Behavioral Reactions of Pinnipeds

Pinnipedsare lesssensitiveto noisethan othermarine mammagroups. Sane species may be more

sensitive than others and are likely to only respontiigh-levelimpulsive sound sources at close ranges

by startling, jumping into the water when hauled out, or ceggoraging, but only for brief periods

before returning to their previous behaviée.g., Southall et al., 200 innipeds may even experience

hearing effectdefore exhibiting a behavioral responggouthall et al., 2007A review of behavioral
reactions by pinnipeds to impulsive noise can be fourdignardson, Greene, Malme, et al. (1986)

Southall et al. (2007)

Captive harbor sealkhowed increased jumps and haalitsto underwaterimpact pile driving
recordings asingle strikesound exposure levels of 143 dB re 1ig2ad were more likely to respond
whenexposed to playbacka their range ofelatively more sensitive hearif{@. A. Kastelein et al.,
2025) Blackwell et al. (2004)bserved that ringed seals exhibited little or no reaction te-pliriving

noise with mean underwater levels of 157 dB re 1 pPa asairitevels of 112 dB re 20 pPa, suggesting
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that the seals had habituated to the noise. On the other hand, harbor seals were displaced from areas
surrounding wind farnimpactpile driving (average pile driving duration 6 hours) at estimated received
levels between 166 and 178 d® 1 pPa SPL (peak to peak), with presence returning to baseline within
two hours of cessation of pile drivifRussell et al., 2016pimilarly, harbor and grey seals avoided a
seismic air gun by rapidly swimming away and ceasing foraging, then returned to normal behavior
afterwards(Thompson et al. 1998, cited in Gordon et al., 2003)

Captive California sea lions avoided sounds from an underwater impulsive source at level®of 165
170dB re 1 pyPé&Finneran, Dear, et al., 200FHlowever, few responses were observed by New Zealand
fur seals to a towed air gun array operating at full power; rather, when responses were observed it
seemed to be to the physical presence of the vessel and tow apparatus, and these only occurred when
the vessel was within 200 m and sometimes as close ad alas & McConnell, 2016}aptive Steller
sealions were exposed to a variety of tonal, sweep, impulsive and broadband sounds to determine what
might work as a deterrent from fishing neskamatsu et al., 1996An impulsive sound at a source level

of 210 dB re 1 yPa at 1 m was more likely to cause both adults and juveniles to haul out and refuse to
eat fish presented in a net compared to other exposures. Fewer instances of juvenile haul outs and no
adult haul auts were observed in response to the same impulse sound at a source level of 165 dB re

1 pPa, including with and without the food item in the test pool. Steller sea lions exposegio in
explosive blasts increased their activity levels and ofterméered the water when hauled out

(Demarchi et al., 2012However, these responses were shiiwed, and, within minutes, the animals

had hauled out again, and there were no lasting behavioral impacts in the days following the blasts.

Hastie et al. (20213tudied how the number and severity of avoidance events may be an outcome of

marine mammal cognition and risk assessment. Five captive grey seals were given the option to forage

in a high or low-density prey patch while continuously exposed to sileregactpile driving or tidal
GdzZNDAYS LIXleolOla o6mny R. NBE wm >t | boithasiahigbed hy S |
received level in experimental exposures. Overall, seals avoided both anthropogenic noise playback
conditions with higher received levels when the prey density was limited but would forage successfully

and for as long as control conditions esnthe prey density was higher, demonstrating that noise has

the potential to impact seal foraging decisions if the level is high enddgtz and Janik (201igsted

underwater startle responses to a startling sound (sound with a rapid rise time and a 93 dB sensation

level [the level above the aninfalhearing threshold at that frequency]) and a rstartling sound

(sound with the same level, but with a slower rise time) in wedghtured gray seals. The animals

exposed to the startling treatment avoided a known food source, whereas animals exposed to the non
startling treatment did not react or habituated during the exposure period. The results of this study
highlight the importa®S 2 F G KS OKIFI N} OGSNARaGAOa 2F GKS | O2dzad.
habituation.

45.4.3.1 Missile Launch Noise

Launches of missiles and aerial targets (vehicle launches) from land are unlike many other forms of
disturbance because of their sudden sound onsets, high peak levels in some cases, and short durations
(Cummings, 1993While data for pinniped reactions to Navy launches are limited to observations at San
Nicholas Island (SNI) on the Point Mugu Sea Range (PMSR), there are extensive observations from this
site over nearly two decadd8urke, 2017; Holst et al., 2011; Holst & Greene Jr., 2005; Holst & Greene

Jr., 2008; Holst & Greene Jr., 2010; U.S. Department of the Navy, 2020a, 2021a, 2021b, 2022, 2023,
2024b; Ugoretz, 2014, 2015, 2016; Ugoretz & Greene Jr.,.2082gl and acoustic monitoring of
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pinniped responses (including northern elephant seals, California sea lions, and harbor seals) to every
launch from SNI was required under these authorizations of launch activity. The results from these
monitoring efforts (20082022) are summarized in thégction. Over twenty years of observations of
pinniped behavioral reactions to rocket and missile launches at Vandenberg Space Force Base (VSFB,
formerly Vandenberg Air Force Base) are also avai@hl8. Space Force, 20a2)e observations at

VSFB are consistent with those from SNI, but notable findings from VSFB are detailed below.

Since launches were relatively infrequent, and of such brief duration, it is unlikely that pinnipeds near
the SNI launch sites were habituated to launch sounds. The most common type of reaction to airborne
noise from missile launches at SNI was a momerdaryt SNIi ¢ NBalLl2yaSo 2KSy (KS
otherwise detected the launch, they were likely to become alert and interrupt prior activities to pay
attention to the launch. For both northern elephant seals and California sea lions, the proportion of
animalsthat moved was significantly related to the closest point of approach of the vehicle or the
weighted sound exposure level of the event (based on pinnipeadriM-weighting function from

Southall et al. (200F)Harbor sealsvere the most responsive to disturbanocegardless of distance or
weighted sound exposure lev@Hlolst et al., 2011)n cases where animals were displaced from normal
activity, the displacement was typically shortin duratiog® minutes, although some harbor seals left
their hautout site until the following low tide when the haolt site was again accessible).

Observations indicated that elephant seals rarely showed more than a momentary alert, even when
exposed to noise levels or types that caused nearby harbor seals and California sea lions to react more
(this was also the case for northern fur seals at VI#83t elephant seals raised their heads briefly

upon hearing the launch sounds and then quickly returned to their previous activity pattern (usually
sleeping). During some launches, a small proportion of northern elephant seals moved a short distance
on the beach or into the water, away from their resting site, but settled within minutes. Because of this,
elephant seals were not specifically targeted for launch monitoring after 2010 (75 FR 71672), although in
subsequent years they were often in the fieldviéw when monitoring other species.

California sea lions (especially the young animals) exhibited more reaction than elephant seals, and
responses varied by individual and age group. Some exhibited brief startle responses and increased
vigilance for a short period after each launch. Othpesticularly pups that were playing in groups along
the margin of haubuts, appeared to react more vigorously. A greater proportion of hawletsea lions
typically responded or entered the water when launch sounds were louder.

Harbor seals tended to be the most sensitive of the three target species, and dusstdgaunches at

SNI, most harbor seals left their hault sites on rocky ledges to enter the water. In some cases, harbor
seals returned to their hatdut after a short period of time, while in other cases they did not return
during the duration of the videoecording period (which sometimes extended up to several hours after
a launch). During the day following a launch, harbor seals usually hauledainta these site@Holst &
Lawson, 2002)The height of the tide following a launch event may have played a significant role in
when harbor seals were able to return to a hauwit site.

Since the first MMPA harassment authorizations and analyses of noise impacts related to space shuttle
landings and missile launches in the 1980s, there had been a concern over the suggested possibility that
a sonic boom or launefelated noise response cbouR O dza S -N&BA G HIYSIBER S\ y 2 dzZNE 2 NJ
(National Marine Fisheries Service, 20I®)ere were no observations of any such occurrence at SNI

and, specifically for the monitored launches at SNI from 2001 to 2022, there were no observed launch

related injuries or deathéNational Marine Fisheries Service, 2019b; Naval Air Warfare Center Weapons
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Division, 2018)On several occasions, harbor seals and California sea lion adults moved over pups (which
can also happen without the presence of an anthropogenic noise) as the animals moved in response to
the launches, but the pups did not appear to be injured. On oteasion, a stampede of California sea
lions was observed in response to a sonic boom at VSFB. This was thought to have resulted from a
particularly high amplitude sonic boom and is noted as an isolated incident.

45.4.4 Behavioral Reactions of Sea Otters

There are few available studies on responses of sea otters to impulsive sounds. A playback study of
multiple and single air guns had no significant impact on sea otters in California. During the multiple air
gun exposures, otters rested 1 percent more dachged 1 percent less. They were successful at
obtaining prey during 84 percent of their foraging dives when the air gun vessel was 50 NM away, and
the success rate only decreased by 5 percent when the multiple air gun vessel moved closer (0.5 NM
away). @erall, foraging and dive behaviors remained undisturbed, as did the density and distribution of
sea otters in the area. This study caveats that the data were collected under rough weather conditions

AAAAA

GKAOK O2dzA R KI @S | F7FS O lsSighicsdarils. th adiitonbt@rs ket Na3&Stali A 2 v

shore in relatively sheltered covéReidman, 1983)

During the single air gun experiment, the air gun ship approached a raft of otters (at a minimum of
730 m), and several otters were mildly alarméelg., rolled over on their sides or bellies and looked
intently at the vesselas it approached) but did not leave the @fithe four times the vessel passed the
group of otters, the air gun was operational during ol of the transects However, the otters
reacted to the vessel every time it passed, indicating that otters were either responding toutie
airborne sounds of the boat engines and compressoto the close approach of the vesselitself, rather
than the seismic sound®keidman, 1983)

In a followup study,Riedman (1984nonitored sea otter reactions to diillg platform soundsand air

gun firing projected from a source ves®e9to 1.6 km away from groups of sea otters. No behavioral
reactions or movements were observedlihdays of observations with £38 individual sea otters

present on any given dagound pressure levels from the ginn were reported as 166 dB re 1 yPa at
1.1km, which means that two otters may have been subjected to levels greater than this at ranges of
900 m onthe one day the pair foraged closer to the air gun ship for one hour. Most of the otters would
have beensgbjected to just under this level, sinoceostotters foraged 1.81.6 m away from the sound
sources, and propagation loss due to distance and the kelp environment needs to be considered. In a
survey of the local coastline, no change in numbers of sea otters was evident between just prior to the
soundstimuli and on day 10 of the emissions. No changes in feeding dive times or feeding suemess
seen during the studgither.

When conducting impact and vibratory pile driving for farsons Slougkstuarine restoration, the
Elkhorn Slough National Estuarine Research Reserve (2@btjled the abundance and behavior of sea
otters in the areaDisturbances within 30 raf the pile driving siténcluded otters raising theiheads,
swimming away without startling, or startle diving. Usualhly single adult mals with an established
territory that included the construction site traveled within 30 m. Otters further aag80 m)vere
observedswimming away with startlingncludingmother-pup pairs However, sea otter behavioral
disturbances 3180 m away from the pile driving site were difficult to tease apart from the impacts of
pedestrian vessels and other construction activities.

Sea otters spend approximately 80 percent of their time on the surface of the \f@tetand, 1997)
with their heads above the surface, which reduces their exposure to underwater sounds. They require
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long periods of undisturbed rest at the surface to counterbalance high metabolic costs associated with
forging at sedYeates et al., 2007)f reactions to Navy impulsive noise were to occur, they may be
similar to those of pinnipeds, which show temporary avoidance responses or cessation of foraging
behaviorThompson et al. 1998, cited in Gordon et al., 20B®)wever, underwater hearing sensitivities
are significantly reduced in sea otters when compared to pinnige€dsul & Reichmuth, 2014a, 2014b)

S0 reactions may not be as strong, if they occur at all.

4.6 PHYSIOLOGICAL RESPONSE

Most studies to date have focused on acute responses to sound either by measuring hormones such as
cortisol,aldosterone and catecholamines (e.g., epinephrine, norepinephrine, and dopamine) or heart
rate as an assumed proxy for an acute stress response. The major findings of these studies are reviewed
below, and byHouser (2025h)

Currently, the sound characteristics that correlate with specific stress responses in marine mammals are
poorly understood, and not all marine mammals have the same response to similar sound

characteristics. Navfunded efforts have improved the understaing of and the ability to predict how

stressors ultimately affect marine mammal populatiqesg., King et al., 2015; New, Harwood, et al.,

2013; Pirotta, Harwood, et al., 2015; Pirotta, Thomas, et al., 2028¥ includes determining how and to

what degree various types of anthropogenic sound cause stress, but also, what biological factors can
YAGATIFIGS (K2a$S NBalLkyaSad ClLOG2NR LRIGSyidGArtte | F
I YA Yl hiskadly, sexy && reproductive status, overall physiological and behavioral plasticity, and

whether they are naive or experienced with the sound (e.g., prior experience with a stressor may result

in a reduced response due to habituatigfnneran & Branstetter, 2013; St. Aubin & Dierauf, 20B&y

example, research on lactating grey seals identified two distinct sitepsg styles, proactive and

reactive, which were associated with different energy expenditfsuert et al., 2025)This suggests

GKFG || aGNBaaz2NE &4dzOK a y2AaS SELRA&AMINBST Yleé KI G
response and longerm health depending on their inherent stregssping style. Because there are many
unknowns regarding the occurrence ofoastically induced stress responses in marine mammals, any
predicted physical impact (e.g., hearing loss or injury) or significant behavioral response is assumed to

be associated with a stress response.

4.6.1 Heart Rate Response

Limited evidencecross several different specisgggests that both increases and decreases (i.e.,
bradycardia) in heart rate can occur as part of the acute stress respomsarisfe mammalsThis

change can be influenced by time (i.e., a rapid but stieetd response, or habituation), location (i.e., at

the surface or diving), and sound characteristics (i.e., some frequency bands yield a response when
others b not). A decreased heart rate is typical for marine mammals as they dive but was also observed
as a potential response to an acute sound stressoggesting that the context of the exposuard
FYAYLFf Qa G @& LI Gelcritical®tieguhdé Btaniirgdotsidiial iNpadtsR\dditional research is
required to understand the interaction of dive bradycardia, neisguced cardiac responses, and the

role of habituation in marine mammal$able4-8 outlines the major findings of relevant heart rate
response to noise exposure studies to date.
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Table4-8: Main Findings of Heart Rate Response to Noise for Marine Mammals

Species Main Finding
Broadband noise exposure: Increasén@art rate dependent on
Beluga Whale* frequency band19-108 kHz)and duration of nois€l-, 3-, and 10min).
(Delphinapterus leucas No change in heart rate response to same noise exposure one year |g

suggesting habituatiofLyamin et al., 2011)

Seismic Air Gun exposurgimilar heart ratgbeats per min [bpm]jn
control and noiseexposed groups, buprolonged and intense (<1(kn)
bradycardiaduring dives when seismic surveys were actaved an
increase irheart rate variabilityith increased swim stroke rat@Villiams
et al., 2022)

Narwhal
(Monodon monocergs

Pinger exposure: Decreasehieart rate (Bradycardiagnly found in early
noise exposureslp0-140 kHz153dB re 1 uP&PL200 mssound
exposure durationonce per 4 s, over-Bin). Habituation observed in
successive exposur¢$eilmann et al., 2006)

Sonar exposure: Decreasehieart rate (Bradycardiaynly found only in

] early noise exposure®-9 kHz 98-131dB re 1 pP#& SEL500 mssound
Harbor Porpoise* exposure duration)Habituationwas observed in successive exposures
(Phocoena phocoea (Elmegaard et al., 2021)

Noise pulse exposur&lo changein heart rate(40 kHz96-145dB re 1
uP&s SEL50 mssound exposure duration)EImegaard et al., 2021)

Broadband noise exposurélo changein heart rate(centered frequency
of 125 kHz125dB re 1 uP&PL)Bakkeren et al., 2023)

Sonar exposure: Increasehpart rate during exposure periods while at
Hooded Seal* surface(1-7 kHz 134-194 dBre 1 uPaSPL1 secondsound exposure
(Cystophora cristata duration). No changein normal diverelated heart rate observed during
exposure while divingkvadsheim, Sevaldsen, Folkow, et al., 2010)

GreySeal

(Halichoerus grypys Seismic air gun exposure: Rapid, but stimed decrease iheart rate
and (Bradycardiapt 215224dB re 1 pP&PL1 hourexposure duration
Harbor Seal (Thompson et al. (1998kited in Gordon et al., 2003ordon et al. (2003)

(Phoca vituling
An asterix (*) denotes studies done with animals in professional human asrepposed to onewith wild animals
SPL = Soundéssure Level; SEL = Sound Exposure Level; dB = desibehilliseconds = seconds; min = minyteHz =kilohertz

4.6.2 Stress Hormone and Immune Response

What is known about the function of the various stress hormones is based largely upon observations of
the stress response in terrestrial mammals. The endocrine response of marine mammals to stress may
not be the same as that of terrestrial mammals becaokthe selective pressures marine mammals

faced during their evolution in an ocean environmégAtkinson et al., 2015For example, due to the
necessity of breattholding while diving and foraging at depth, the physiological role of epinephrine and
norepinephrine (the catecholamines) might be different in marine versus other mammals.
Catecholamines increase during bredtbld diving in seals, eoccurring with a reduction in heart rate,
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peripheral vasoconstriction (constriction of blood vessels), and an increased reliance on anaerobic
metabolism during extended divéblance et al., 1982; Hochachka et al., 1995; Hurford et al., .1986)
catecholamine increase is not associated with increased heart rate, glycemic release, and increased
oxygen consumption typical of terrestrial mammaiable4-9 summarizes the major findings of relevant
stress hormone response to noise exposure studies to date.

Almost nothing is known about how chronic exposure to acoustic stressors affects stress hormones in
marine mammals, particularly as it relates to survival or reproduction. However, onddomgstudy
compared ambient noise levels to the levels of cortimetabolites in North Atlantic right whale feces
collected before and after September®,12001 (Rolland et al., 2012). Following the events of

September 1%, shipping was significantly reduced in the region where fecal collections were made, and
regional ocean background noise declined by 6 dB. Fecal cortisol metabolites had significantly decreased
during the period of reduced ship traffic and ocean noisggasting that chronic vessel noise and/or
vessel presence has an impact on the stress response of these critically endangered Rbldes et

al., 2012) It is often difficult to separate the effects of chronic vessel noise from vessel presence. While
Lemos et al. (2022pund a direct relationship between the presence/density of vessel traffic and fecal
cortisol metabolite levelm grey whalesno direct noise exposure measurements were madeking it
impossible to tell isound level oother influentialfactorswere alsarelated to the resultsAyres et al.
(2012)investigated Southern Resident killer whale fecal thyroid hormone and cortisol metabolites to
laasSaa 062 LRGSYGAlIt OKNRYAO GKNBFGa G2 GKS aLlsSo
vesseltraffic (vessel traffic noise was not measurdgyes et al. (2012)oncluded that the lack of prey
overshadowed any populatiekevel physiological impacts on Southern Resident killer whales due to
vessel traffic. Collectively, these studies indicate the difficulty in determining which factors primarily
influence the sea@tion of stress hormones, including the separate and additive effects of vessel
presence, vessel noise, and other environmental stressors.

Table4-9: Main Findings of Stress Hormone Responses to Noise for Marine Mammals

Species Major Finding

Oil drilling exposuré153dB re 1uPa SPB0-min exposurg No
catecholamingor behavioralyesponse(J. A. Thomas et al., 1990)
Beluga Whale*
(Delphinapterus leucas

Seismic water gun exposu(®98226 dB re 1puPa SPL): Increase of
catecholamines at highevel sound exposuréRomano et al., 2004)

Seismic water gun exposu(213-226 dB re 1uPa SPNo
catecholamine response, but an increase in aldosterone. The incred
of aldosterone was within the normal daily variation observed in this
specieqSt. Aubin et al., 199@&nd was likely of little biological

Bottlenose Dolphin* e
significancg Romano et al., 2004)

(Tursiops sp.

Sonar(130-201 dB re 1 pPa SPLscond 3 kHz sweepNo
catecholamine or aldosterone respon@ieomano et al., 2004)
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Species

Major Finding

Impulsive noise exposur@d.20 and 140 dB re 1puPa SBQO H
Increase ircortisol concentrations at highevel sound exposuréyang
et al., 2021) Absolute values of cortisol were not provided, and it is
possible from the study to tell if cortisol rose to problematic levels (¢
see normal variation and changes due to handlinglauser et al.
(2021)pnd Champagne et al. (2018)

Sonar exposure (11585 dB re 1uP&PL3.3-3.5 kHz): 30 bottlenose
dolphins measured, and no correlation was found betweeh &
stress hormone levels (cortisol and epinephrifipuser et al., 2020)

whale (Eubalaena
glacialig

North Atlantic right

Vessel noise exposure: Decreaseeicdl cortisol metabolites after
September 11th, 2001, when reduced shipping decreased ambient
ocean noise by 6 dBrolland, 2012)

An asterix (*) denotes studies done with animals in professional human care as opposed to ones with wild animals

SPL = Sound Pressure Level; dB = dedize$; hertzkHz = kilohertz

4.7 DIRECT INJURY

4.7.1  Injury due to Sonar
An object exposed to its resonant frequency will tend to amplify its vibration at that frequency, a

phenomenon called acoustic resonance. Acoustic resonance has been proposed as a mechanism by
which a sonar or sources with similar operating characterisbedd damage tissues of marine
mammals. In 2002, NMFS convened a panel of government and private scientists to investigate the
potential for acoustic resonance to occur in marine mamr{fdistional Oceanic and Atmospheric
Administration, 2002) They modeled and evaluated the likelihood that Navy-fredjuency sonar

caused resonance effects in beaked whales that eventually led to their stranding. The conclusion of the
group was that resonance in ditled structures did not likely cause the Bahas stranding in 2000. The

TNBIjdzSy oe |

(unrestrained) by surrounding tissues and the amplitude of the resonant respoasklwe greatest.

'j
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frequencies used by the mififequency sonar systems associated with the Bahamas event. Furthermore,
air cavity vibrations, eveat resonant frequencies, were not considered to be of sufficient amplitude to
cause tissue damage, even under the unrealistic scenario in which air volumes would be undamped

4.7.1.1 Acoustically Induced Bubble Formation

A suggested cause of injury to marine mammals is rectified diff€iomm & Mao, 1996)the process of
increasing the size of a microscopic gas bubble by exposing it to a sound field. The process is dependent
upon several factors including the SPL and duration. Under this hypothesis, microscopic bubbles
assumed to exist in the tissues of nme mammals may experience one of three things: (1) bubbles

g2

grow to the extent they become emboli or cause localized tissue trauma, (2) bubbles develop to the
extent that a complement immune response is triggered or the nervous tissue is subjected tglenou

localized pressure that pain or dysfunction occurs (a stress response without injury), or (3) the bubbles

are cleared by the lung without negative consequence to the animal.
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Rectified diffusion is facilitated if the environment in which the ensonified bubbles exist is
supersaturated with gas. As discussed above, repetitive diving by marine mammals can cause the blood
and some tissues to become supersatura{®idgway & Howard, 1979yhe dive patterns of some

marine mammals (e.g., beaked whales) are predicted to induce greater supersatEatisn Houser et

al., 2001; Martin Lopez et al., 2028)rectified diffusion were possible in marine mammals exposed to
high-level sound, conditions of tissue supersaturation could theoretically speed the rate and increase
the size of bubble growth. Subsequent effects due to tissue trauma and emboli waddmably

mirror those observed in humans suffering from decompression sickness.

Itis unlikely that the short duration of sonar pulses would be long enough to drive bubble growth to any
substantial size, if such a phenomenon occurs. However, an alternative but related hypothesis has also
been suggested: stable microbubbles could bstdbilized by highHevel sound exposures such that

bubble growth then occurs through static diffusion of gas out of supersaturated tissues. In such a
scenario, the marine mammal would need to be in a-gagersaturated state for along enough time for
bubbles to become a problematic size. The phenomeaf bubble growth due to a destabilizing

exposure was shown liyrum et al. (2005)y exposing highly supersaturated ex vivo bovine tissues to a
ot 111 &2d2NOS d umn R. NBE ™M >t o | f iK2dzZaK 06 dz0 0 f ¢
created for the study, these conditions would not exist in the wild because the levels of tissue
supersaturation in the study (as high as 4000 percent) are substantially higher than model

predictions for marine mammal$ahlman et al., 2009; Fahiman et al., 28 Jan 2014/2014; D. S. Houser
et al., 2001; Saunders et al., 2008nd such high exposure levels would only occur in very close

proximity to the most powerful sonars. For these reasons, it is improbable that this mechanism is
responsible for stranding events or traumas associated with beaked whale strandings.

There has been considerable disagreement among scientists as to the likelihood of this phenomenon
(Evans & Miller, 2003; Piantadosi & Thalmann, 2084#hough it has been argued that traumas from
beaked whale strandings are consistent with gas emboli and bibdleced tissue separations
(Fernandez et al., 2005; Jepson et al., 200B)ogen bubble formation as the cause of the traumas has
not been verified. The presence of bubbles postmortem, particularly after decompression, is not
necessarily indicative of bubble patholo@ernaldo de Quiros et al., 2012; Bernaldo de Quiros,
Gonzalediaz, et al., 2013; Bernaldo de Quiros, Seewald, et al., 2013; Dennison et al., 2012; Moore et
al., 2009) and other mechanisms by which bubble emboli might occur once animals are rapidly stranded
(e.g., cardiovascular collapse preventing tissuegaf$sing) have not been ruled didouser et al.,

2009)

4.7.1.2 Behaviorally Mediated Injury

Marine mammals mitigate nitrogen gas accumulation in their blood and other tissues, which is caused
by gas exchange from the lungs under conditions of increased hydrostatic pressure during diving,
through anatomical, behavioral, and physiological adapteti®iooker et al., 2012)

Although not an injury caused by the interaction of sound with tissues, variations in marine mammal

diving behavior or avoidance responses in response to sound exposure have been hypothesized to result

in the off-gassing of nitrogen supesaturated tissuespossibly to the point of deleterious vascular and

tissue bubble formatiorfHooker et al., 2012; Jepson et al., 2003; Saunders et al., @68k sulting
d28YLIi2Ya aAYAEIFINI G2 RSO2YLINBaarzy aadlysSaa ol faz
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Whether marine mammals can produce deleterious gas emboli has been under debate in the scientific
community(Hooker et al., 2012; Saunders et al., 20@&hough various lines of evidence have been
presented in support of the phenomenon. Some of these postulations are described below.

1 Analyses of bycaught animals demonstrated that nitrogen bubble formation occurs in drowned
animals when they are brought to the surfa@&ernaldo de Quiros, Seewald, et al., 2013; Moore
et al., 2009) Since gas exchange with the lungs no longer occurs once drowned, tissues become
supersaturated with nitrogen due to the reduction in hydrostatic pressure near the surface. This
demonstrates that the phenomenon of bubble formation is at least physicaligiple.

1 The presence of osteonecrosis (bone death due to reduced blood flow) indiggw sperm
whales has been offered as evidence of impacts due to chronic nitrogen supersaturation and a
lifetime of decompression insul{®loore & Early, 2004)

f Dennison et al. (2012 vestigated dolphins stranded in 26#10. Using ultrasound, they
identified gas bubbles in kidneys of 21 of the 22-ktended dolphins and in the liver of two of
the 22. The authors postulated that stranded animals were unable to recompress by andn
thus retained bubbles that would have otherwiseabsorbed in animals that continued to dive.
However, the researchers concluded that the minor bubble formation observed could be
tolerated since most stranded dolphins released did nesteand.

1 A fat embolic syndrome (otf-place fat particles, typically in the bloodstream) was identified
by Fernandez et al. (2008pincident with the identification of bubble emboli in stranded
beaked whales. The fat embolic syndrome was the first pathology of this type identified in
marine mammals and was thought to possibly arise from the formation of bubbles in fat bodies,
whichsubsequently resulted in the release of fat emboli into the blood stream.

9 CAYRAY3Ia 2F 3JFa +tyR FrFid SYoz2tA Ay || FSg aGNy
was ruled out as a cause of stranding, suggested that other factors, in this case struggling with a
prey item, might cause significant variations in dive behastimh that emboli formation could
occur(Fernandez et al., 2017)

Only one study has attempted to find vascular bubbles in a freely diving marine mgmouser et al.,
2009) In that study, no vascular bubbles were imaged by ultrasound in a bottlenose dolphin that
repeatedly dove to a 100 m depth and maintained a dive profile meant to maximize nitrogen gas uptake.
Thus, although lines of evidence suggest that marine mammafsage excessive nitrogen gas loads,
most of the evidence for the formation of bubble and fat emizoimesfrom stranded animals in which
physiological compromise due to the stranding event is a potential confounding factor. To validate
decompression sickness observations in certain stranded cetaceans found coincident with naval
activities, a study used rabbias an experimental pathological model and found that rabbit mortalities
during or immediately following decompression showed systematically distributed gas bubbles
(microscopic and macroscopic), as well as emphysema and hemorrhages in multiple onggargpsi
observations in the stranded cetacean mortalit@@&elazqueaNallraf et al., 2021)Similar findings were
not found in almost half the rabbits that survived at least one hour after decompression, revealing
individual variation has an essential role in this condition.

Researchers have examined how dive behavior affects tissue supersaturation conditions that could put
an animal at risk of gas bubble embolism. An early hypothesis was that if exposure to a startling sound
elicits a rapid ascentto the surface, tissue gasmstion sufficient for the evolution of nitrogen bubbles
might result(Fernandez et al., 2005; Jepson et al., 20B@wever, modeling suggested that even
unrealistically rapid rates of ascent from normal dive behaviors are unlikely to result in supersaturation
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to the extent that bubble formation would be expected in beaked whésimer & Tyack, 2007)

Instead, emboli observed in animals exposed to-fnfjuency active sondiFernandez et al., 2005;
Jepson et al., 2003pould stem from a behavioral response that involves repeated dives, shallower than
the depth of lung collapséAguilar de Soto et al., 2006; Hooker et al., 2012; Tyack et al., 2006; Zimmer &
Tyack, 2007)Longer times spent diving at matepths above lung collapse would allow gas exchange
from the lungs to continue under high hydrostatic pressure conditions, increasing potential for
supersaturation; below the depth of lung collapse, gas exchange fronutigs to the blood would

likely not occu(Costidis & Rommel, 2016; Fahiman et al., 28 Jan 2014/20&4 stimate risk of
decompression sicknedsyadsheim et al. (201#)odeled gas exchange in the tissues of sperm, pilot,
killer, and beaked whales based on actual dive behavior during exposure to sonar in the wild. Results
predicted that venous supersaturation would be within the normal range for these species, whiath woul
presumably have naturally higher levels of nitrogen gas loading. Neverthelessgilgegp whales, such

as beaked whales, have also been predicted to have higher nitrogen gas loads in body tissues for certain
modeled changes in dive behavior, which migteke them more susceptible to decompression sickness
(Fahlman et al., 28 Jan 2014/2014; Fernandez et al., 2005; Hooker et al., 2012; Jepson et.al., 2003)
Bernaldo de Quirés et al. (201@)ymmarized discussions from a 2017 workshop on potential sonar
impacts on beaked whales, suggesting that the effect offrequency active sonar on beaked whales
varies among individuals or populations and that predisposing conditions such as pre\pass! exto

sonar and individual health risk factors may contribute to individual outcomes (such as decompression
sickness) as well.

Modeling has suggested that the long, deep dives performed regularly by beaked whales over a lifetime
could result in the saturation of lonlgalftime tissues (i.e., tissues that take longer to give off nitrogen,
e.g., fat and bone lipid) to the point th#tey are supersaturated when the animals are at the surface
(Fahlman et al., 28 Jan 2014/2014; Hooker et al., 2009; Saunders et al.,R0¢R)sed adaptations for
prevention of bubble formation under conditions of persistent tissue saturation have been suggested
(Fahlman et al., 2006; Hooker et al., 20@8)d because of the time it takes for tissue offloading, it is
feasible that longhalftime tissues are nota concern for decompression insults under normal ventilation
or dive (recompression) conditions. However, for beaked whale strandings associdtesbwir use,

one proposed hypothesis is that observed bubble formation may be caused by compromised blood flow
due to strandingrelated cardiovascular collapse. This would reduce the ability to remove nitrogen from
tissues following rapid sonanduced standing and could preclude typical management of nitrogen in
supersaturated, longpalftime tissuegHouser et al., 2009)

Predictive modeling conducted to date has been performed with many unknowns about the respiratory
physiology of deefliving breathhold animals. For exampl®enk et al. (2020pund intraspecies
differences in the compliance of tracheobronchial structures of posttem cetaceans and pinnipeds
under diving hydrostatic pressures, which would affect depth of alveolar collapse. Although, as
hypothesized bysarcia Parraga et al. (2018)d reviewed ir(Fahlman et al., 2021nechanisms may

exist that allow marine mammals to create a pulmonary shunt without the need for hydrostatic
pressureinduced lung collapse, i.e., by varying perfusion to the lung independent of lung collapse and
degree of ventilation. If such a mechanismists, then assumptions in prior gas models require
reconsideration, the degree of nitrogen gas accumulation associated with dive profiles needs to be re
evaluated, and behavioral responses potentially leading to a destabilization of the relationshiperetwe
pulmonary ventilation and perfusion should be consider€dstidis and Rommel (201€)ggested that

gas exchange may continue to occur across the tissues-bifeadrsinuses in deep diving odontocetes
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below the depth of lung collapse if hydrostatic pressures are high enough to drive gas exchange across
into non-capillary veins.

If feasible, kinetic gas models need to consider an additional gas exchange route that might be
functional at great depths within the odontocetes. Other adaptations potentially mitigating and
defending against deleterious nitrogen gas emboli have beengwsed(Blix et al., 2013)Researchers

have also considered the accumulation of carbon dioxide produced during periods of high activity by an
animal, theorizing that accumulating carbon dioxide, which cannot be removed by gas exchange below
the depth of lung collapse, might alsacilitate the formation of bubbles in nitrogesaturated tissues
(Bernaldo de Quiros et al., 2012; Fahiman et al., 28 Jan 2014/2014)) these cases, the hypotheses

have received little in the way of experimentation to evaluate whether they are supported, thus leaving
many unknowns as to the predictive accuracy of modeling efforts.

The appearance of extensive bubble and fat emboli in beaked whales was unique to a small number of
strandings associated with certain higitensity sonar events; the phenomenon has not been observed

to the same degree in other stranded marine mammalduthing other beaked whale strandings not
associated with sonar use. It is uncertain as to whether there is some more easily triggered mechanism
for this phenomenon specific to beaked whales or whether the phenomenon occurs only following
rapidly occurringstranding events (i.e., when whales are not capable of sufficiently decompressing).

4.7.1.3 Strandings Associated with Sonar

A stranding occurs when a marine mammal is found dead, either ashore or in the water, or is found
alive, but is unable to return to the water, needs medical attention, or is unable to return to its natural
habitat without assistance. Marine mammals facenyahreats in their environment, and many of these
factors, both natural and anthropogenic, may cause or contribute to stranding. These include disease,
vessel strike, entanglement, marine debris, algal blooms, pollution, starvation, weather events, and
oceanographic changg®ational Marine Fisheries Service, 201%¢composition, buoyancy,

scavenging by other marine species, wave damage, and other oceanic conditions complicate the
assessment of marine mammal carcas@ésore et al., 202Q)In most instances, even for the more
thoroughly investigated strandings involving pastanding data collection and necropsies, the cause (or
causes) for strandings remains undetermined.

Strandings of deep diving odontocetes, specifically beaked whales, have been correlated witntiaval
submarine warfaresonar useD@mico et al. 2009 reviewed global beaked whale mass strandifig®

or more marine mammals of the same species other than a mother/calf gasurring between 1950

and 2004. The review suggested that 12 of 126 of the strandings could be considered to have coincided
in space and time with naval activity that may have includedfrequencyactive sonar useSonar use

during exercises involving the U.S. Navy has been identified as a contributing cause or factor in five
specific mass stranding events: Greece in 1996; the Bahamas in March 2000; Madeira Island, Portugal in
2000; the Canary Islands in 2002, andi®pa2006(Cox et al., 2006; Fernandez, 206G described in

0KS bl @geQa (S danhdMammal Stdndiggsl Assotidtdd with B.S. Navy Sonar Activities
(U.S. Department of the Navy, 2017@hese five mass strandings have resulted in about 40 known
cetacean deaths consisting mostly of beaked whales and with ltdsto mid-frequency active sonar
activity. Two minke whales also stranded in shallow water after the U.S. Navy training event in the
Bahamas in 2000, although these animals were successfully returned to deep water with no physical
examinations; therefore, néinal conclusions were drawn on whether the sonar led to their stranding
(Filadelfo, Mintz, et al., 2009; Filadelfo, Pinelis, et al., 2009; U.S. Department of Commerce & U.S.
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Department of the Navy, 2001actors that were associated with these strandings included steep
bathymetry, multiple huimounted platforms using sonar simultaneously, constricted channels, and
acoustic propagation conditions that trapped sound near the sea surface (i.e., strongesduies).

While no other beaked whale strandings have since been correlated to U.S. Navy sorg&imeses et

al. (2020)claimed a correlation between sonar and beaked whale strandings in the Mariana Islands
between 2007 and 2019. This analysis, however, relied on incomplete or inaccurate assumptions about
actual U.S. Navy sonar use around the Mariana Islands, such as news reports about Navy activities rather
than actual records of sonar use. In a subsequealysis, the Center for Naval Analysis found no
statistically significant correlation of beaked whale strandings around the Mariana Islands with actual
use of U.S. Navy sonar based on the complete classified record of all U.S. Navy sorathmegh this
finding was sensitive to uncertainties in assumptions for timeframes and distances an@ly&ed
Department of the Navy, 2020b¥ his investigation did not rule oatcorrelationbetween sonar use and
strandingdue to the small sample sizvailable for analysisnd uncertaintiesn the data. These

included uncertaintyabout whenstrandingsoccurred particularlywhen decomposition was observed
uncertainty inthe timeframe over which sonar usandstranding incidentgould beconsideredand
uncertainty inthe size of thegeographic area over which sonar usmild beexamined

Sonar was considered a plausible cause in other stranding investigations for other species: coastal
bottlenose dolphins in Californ{@anil et al., 2021and melorheaded whales in Haw#bouthall et al.,

2006) It should be noted that other factors were considered plausible causes in these investigations,

such as a fisheries interaction for the bottlenose dolphins in California or lunar cycles for the-melon

headed whales in Hawaii. In AlasBayage etal. (2028)dz33Sa i SR GKIF G KA&G2NXOI f
whale strandings could have -@zcurred with Navy sonobuoy use but present no evidence of

correlation.

Multiple hypotheses regarding the relationship between Aopulsive sound exposure and stranding
have been propose(see Bernaldo de Quirés et al., 2018hese range from direct impact of the sound
on the physiology of the marine mammal, to behavioral reactions contributing to altered physiology
60S®3Id: a3l A | YR (Femandéz¥EtaR 20ASOIe@seEn EtRINPO3SIépson et al., 2005)
to behaviors directly contributing to the stranding (e.g., beaching of fleeing animals). Unfortunately,
without direct observation of not only the event but also the underlying process, and given the potential
for artefactual evidence (e.g., chronic catieh, previous injury) to complicateonclusiongrom the
postmortem analyses of stranded animé3ox et al., 2006)t has not been possible to determine with
certainty the exact mechanism underlying these strandings. Based on examination of the above
sonarassociated strandingBernaldo de Quirds et al. (2018}t diagnostic features, the presence of all

of which suggest gas and fat embolic syndrome for beaked whales stranded in association with sonar
exposure Bernaldo de Quiros et al. (2018)served that, to date, strandings which have a confirmed
association with naval exercise have exhibited all seven of the following diagnostic features:

1. Individual or multiple animals stranded within hours or a few days of an exercise in good body
condition
2. Food remnants in the first gastric compartment ranging from undigested food to squid beaks

3. Abundant gas bubbles widely distributed in veins (subcutaneous, mesenteric, portal, coronary,
subarachnoid veins, etc.) composed primarily of nitrogen in fresh carcasses

4. Gross subarachnoid and/or acoustic fat hemorrhages
5. Microscopic multiorgan gas and fat emboli associated with bronchopulmonary shock
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6. Diffuse, mild to moderate, acute, monophasic myonecrosis (hyaline degeneratitin)
GRAAAYESART GKBYAYGSNEGAGALIE O2yySOGADS (A&adzS
deposits, and their replacement by amorphous hyaline material (degraded material) in fresh and
well-preserved carcasses

7. Multi-organ microscopic hemorrhages of varying severity in-lijgl tissues such as the central
nervous system, spinal cord, and the coronary and kidney fat when present

Historically, stranding reporting and response efforts have been inconsistent, although they have
improved considerably over time. Although reporting forms have been standardized nationally, data
collection methods, assessment methods, detail of reporimgl procedures vary by region and are not
yet standardized across the United States. Conditions such as weather, time, location, and
decomposition state may also affect the ability to thoroughly examine a spedi@ametta, Muto, et

al., 2016; Moore et al., 20L3Because of this, the current ability to interpret loterm trends in marine
mammal stranding is limited. While the investigation of stranded animals provides insight into the types
of threats marine mammal populations face, investigations are only cciediuon a small fraction of the

total number of strandings that occur, limiting the understanding of the causes of stran@ag<etta,

Danil, et al., 2016)

4.7.2 Direct Injury due to Explosives

Explosive injury to marine mammals would consist of primary blast injury, which refers to those injuries
that result from the compression of a body exposed to a blast wave and is usually observed as
barotrauma of gasontaining structures (e.g., lung andtjjand structural damage to the auditory
system(Greaves et al., 1943; Office of the Surgeon General, 1991; Richmond et al.,Th@/Bgar
instantaneous high magnitude pressure change near an explosion can injure an animal where tissue
material properties significantly differ from the surrounding environment, such as aroufitlex

cavities in the lungs or gastrointestinal trathrge pressure changes at tissaieinterfaces in the lungs

and gastrointestinal tract may cause tissue rupture, resulting in a range of injuries depending on degree
of exposureThe lungsare typically the first site to show any damagehile the solid organs (e.g., liver,
spleen, and kidney) are more resistant to blast inj{®ark & Ward, 1943)Ddontocetes can also incur
hemorrhaging in the acoustic fats in the melon and {&iebert etal., 2022)Recoverable injuries would
include slight lung injury, such as capillary interstitial bleeding, and contusions to the gastrointestinal
tract. More severe injuries, such as tissue lacerations, major hemorrhage, organ rupture, or air in the
chest cavity (peumothorax), would significantly reduce fithess and likely cause death in the wild.
Rupture of the lung may also introduce air into the vascular system, producing air emboli that can cause
a stroke or heart attack by restricting oxygen delivery to clitcgans.

If an animal is exposed to an explosive blast underwater, the likelihood of injury depends on the charge
size, the geometry of the exposure (distance to the charge, depth of the animal and the charge), and the
size of the animal. In general, models predict an animal would be less susceptible to injury near the
water surface because the pressure wave reflected from the water surface would interfere with the
direct path pressure wave, reducing positive pressure expgsscertner, 1982; Yelverton & Richmond,
1981) This is shown in the records of humans exposed to blast while in the water, which show that the
gastrointestinal tract was more likely to be injured than the lungs, likely due to the shallower exposure
geometry of the lungs (i.e., closer to the waterfaoe)(Lance et al., 2015)Susceptibility would increase

with depth, until normal lung collapse&le to increasing hydrostatic pressure) and increasing ambient
pressures again reduce susceptibi{iGroertner, 1982)
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The only known occurrence of mortality or injury to a marine mammal due to a Navy training event
involving explosives occurred in March 2011 in nearshore waters off San Diego, California, at the Silver
Strand Training Complex. This area had been usedftenwater demolitions training for at least three
decades without prior known incident. On this occasion, however, a group of approximatety 100
150 long-beaked common dolphins entered the mitigation zone surrounding an area where a
time-delayed firing device had been initiated on an explosive witiEaVof 8.76 pounds (Ib.) (3.%0)
placed at a depth of 48 ft. (14.6 m). Approximately one minute after detonation, three animals were
observed dead at the surface. The Navy recovered those animals and transferred them to the local
stranding network for necnosy. A fourth animal was discovered stranded and deadM2o the north

of the detonation three days later. It is unknown exactly how close those four animals were to the
detonation. Upon necropsy, all four animals were found to have sustained typicahmaben primary
blast injurieg Danil & St Leger, 2011)

Relatively little is known about auditory system trauma in marine mammals resulting from explosive
exposure, although itis assumed that auditory structures would be vulnerable to blast injuries. Auditory
trauma was found in two humpback whales that diefldwing the detonation of a 5,000 kg explosive

used off Newfoundland during demolition of an offshore oil rig platf¢ketten et al., 1993)out the

proximity of the whales to the detonation was unknown. Eardrum rupture was examined in submerged
terrestrial mammals exposed to underwater explosigRechmond et al., 1973; Yelverton et al., 1973)
however, results may not be applicable to the anatomical adaptations for underwater hearing in marine
mammals. In this discussion, primary blast injury to auditory tissues is considered gross structural tissue
damage distinct from threshold shift or othauditory effects.

Controlled tests with a variety of lab animals (mice, rats, dogs, pigs, sheep, and other species) are the
best data sources on actual injury to mammals due to underwater exposure to explosions. In the early
1970s, the Lovelace Foundation for Medical Edoceand Research conducted a series of tests in an
artificial pond at Kirtland Air Force Base, New Mexico, to determine the effects of underwater
explosions on mammals, with the goal of determining safe ranges for human divers. The resulting data
were sumnarized in two reportgRichmond et al., 1973; Yelverton et al., 19&)ecific physiological
observations for each test animal are documente®iochmond et al. (1973J5ascontaining internal

organs, such as lungs and intestines, were the principle damage sites in submerged terrestrial mammals;
this is consistent with earlier studies of mammal exposures to underwater explosions in which lungs
were consistently the fitsareas to show damage, with less consistent damage observed in the
gastrointestinal trac{Clark & Ward, 1943; Greaves et al., 1943)

In the Lovelace studies, the first positive acoustic impulse was found to be the metric most related to
RSAINBS 2F AyadzNE I -togtaningchviti&s wasEhoughf to plag & réle if ikat infiry &
susceptibility. For these shallow exposuggsmall terrestrial mammals (masses ranging from 3.4 to
50kg) to underwater detonationfichmond et al. (1973gported that no blast injuries were observed
when exposures were less than 6 pounds per square inch per milisecortdgp§40 pascal seconds
[Pas]), noinstances of slight lung hemorrhage occurred below 26hpgi140 P), and instances of no
lungdamage were observed in some exposures at higher levels up to-40sd&80 Pa&). An impulse of

34 psitms (230Pas) resulted in about 5percent incidence of slight lung hemorrhage. About half of the
animals had gastrointestinal tract contusions (with slight ulceration, i.e., some perforation of the
mucosal layer) at exposures of¢ZY psims (170190 Pas). Lung injries were found to be slightly more
prevalent than gastrointestinal tract injuries for the same exposure. The anatomical differences
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between the terrestrial animals used in the Lovelace tests and marine mammals are summarized in
Fetherston et al. (20195 0ertner (1982kxamined how lung cavity size would affect susceptibility to
blast injury by considering both marine mammal size and depth in a bubble oscillation model of the
lung; however, theGoertner (1982nodel did not consider how tissues surrounding the respiratory air
spaces would reflect shock wave energy or constrain oscill@ietherston et al., 2019)

Goertner (19825uggested a peak overpressure gastrointestinal tract injury criterion because the size of
gas bubbles in the gastrointestinal trastvariable, and their oscillation period could be short relative to
primary blast wave exposure duration. The potential for gastrointestinal tract injury, therefore, may not
be adequately modeled by the single oscillation bubble methodology used to estinmai@jury due to
impulse. Like impulse, however, high instantaneous pressures may damage many parts of the body, but
damage to the gastrointestinal tract is used as an indicator of any peak presslureed injury due to

its vulnerability.

Because gasontaining organs are more vulnerable to primary blast injury, adaptations for diving that
allow for collapse of lung tissues with depth may make animals less vulnerable to lung injury with depth.
Adaptations for diving include a flexible tharacavity, distensible veins that can fill space as air
compresses, elastic lung tissue, and resilient tracheas with interlocking cartilaginous rings that provide
strength and flexibilitf Ridgway, 1972Denk et al. (2020pund intra-species differences in the

compliance of tracheobronchial structures of paabrtem cetaceans and pinnipeds under diving
hydrostatic pressures, which would affect depth of alveolar collafdaer literature suggested

complete lung collapse depths at approximately 70 m for dolp{fidgway & Howard, 197and 20to

50 m for phocid seal@~alke et al., 1985; Kooyman etal., 19/)llowon work byKooyman and Sinnett
(1982) in which pulmonary shunting was studied in harbor seals and sea lions, suggested that complete
lung collapse for these species would be about 170 m and about 180 m, respectively. Evidence in sea
lions suggests that complete collapse might not occur detiiths as great as 225 m; although the depth

of collapse and depth of the dive are related, sea lions can affect the depth of lung collapse by varying
the amount of air inhaled on a diy@cDonald & Ponganis, 2012)his is an important consideration for

all divers who can modulate lung volume and gas exchange prior to diving via the degree of inhalation
and during diving via exhalatigirahlman et al., 2009indeed, there are noted differences in pdave
respiratory behavior, with some marine mammals exhibiting-gnee exhalation to reduce the lung
volume(e.qg., phocid seals Kooyman et al., 1973)

4.8 POPULATION CONSEQUENCES TO MARINE MAMMALS FROM ACOUSTIC STRESSORS

This section summarizes the best available science on consequences to marine mammal populations
from exposure to acoustic sources.

4.8.1 Long-Term Consequences to Populations

The longterm consequences dfisturbancefrom effects such as chronic noise exposurearing loss,
chronic masking, and shetérm or chronic physiological stress are difficult to predict because of the
different factors experienced by individual animals, sucthasontext of stressor exposurand

species vulnerabilitiesuch asinderlying health conditions leng withother environmental or
anthropogenic stressor&inking these nottethal effects on individuals to changes in population growth
rates requires longerm data, which is lacking for many populations.

Animportantvariable to consider is duration of disturbance. Severity scales used to assess behavioral
responses to acute sound exposures are not appropriate to apply to sustained or repeated exposures, as
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the focus has shifted from the immediate impacts to an individual to the health of a population over
time (Southall et al., 2021For example, shottierm costs experienced over the course of a week by an
otherwise healthy individual may be recouped over time after exposure to the stressor ends. These
short-term costs would be unlikely to result in lottgrm consequences to that inddual or to that
AYRAQGARdzZ f Qa LJ2 Lldzf Hefmic@sis dccumealaredby Ntheiwis@ ke altBysindividRiafs 3
over an entire season, year, or throughout a life stage would be less easily recouped and more likely to
result in longterm consequence to that individual or population.

Marine mammals exposed to frequent or intense human activities may leave the area, habituate to the
activity, or tolerate the disturbance and remain in the af&vartzok et al., 2003Highly resident or

localized populations may also stay in an area of disturbance because the cost of displacement may be
higher than the cost of remainin@orney et al., 2017An apparent lack of respse (e.g., no

displacement or avoidance of a sound source) may not necessarily mean there is no cost to the
individual or population, as some resources or habitats may be of such high value that animals may
choose to stay, even when experiencing the consaes of stress, masking, or hearing igssrney et

al., 2017)

Longer term @placement can lead to changes in abundance or distribution patterns of the species in
the affected regior(Bejder, Samuels, Whitehead, Gales, et al., 2006; Blackwell et al., 2004; Teilmann et
al., 2006) For example, gray whales in Baja California abandoned a historical breeding lagoon in the
mid-1960s due to an increase in dredging and commercial shipping operations, and only repopulated
the lagoon after shipping activities had ceased for severals(@xyant et al., 1984)A study on

bottlenose dolphin responses to vessel approaches found that lesser reactions in populations of
dolphins regularly subjected to high levels of vessel traffic could be a sign of habituation, or it could be
that the more sensitive animals in tip®pulation previously abandoned the area of higher human

activity (Bejder, Samuels, Whitehead, & Gales, 2006)

Population characteristics such as if a population is open or closed to immigration and emigration can
influence sensitivity to disturbance as well; closed populations could not withstand a higher probability
of disturbance compared to open populations wito limitation on foodNew et al., 2020)Still,

predicting population trends or lonterm displacement patterns due to anthropogenic disturbance is
challenging due to limited information and survey data for many species over suffiempbral and

spatial scales, as well as a full understanding of how other factors, such as oceanographic oscillations
and climate chang@Gulland et al., 2022gaffect presence-or exampleMoore and Barlow (2013)oted

a declinein the overall beaked whale population in a broad area of the Pacific Ocean along the U.S. west
coast (19912008) and provided several hypotheses for this decline, includimiipropogenic sound like

the use of naval sonafA subsequenstudy raised uncertainty in decline betwe&896 and 2014

(Barlow, 2016)Moore and Barlow (2017ater used information from 1991to 2014 to show increasing
abundance and a reversal of the declining trend

4.8.2 Population Consequences of Disturbance Models

Scientists link shosterm effects to individuals from disturbance (anthropogenic impacts or
environmental change) to lontgrm population consequences using population models. Population
models accept inputs for the population size and changes in vitd i&f the population, such as the

mean values for survival age, lifetime reproductive success, and recruitment of new individuals into the
population (i.e., raising se$ufficient pups and calves past the weaning stage), to predict changes in
populationdynamics (e.g., population growth rate). These efforts often rely on bioenergetic models, or
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energy budget models, which analyze energy intake from food and energy costs for life functions, such
as maintenance, growth, and reproduction, either at the individual or population ([@nadtta, 2022)

There is high uncertainty around many parameters in these mdétig et al., 2023)Model sensitivity
analyses have identified the most consequential parameters, including prey characteristics, feeding
processes, energy expenditure, body size, energy stokagh,and death rates, seasonal movements,

and lactation capabilityPirotta, 2022)

The National Research Council committee on Characterizing Biologically Significant Marine Mammal
Behavior developed an initial conceptual model to link acoustic disturbance to population effects and
inform data and research needblational Research Council, 200bis Population Consequences of
Acoustic Disturbanc@? CADconceptual model linked parametetsdeterminehowresponses that lead

to changes in the vital rates of individuédanslateinto biologically significant consequences for a
populationas illustrated inFigured-4. In its report, the committee found that the relationships between
biologically significant consequencasd population effects were relatively well understood, but that
the relationships between the other components of the model were notaketéwn or easily observed.

R R
Life function

immediately Vital rates
affected

Sound Behavior

Population

effects

exposure change

Figure4-4. PCADModel ParametersHowchart

Building on the PCAD framework, tRepulation Consequences of DisturbanB€dD) conceptual
modelwas developed by an Office of Naval Research working group. dBeidel considers all types

of disturbance, not solely anthropogenic or acoustic, and incorporates physiological changes, such as
stress or injury, along with behavioral changes as a direct result of disturljBiati®nal Academies of
Sciences Engineering and Medicine, 20ItAlso links these changes to both acute effects on vital rates
(e.g., survival, fecundity) and chronic effects on health (e.g., energy stores, stress, imifienngt al.,
2014; Pirotta, Booth, et al., 2018 xamples of acute effects include immediate injury, such as vessel
strike; immediate health impacts, such as toxic algae exposure; or behavioral responses that increase
predation risk(National Academies of Sciences Engineering and Medicine,. EXaples of chronic
effects include exposure to persistent contaminants and permanent hearin(Neg®nal Academies of
Sciences Engineering and Medicine, 20TRese relationships are shownFigure4-5.
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Figure4-5: The Population Consequences of Disturban@enceptualModel

The PGoD model identifies the types of data that would be neededassess populatictevel impacts.

These data aréacking for many marine mammal spec{@ooth et al., 2020)Southall et al. (2021)

statesthat future modeling and population simulatigtudies can help determine populatiemide long

term consequences and impact analysis. However, the method to do so is still developing, as there are
gaps in the literaturepossiblesampling biasesnd results are rarely grouAtluthed, with a few
exceptiongBooth et al., 2022; Schwarz et al., 202Rpwacek et al. (2018 viewed technologies such

as passive acoustic monitoring, tagging, and the use of unmanned aerial vehicles which can improve
AOASYGAAGAQ FOATAGASAE G2 alddzRe GKSasS Y2RSt Ay Lzl
and ultimately populabn-level effects. Relevant data needed for improving analyses of populbicet
consequences resulting from disturbances will continue to be collected during projects funded by the
bl @8Qa& YINAYS &dLISOASa Y2YyAlG2NAYy3I LINRPINI YO

Multiple case studies across marine mammal taxonomic groups have been conducted following the
PCoD framework (se@ able4-10). From these studie&een et al. (2024ylentified themes and
contextual factors relevant to assessing impacts to populations due to disturbanc&i(gees-6).
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— resident: individuals occupy small home ranges compared to population’s
range, year-round and prolonged exposure potential

~ nomadic: individuals move over population’s range without spatial or
temporal consistency, year-round and unpredictable exposure potential

~ migratory: individuals undertake annual or seasonal movements between
sites within population’s range, seasonzl exposure potential

- demographic: age, sex, and reproductive status influence spatial and
temporal movements

— income breeder: feeds during lactation, vulnerable to prolonged foraging
loss during lactation

— capital breeder: stores energy prior to parturition for lactation, vulnerable to
prolonged foraging loss during gestation

— body size: a larger body size may buffer against periods of reduced prey
availability

= life stage: juveniles and young mothers may be more sensitive to reduced
food availability due to physiological constraints related to body size

— fast pace of life: reproduction is more sensitive to reduced or lost foraging,
but populations will be quicker to recover due to high reproductive rates
and short generation times

— slow pace of life: reproduction is more resilient to reduced or lost foraging,
but populations will be slower to recover, particularly if adult survival is
impacted, due to low reproductive rates and long generation times

- the effect of disturbance is strongly influenced by whether it overlaps with
biologically important habitats when individuals are present

— avoiding biologically important habitats will provide opportunities for
individuals to compensate for reduced or lost foraging if large portions of
their range are disturbed

— continuous disruption will have a greater impact than intermittent disruption
~ reducing the duration and frequency of disturbance or incorporating breaks
duration and frequency between disturbance events may allow individuals to recover
~ energy loss can be translated into days of disturbance to inform area- or
population-specific disturbance caps

overlap with biologically
important habitats
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— the probability and severity of individual responses depends on the
interactions between the type and nature of the disturbance source and the
nature and context context of the exposure
— incorporating context into risk assessments can significantly reduce the
uncertainty in managing populations and mitigating effects
— sensitivity to disturbance strongly depends on the availability of prey in the
natural variability in prey environment
availability — avoiding periods of low productivity and increased energy intake can reduce
the potential for interactive and cumulative effects

— climate vulnerability assessments can help identify populations most
vulnerable to climate change and the factors contributing to their
climate change vulnerability
— climate change coupled with disturbance may have interactive and
cumulative effects that affect reproductive success and survival

environmental
conditions

Source: Table frorKeen et al. (2021)

Figure4-6: EmergingThemes in BoD Modelsthat Should Be Considered When Assessing the

Likelihood and Duration of Exposure and the Sensitivity of a Population to Disturbance
Identified by Keen et al. (2021)
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Table4-10: Published Models using the Population Consequences of Disturbance Framework

Disturbance/

Species POOD Variables Findings
Minke whale Whale watching activities/ | Whale watching interactions decreased (42%) feeding and increased (7%)
(Balaenoptera M, R, D feeding activity, but cumulative bioenergetic cost remained low (88,018 kJ) ¢
acutorostratg for the most exposed whale which resulted in a minor decrease in body cong
safely below the theshold which would impact fetal growth. Impacts would bg
larger if vessels interacted with whales significantly more during the feeding
seasonChristiansen & Lusseau, 2015)
Bluewhale Simulated seismic survey/ | Migrating blue whales are more likely to go long periods without exposure b
(Balaenoptera (B, D, N more likely to be exposed to seismic during seasonal presence, like in the
musculu$ California Current feeding grounds. Time and proportion of whales exposed
increased (< 19%) as s$sor increasedCosta, Hickstadt, et al., 2016)
Five scenarios of natural (§ Short environmental changes like EI Nino reduced calf recruitment a little, b
Nino or unprecedented unprecedented climate changes impacted fecundity much more (i.e., increa
change) and unspecified | abortions). Weak anthropogenic disturbances over a diffuse area (e.g., ship
anthropogenic disturbanceq whale watchinghad little effect on fecundity. Impact from intense, continuous
modeled as lost foraging |y 2A 4SS 6So3dxr aSAaYAOX LAES RNARGAYT
time (i.e., 0%, habitat the area, body condition decreased and rate of abortions and starvation
displacement, or 50%)/ increased; if they moved to feedsewhere there was no lonatgrm effect(Pirotta,
M, R, B,D, N,V Mangel, et al., 2018)
Natural and unspecified |. t dz8 6Kl £t S Y2RSt 62@S 61 & SELI YRS
anthropogenic disturbanceg Increased frequency of climate change decreased fecundity gradually (e.g.,
modeled as lost foraging | weaned early). High levels of anthropogenic disturbance only impacted vital
time/ M, R, S, P, B, D, N, \ if disturbance occued for 1 year in all locations of the home range, or if
disturbance was localized in summer feeding grounds. Repeated disturbang
decreased reproductive success and survival of young wfBiestta et al., 2019
Sonar/ M, N, V Activity budgets, lunging rates and ranging pattern caused variability in the
predicted cost of sonar disturbance. With disturbance, whale reproductive
strategies resulted in lower fitneg®irotta et al., 2021)
Gray whale ' yaLISOATASR |Western gray whales had greater energetic requirements during the longer
(Eschrichtius  |RA & G dzNB | y O S € [ migration to Baja California and China, compared to the shorter migration of|
robustug Eastern gray whales, so were more sensitive to energy lost through disturbg

(VillegasAmtmann et al., 2017)

Seismic surveys/ M, R, S, H
N, V

Direct disturbance or displacement from nearshore (less endajy areas had
little impact on population abundance, but females deprived access to efrar|
offshore summer feeding grounds decreased reproductive success and adul
survival, leading toong-term consequences on population abundan@cHuron
et al., 2021)

Longfinned pilot
whale
(Globicephala
melag

Unspecified disturbance
Y2RSt SR & «a
RI@&¢ T zalbpare
(e.g., habitat displacement
R,S,P,D,V

Short disturbances increased mortality of calves born to young mothers, and
longer disturbances increased calf mortality (born to older mothers) and

decreased the life expectancy for mothers, including starvation during lactati
periods. Disturbance imp#ed whales faster in winter (5+ days) than in summ
(20+ days)Hin et al., 2019)

L' yALISOATA

SR
RA&GdzND I yOS¢

Modeled disturbance decreased reproductive strategies and fitness. When
resources were not evenly distributed, cautious strategies and knowledge of
resource variation was advantageo{Rirotta et al., 202Q)

Unspecified disturbance

Y2RSt SR +Fa &
RIea¢ oSo3aos
displacement)/ R, S, P, D,

Disturbance decreased population density (e.g., young lactating females) a
increased prey availability, which resulted in improved body condition in the
population overall and no net impact on lifetime reproductive output, sugges
that fithess markersnay not indicate population effectin et al., 2021)

Humpback
whale
(Megaptera

novaeangliag

Simulated seismic survey/
B, D, N

Whale populations that foraged for krill over wide areas (West Antarctic

Peninsula) were exposed to seismic less, resulting in less disturbed foragin
behavior. In contrast, Bering Sea humpback whales hunted fish over a much
smaller/ localized area, and ta a limited range for foraging where more wha
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Species

Disturbance/
P@D Variable$

Findings

(90%) were exposed to seismic and interrupted while forag@umpsta, Hickstady
et al., 2016)

Seismic surveys/ M, R, S, H

PcoD models can be used for predicting population consequences or making
management decisions, depending if forwards or backward approach is use
(Dunlop et al., 2021)

North Atlantic
Right Whale
(Eubalaena
glaciali

Fishing gear entanglement
D,N,V,C

Entanglement and limited prey availability can be considered continuous streg
(e.g., prey density changes throughout range and entanglement level), and
compounded impacts as entanglement decreases foraging success. When
Aay Qi Sy 2 dzbnatbny & dhedFaristictmodelyéan be used to simul
the interaction between varying levels of entanglement, feeding rate and
maximum prey intakéPirotta, Thomas, et al., 2022)

Beaked whale
(multiple
species)

P YALISOA T ASEKI
disturbance/ R, S, P, B, V

Different assumptions for duration of gestation and lactation can alter model
results for mother and calf mortality. Six beaked whale species were very
aSyaridArosSs FANRQa KIR I ljdza O1 GA Y
quality habitat. Consisteribng-term disturbance with minor reduction in energ
intake may have same effect as strong, skerm disturbance that halts energy
intake. Many conservative assumptions were used for this model since man|
parameters were unknown for 21 beaked whale sps¢New, Moretti, et al.,
2013)

Sonar/M, B, DN

Beaked whales at SOAR and AUTEC raexigssed to MFA navy soneould have|
outcomes ranging fronslight increase in population abundance to population
extinction, depending othe interaction of sonar use, habitguality, and the

& K | tb&havidral response to sonaid., displacementcessation of feeding
both, orno responsg(Hin et al., 2023)

Killer whale
(Orcinus orcp

Vessel strike, vessel noise
polychlorinated biphenyls
contamination/ R, P, B, V

Both Northern and Southern killer whale populations were impacted by the
interaction of low prey abundance with vessel strike, vessel noise, and
contaminants, but more research is needed to validate the mechanisms of a
prey variablegMurray et al., 2021)

Harbor porpoise

Wind turbine noise, ship

Even assuming a 10% reduction in population size, if prey is impacted up to

macrocephalus

(Phocoena noise/ M, R, S, P, N days, the presence of ships and wind turbines did not deplete the population
phocoend (NabeNielsen et al., 2014)
ImpactPile driving/ M, R, S| Predicted a < 0.5% decline in harbor porpoise population size from wind fari
P,D,V construction in worst case scenai(ding et al., 2015)
Seismic surveys/ M, R, S, | Seismic activity in May had less impact on porpoise health and reproduction
N, V seismic in September had more impg&allagher et al., 2021)
Pinpile driving during Two models (iPCod and DEPONSihg different methodology and parameters
offshore wind farm both predicted no longterm population impacts to porpoises in an offshore wi
construction M, R, P, B, V | farm range nor within the boundaries of their Special Area of Conservatiam
Geel et al., 2025)
Sperm whale [ Oil spill, seismic survey/ | 10-year model projected population reductions from the oil spill and further
(Physeter MR,S,P,B,D,N declines when compounded with exposure to seismic surveys. Amount of

additional population decline due to seismic noise depended on modeling m
(i.e., single steffunctions ha more impacts than functions with multiple stepg
and frequency weighting). Resilient populations (e.g., able to make up rese
through increased foraging) mediate impacts from both disturbar{désholas A
Farmer et al., 2018)

! LISOAFASR

R GdzND | y OS¢
reduced foraging efficiency
R,S,P,D

y a
A a

Mothers with calves were most vulnerable to foraging disruptions due to higl
energetic cost of lactatiofN. A. Farmer et al., 2018)

Bottlenose
dolphin
(Tursiops sp.

Climate change, ship noise|
fisheries bycatch, epizootic
(morbillivirus)/ R, S, P, D, H

Vv, C

5-year model predicted that epizootic and climate change scenarios would h|
the largest impact on population size and fecundity. Fisheries interactions a
shipping noise disturbance had little overall impact on population abundance
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Disturbance/

Species POOD Variables Findings
either location, even in the most extreme impact scenarios modéRsekd et al.)
2020)
Northern Lya LIS Q A TA SR |Predicted that populations of elephant seals are relatively robust even with 3
elephantseal |OKl y3S¢ 2 NJ a |reduction inforaging trips (only a 0.4% population decline in the following ye
(Mirounga RA&GdzND I yOSé | (New etal., 2014)

angustirostrig

Continuous acoustic
disturbance/ M, R, N

Elephant seals would be less impacted than California sea lions since their
foraging range and transit area is more expansive. Negligible impacts on
reproduction and pup survival raté€osta, Schwarz, et al., 2016)

Harbor seal
(Phoca vitulin

ImpactPile driving/ M, R, S
P, D

Worst-case scenario PCAD model predicted tiwt 18% ofharbor seals with PT]
from wind farm construction noise exposure could translate to higher mortali
rates or lower reproductive rates for the populatigRaul M. Thompson et al.,
2013)

California sea
lion (Zalophus
californianug

Continuous acoustic
disturbance/ M, R, N

California sea lions were disturbed for a longer period than elephant seals
080l dza8S GKS aSk ftA2yaQ NIy3aS o6F2NI
even animals exposed for the longest periods had negligible modeled impag
their reproductionand pup survival ratefCosta, Schwarz, et al., 2016)

Generalized disturbance/
MR,S,P,D

Very short duration disturbances/responses led to little change, particularly i
disturbance was a single event, and changes in the timing of the event in th
had little effect. Relatively short disturbances or mild responses, when a
disturbance vas modeled as recurring, resulted in a fewer number of adults 3
LldzLJad ¢KS ST¥FSOGa sSNByQi y2i0r0SEo6
survival did not affect the population until those pups were mat(E¢izabeth A
McHuron et al., 2018)

Elevenmysticets
and odontocete
specied

Sonar/ M, S, P, V

Shortterm energetic cost was influenced more by lost foraging opportunities
increased locomotor effort during avoidance. Mysticetes incurred more energ
cosis that odontocetes, even during mild behavioral responses to-frequency

active sonafCzapanskiy et al., 2021)

1If an anthropogenic disturbance was modeled it is included, along with the variables included {@iheriddel, such as lifeistory
traits (M= movement ecology, R=reproductive strategy, S=body size, P= pace of life), disturbance of source charggt
overlap with biologically important habitats, D= duration and frequency, N= nature and corgegtgnvironmental condition
(V= natural variability in prey, C= climate change). Notation adapted Keem et al. (2021)

Eleverd LISOA S& alidzZRASRY KI NB2NJ LI NLR A &S 3 -finmed dilat dvieake, |oRennddIfilat yhiale
goosebeakedwhale, minke whale, sperm whale, humpback whale, fin whale, and blue w@akpanskiy et al., 2021)
Notes:% = percent; > = greater than; kJ = kilojpl#€AD- Population Consequences of Acoustic Disturbafe®D =Populatior

Consequences of Disturband®T S= permanent threshold shift

4.8.3

A populatior® movement ecology determines the potential for temporal and spatial overlap with a
disturbance. Resident populations or populations that rely on spatially limited habitats for critical life
functions, such as foraging or breeding, would be at greateofisgpeated or chronic exposure to
disturbances than populations that are wiganging relative to the footprint of a disturban¢&een et

al., 2021) Even for the same species, differences in habitat use between populations can result in
different potential for repeated exposure to individuals for a similar stre$€wmsta, Hiickstadt, et al.,
2016) The location and radius of disturbance can impact how many animals are exposed and for how
long(Costa, Schwarz, et al., 2018Yhile some models have shown the advantages of populations with
larger ranges, namely the decreased chance of being exp@esta, Schwarz, et al., 20I6) A (i Q &
important to consider that for some species, the energetic cost of a longer migration could make a
population more sensitive to energy lost through disturbagZédlegasAmtmann et al., 2017)n

additiond 2 NJ y 3 Ay 3 LladtivitgoNdgetsandiunging i&€s kb dalse variability in their
predicted cost of disturbance as wgfirotta et al., 2021)

Movement Ecology
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4.8.4  Resource Dependence

Bioenergetics frameworks that examine the impact of foraging disruption on body reserves of individual
whales found that rates of daily foraging disruption can predict the number of days to terminal
starvation for various life stagéhl. A. Farmer et al., 2018 imilarly, whem populationis displaced by a
stressor, ananly hasaccess t@reas of poor hbitat quality(i.e., low prey abundancédr relocation
bioenergetic modelsnay bemore likely to predicstarvation, longer recovery timeer extinction(Hin

et al., 2023) There is some debate over the useldfibber thickness as a metric of cetacean energy
stores and health, as marine mammals may not use their fat stores in a similar manner to terrestrial
mammalg(Derous et al., 2020)

Resource limitation can impact population growth rate regardless of additional anthropogenic
disturbance Prey is an important factor in loAgrm consequence modelsis prey density limits the

energy available for growth, reproduction, and survilialdisturbance models that predict habitat

displacement or otherwise reduced foraging opportunities, populations are being deprived of energy
RSyasS LINBe& 2N aKAIK | dzI ftekmiipactslomNBclindity anl $udital OF y € S| |
(Czapanskiy et al., 2021; Hin et al., 2019; Elizabeth A. McHuron et al., 2023; New, Moretti, et al., 2013)
Stochast Dynamic Programming modélave been used texplore the impacthat declining prey

species has ofocalmarine mammal predatoréElizabeth A. McHuron et al., 2023; E. A. McHuron et al.,

2023) A Stochastic Dynamic Programmimgdel determined that @lecrease iwalleye pollock

availability increaséthe time and distancenorthern fur seamothers had totraveloffshore, which

negatively impaetd pup growth rate and wean mass, despite attempts to compensate with longer

recovery time on langE. A. McHuron et al., 2028ome disturbance models indicate that the

immediate decrease in a portion of the population (e.g., young lactating mothers) is not necessarily
detrimental to a population, since prey availability increagssresultt Y R 0 KS LJ2 LJdzf | G A2y Q:
improved body conditiorcould reducehe age at first calfHin et al., 2021)

The timing of a disturbance with seasonally available resources is important. If a disturbance occurs
during periods of low resource availability, the populatienel consequences are greater and occur
faster than if the disturbance occurs during periadsen resourcdevels are higliHin et al., 2019)

When resources are not evenly distributed, populations with cautious strategies and knowledge of
resource variation have an advantaféirotta et al., 2020)

Evenwhen modeled alongside several anthropogenic sources of disturbance (e.g., vessel strike, vessel
noise, chemical contaminants, sonar), several species of marine mammals are most influenced by lack of
prey(Czapanskiy et al., 2021; Murray et al., 20&89me species like killer whales are especially sensitive

to prey abundance due to their limited di@¥urray et al., 2021)The shoriterm energetic cost of

eleven species of cetaceans and mysticetes exposed tdnenigiency active sonar was influenced more

by lost foraging opportunities than increased locomotor effort during avoidg@a@apanskiy et al.,

2021) Additionally, the model found that mysticetes incurred more energeticstbsin odontocetes,

even during mild behavioral responses to soffdrese results may be useful in the development of

future Population Consequences of Multiple StressorsR@dDnodels since they should seek to

gualify cetacean health in a more ecologically relevant manner.

485  Harbor Porpoises and Non -Military Disturbance Consequences

Studies have investigated the potential consequences of fasting for harbor porpoises because their high
metabolic rate may leave them especially vulnerable to disturbances that prevent them from feeding.
Harbor porpoisesvere found to becapable of recovering from lost foraging opportunities, largely
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because of their varied diet, high foraging rates, and high prey capture su@mssth, 2019)Four

stranded harbor porpoises were able to consume B® percent of their daily food mass intake in a

short time periodpost-strandingwith no physical problems, suggesting that they can compensate for
periods of missed feeding if food is availaffastelein, HeldeHoek, Booth, et al., 20198y modeling
GKSANI F2NrIAy3I 60SKFEPA2NI YR (y26y LINBe alLISOASaEA:X
scenarios, would enable them to obtain more than 100 percent of their energetic needs through typical
foraging behaviarTherefore, while harbor porpoises are a sensitive speciesdise disturbance, they

would largely be robust to shoterm disturbances to foraging.

Seasonality is an important predictor of disturbance for harbor porpoBesexampleseismic activity
in May had a much smaller impact on harbor porpoise health and reproduction, die f@orpoises
greater energy stores that time of year and females having already weaned their (@lakesyher et al.,
2021) In contrast, seismic surveys in September had a much greater impact due to lower energy
reserves at that time, while females were lactatmrgossibly pregnant.

Different stressors and models have generated different {targn consequences within the same
species. Even when high and frequent exposure levels are included, some harbor porpoise models result
in few longterm consequences fromomesound exposurg but have costly results in othefking et

al., 2015) For examplemodelingwind farmnoiseimpactson harbor porpoises predicted that even

when assuming a 10 percent reduction in population dize topreybeing affected foup to two days,

the combinedpresence of ships and wind turbines did tedd topopulationdepletion. Similarly, even
under the worst case scenaridsing et al. (2015nodekdthat wind farmeffectswould result inless

than a 0.5 percent decline in harbor porpoise populatidde.Silva et al. (201dhalyzed the longerm
impacts of a different stress¢impactpile driving and construction noise) on harbor porpoises and
bottlenose dolphins. Despite including the extreme and unlikely assumptions that 25 percent of animals
that received PTS would die, and that behavioral displacement from an area would leac:thrigre

failure, the model only found shoterm impacts on the population size and no letegm effects on
population viability. Ircontrast,Heinis et al. (2015)sed thePCoOramework to estimate impacts from
bothimpactpile driving and seismic exploration on harbor porpoises and found a 23 percent decrease in
population size over six years, with an increased risk for further reduction with additional disturbance
days. These seemingly contradictory results demonstratérgf@nements to models need to be
investigated to improve consistency and interpretation of model results.

4.8.6 Multiple Stressors and Cumulative Effects

PCoDnodels have been used to assess the impacts of multiple and recurring stressopopulation
A marine mammal population that is already subject to chronic stressors like climate abiange
environmental disasterwill likely be more vulnerable toumulative effect{Keen et al., 2021jPirotta
et al., 2026) Depending on assumptiomegarding feedinglisruption or displacement, ndels suggest
that recurring or chronic stressorsayimpact population abundance even when instances of
disturbance are short and have minimal behavioral impact on an indivitligtholas A. Farmer et al.,
2018; E. A. McHuron et al., 2018; Pirotta et al., 20B8f examplePirotta et al. (2019nodeled little to
no population effects on NortRacific blue whales when exposed to anthropogenic disturbance alone
as long as reproducing females could compensate for lost foragingotinfieeding groundsin fact, he
modelonly saw disturbances during unrealistic noise exposure parameters. However, when
anthropogenic disturbance was combined with unfavorable environmental and prey abundance
conditions, the modeled population experienced small to moderate effects in reproductivessiaad
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calfsurvival. These modeled results highlight how two stressarsactsynergistically with eacbther,
whereone stressor can enhance the effects of anotffeirotta et al., 2019)Cumulative effect modeling

is helpful becaussomechanges to response variabldike pup recruitment (survival to age oné) NB y Q (i
noticeable for several years, as the impacts on pup surdvabt affect the population until those pups

are mature but impactenyoung animals will ultimately lead to populatiamde declinegE. A.

McHuron et al., 2018)An expanded version of the Population Consequences of Multiple Stressors
framework inFigure4-56 2 dzft R Ay Of dzZRS Ydzf GALX S GSELI2 adzNB 2
stressors an individual and population faces, as well as multiple layers of physiological and behavioral
responses per individuéiNational Academies of Sciences Engineering and Medicine,. 2017)

Ina study modelingmpacts froman oil spill resultspredictedchronic declines to aperm whale

population over 10 years, artblat addingeven one more stressor (i.e., behavioral responsedrtgurs)

led to further population decline@Nicholas A. Farmer et al., 2018jowever, theadditionalpopulation

decline due tanacoustic disturbance depended tww the doseresponse of the noise levels were
modeled. A single stefunction led to higher impacts than a function with multiple steps and frequency
weighting. In addition, the amount of impact from both disturbances was mediated when the metric in
the modd that described animal resilience was changed to increase resilience to disturbance (e.g., able
to make up reserves through increased foraging). Not all stressors have thecasaméativeimpact for

all species and all locations. Another model analyzed the effect of a number of chronic disturbances on
two bottlenose dolphin populations in Australia ovieyears(Reed et al., 2020Results indicated that
disturbance fronfisheries interactions and shipping noisad little overall impact on population
abundances in either location, even in the most extreme impact scenarios modeled.

4.8.7 Long -Term Consequences on Navy Ranges

The best assessment of logrm consequences from Navy training activities will be to monitor the
populations over time withimange complexes and operating are&sU.Sworkshop on Marine
Mammals and Soun(Fitch et al., 201lipdicated a critical need for baseline biological data on marine
mammal abundance, distribution, habitat, and behavior over sufficient time and space to evaluate
impacts from humargenerated activities on lonrterm population survival. The Navy has implemented
comprehensive monitoring plans since 2009 for protected neamammals on Navy ranges with the

7

aul

J21f 2F FraasSaaiy3a GKS AYLI OGA 2F GNIXAYyAYy3I | OQGADACL

mitigation measures. The results of this letggm monitoring are continually being compiled and
analyzed for treds in occurrence or abundance over tifeeg., Martin et al., 2017; Schorr et al., 2020)

Preliminary results of this analysis at the PMRF off Kauai, Hawaii indicate no changes in detection rates
for several species over the past decade, demonstrating that Navy activities may not be having
long-term populatiortlevel impacts. Continued analysis of thisyEar dataset and additional

monitoring efforts over time are necessary to fully understand the ftargn consequences of exposure

to military readiness activities.

It should be noted that, in all the population consequence models discussed below, many assumptions
were made, and many input variables were unknown and so were estimated using data when available.
It is not possible to estimate lorAgrm or populationlevel effects from individual shoiierm behavioral
responses alone.
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4.8.7.1 Blue Whales on Navy Ranges in Southern California

The U.S. Navy funds research on blue whale sonar disturtmanbkvy rangedRirotta, Mangel, et al.
(2018)modeled one reproductive cycle of a female North Pacific blue whale, starting with leaving the
breeding grounds off Baja California to begin migrahlogth to feeding grounds off California, and

ending with her returning to the breeding grounds, giving birth, and lactating. They modeled this

scenario with no disturbance and found 95 percent calf recruitment (the successful growth and weaning
ofacafflUf RSNJ I ay2NXIf ¢ Sy @i NPEFomke Dscilatidn)3ned vzdbvey A 2y 0
aYlLftf NBRdAzOGAZ2Y AYy NBONMZAGYSYyds yR dzy RSNI Iy adzyl
reduced to 69ercent. An intense, localized anthropogenic distambe waghen modeled (although

the duration of the eventwas not providedjthe animals were not allowed to leave the area, they did

not forage, and recruitment dropped to 63 percent. However, if animals could leave the area of the
disturbance, then there was almost no change to the recruitment rate. A weak but broader spatial
disturbance, where foraging was reduced by 50 percent, caused only a small decrease in calf

recruitment to 94percent.

Pirotta, Booth, et al. (2022)vestigated the potential longerm effects of changing environmental
conditions and military sonar by modeling vital rates of Eastern North Pacific blue whales. Previous work
from Pirotta et al. (2021)vas used as a foundation for incorporating the best available science into the
2022 vital rate model. Using data and underlying models of behavioral patterns, energy budgets, body
condition, contextual responses to noise, and prey resources, the moddigbeel female vital rates
including survival (age at death), and reproductive success (number of female calves). The model
AAYdzZ F GA2y NBadz Ga aK26SR KFd SY@ANRBYYSyldlt OKI
current regime of sonaractivii A S & @ irofta, Bb@thj et &l., 2022 he case study used an annual
sonar regimdrom the Southern CalifornidRange Complex based on the description of the action in the

b I @& Q HawaiBouthern California Training and TestiEI§/OEIS. Additional military sonar

scenarios were modeled, and only a tésid increase in sonar activity combined with a shift in
geographical location to overlap with main feeding areas of blue whales resulted in a moderate
decrease in lifetime reprodd i A @S & dzO @S @ 4y), butth2rk Bag Eb&ffect on survival

0/ 2 K&H0O5.

4.8.7.2 Beaked Whales on Navy Ranges

The Navihas fundedsonar research on threimstrumentedrangesthat contribute to understanding
long-term effects on beaked whale populatiorgposed to sonaiSouthern California Arubmarine
Warfare RangéSOAR)Atlantic Undersealest andBvaluationCenter (AUTEGQG)andthe Pacific Missile

Range FacilitPMRF)Longterm impacts to sensitive beaked whale populations on Navy testing and
training grounds is a heavily researched topic, and the residency on the range may play a role. Studies
on the AUTEGhstrumented range in the Bahamas have shown that some Bla®uiliEaked whales

may be residents during all or part of the year in the area. Individuals may move off the range for several
days during and following a sonar event but return within a few ddggce et al., 2019; McCarthy et al.,
2011; Tyack et al., 2011)

A studyby BenoitBird et al. (2020)lemonstratedthat differences in prey distribution could be a
substantial factor for beaked whale habitat preference in the Bahamas. Atletuification studies in
the SOCAL Range Complex have identified approximately 100 indgodsalbeakedwhales, with

40 percent having been seen in one or more prior years ansigltings up to seven years apart
(Falcone & Schorr, 2014; Falcone et al., 2008gse results indicate lorigrm residency by individuals
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in an intensively used Navy training area, which may suggest a lack gklongonsequences from

exposure to Navy training activities but could also be indicative ofWédjine resources that exceed the

cost of remaining in the area. Loigrm residencypy itself does not mean there has been no impact on
population growth rates and there are no data on the reproductive rates of populations inhabiting the
Navy range area around San Clemente Island compared to beaked whales from other areas. In that
regardhowever, results from photadentification efforts can provide critically needed calving and
gSIEYAY3a NIGS RFEGE T2 N IOEARRMRECyniplex THiraevatuft emakesthati KS b |-
had been sighted with calves in previous years were again sighted in 2016, one of these was associated
with her second calf, and a fourth female that was first identified in 2015 without a calf, was sighted in
2016 with a cal{Schorr et al., 2017Resident females documented with and without calves from year

to year provide data on growth rate for this population.

Beaked whales may routinely move hundreds of kilometers as part of their ndistabution patterns.

While at least some beaked whales are residents of a particular area, more than three beaked whales in
the SOCAL Range Complex have been documented traveling hundreds of kilometers after being tagged
(Falcone & Schorr, 2012, 20149ut of eighgoose-beakedwhales, five made journeys of approximately

250 km from theirtag deployment location, and one of these five made an-e&g@nal excursion over

450 km south to Mexico and back agéschorr et al., 2014)

5 REPTILES

This sectiosummarizes the best available science relevant to understanding the effects of acoustic and
explosive sources used during military readiness activitiewanme reptiles Topics include hearing and
vocalization; hearing loss and auditory injury; masking; behavioral reactions; physiological responses;
direct injury; and longerm consequences. This literature synthesis preferentially relies on-peer
reviewed publications, kunotable gray literature (i.e., nepeer reviewed reports and historical
documents) is included, particularly for topics with otherwise limited information. §éasionincludes
information on stressors, locations, and species that may not be present insgbagtudy areas.

5.1 HEARING AND VOCALIZATION

Seaturtle ears are adapted for hearing underwater and in air, with auditory structures that may receive
sound via bone conductiofLenhardt et al., 1985yesonance of the middle ear cav{illis et al.,

2013) orthe standard tympanic middle ear paffletherington, 2008)In-water hearingn sea turtles is
typicallybetween 50 and ;600 Hertz (Hz) Maximumhearingsensitivityis between 100 and 400 Hz, and
sensitivityrapidlydrops off at higher frequencig8artol & Ketten, 2006; Dowiniak, 2012; Martin et al.,
2012; Muirhead et al., 2026; Muirhead et al., 2025; Piniak et al., 2&H3 turtles are also limited to
low-frequency hearing wair, with juvenileshearingbetween 50and 800 Hzwith a maximum hearing
sensitivity around00;400 HZBartol & Ketten, 2006; Muirhead et al., 2025; Piniak et al., 204éaring
abilities have primarily been studied with s@olult, juvenile, and hatchling subjectsfine sea turtle
species, including grediBartol & Ketten, 2006; Ketten & MoeBartol, 2006; Muirhead et al., 2025;
Piniak et al., 2016; Ridgway et al., 1969; Yudhana et al.,,20®)Y Lii{led (Bartol & Ketten, 2006;
Muirhead et al., 2026; Muirhead et al., 2026awksbilDow-Piniak, 2012; Muirhead et al., 2025)
loggerheadBartol et al., 1999; Lavender et al., 2014; Martin et al., 2012; Muirhead et al. a2@P5)
leatherbackMuirhead et al., 2025; Piniak, Eckert, et al., 20f)ly one study examined the auditory
capabilities of an adult sea turtf@artin et al., 2012)the hearing range of the adult loggerhead turtle
was similar to other measurements pfvenile and hatchling sea turtle hearing ranges.

5-76



Version20262 July 2026

The role of underwater hearing in sea turtles is unclear. Sea turtles may use acoustic signals from their
environment as guideposts during migration and as cues to identify their natal be iahisardt et al.,

1983) However, they may rely more on other senses, such as vision and magnetic orientation, to
interact with their environmen{Avens, 2003; Lohmann & Lohmann, 2019; Narazaki et al., 2013; Putman
et al., 2015) Hearing may also be uséar intra-specific communicatiom water(Charrier et al., 2022;
Maucourt et al., 2025and in airincludinghatchingsynchronization and nesteergence(Cook &

Forrest, 2005; Ferrara et al., 2014; Ferrara et al., 2019; McKenna et al., 2019; Mrosovsky, 1972)

All bestavailable underwater sea turtle AEP and behavioral hearing threshold data from the scientific
literature were consideretb develop a composite sea turtle audiogram for underwater heariigure

5-1). An overview of the data used, and the methods to devedamposite sea turtle audiogram for
underwater hearing are described in ti@xiteria and Thresholds for U.S. Navy Acoustic and Explosive
Effects Analysis (Phase 1V) technical refdrE. Department of the Navy, 2025)
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Figure5-1: Composite Audiogranused in Sea Turtle Criteria and Thresholds

Somen-air sounds have been recorded during nesting activities ashore, including-liedcbounds and

sighs, exhale/inhales, gular pumps, and grunts by female leatherback fuiddowfrequency pulsed

and harmonic sounds byawksbillh f A S wARf Se&X YSYLIQa wARfSes fSIGK
embryos in eggs and hatchlin@Sook & Forrest, 2005; Ferrara et al., 2014; Ferraraet al., 2019; McKenna

et al., 2019; Mrosovsky, 1972)nderwater wcalizations from juvenile green turtles have been

characterized as pulses, low amplitude calls, frequency modulated sounds, and s(Qbakgr et al.,

2022) Croaks and squeaks have components that are outside the known frequency bandwidth of green

turtle hearing and may only be partially detectaljeharrier et al., 2022Yhese vocalizationsere not

associated with a specific behavior or the presence of anatkaturtle, but there are similarities in

G20 tATFGAZ2ya FTNRBY FTNBaAKgLl (S NIFéromdBtalS2191G/eR etk § OK A
2009)

Crocodilians (e.g., crocodiles and alligators), like other amphibious species, have-antnd

underwater hearing capabilities. However, crocodilians appear to be structurally adapted for detection

of airborne sound based on the similarities betweeoocndilian and avian ear morphology and the
corresponding auditory brainstem structuréSleich & Manley, 2000Crocodilians detect airborne
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sound via the tympanic membrane, while sounds in water appear todteatied via bone conduction
(Higgs et al., 2002)Crocodilians have external muscular flaps both above and below the opening of the
external auditory canal that reflexively close to seal off the canal when submerged and relax to open
above/out of the wate(Saunders et al., 2000; Shute & Bellairs, 1955)

Crocodilian hearing is most sensitive at low frequencies, both in air and in water. Hearing abilities have
not been studied for adult crocodilians but have been studied in juveniles. Best hearing range in air was
found between 1 and 1.5 kilohertz (kHz), with poor sensitivity above Zidiggs et al., 2002; Wever,

1971) In water, best sensitivity was observed at 800 Hz, with no responses to exposures §Hipkidz

et al., 2002) The kearing rangdor crocodiliansvasobserved to extend to higher frequencies in air than

in water(Higgs et al., 2002Lrocodilians use hearing for prey detection and social comaation, but

also rely on good vision, scent, and touch for interacting with teeiironment(Grigg & Gans, 1993;
Wever, 1971)Regarding sound prodation, crocodilian calls are typicalbw frequency(i.e., below 1

kHz) short, and repetitive. Adult calls include courtship bellows at thevaiter interface with a notable
in-water componentgrunts hissesduring threat displays, and cougfGarrick et al., 1978; Vergne et

al., 2009; Vliet, 1989Hatchling and juvenile American alligators have a more restricted communication
repertoire (Higgs et al., 200250und production includes contact caisssesandsnarls(Bierman et al.,
2014)

No definitive research is available to ascertain how terrapins use sound in the environment. Hearing
may be used to locate food or mates, avoid predators, navigate, or commuifloaséer, 2012)Lester

et al. (2012)determinedthat diamondback terrapins can hear a limited range of-foaquency tones

less than 1,000 Hz. Terrapins responded taiirsounds from 100 to,Q00 Hz, with the range of best
hearing from 400 to 600 Hz with mean lowest threshold of 64 dB re 20 pRa&fr, 2012)Iin-water,
terrapins responded to sounds from 50 to 800 Hz with mean lowest threshold of 86 dB re 1 uPa SPL
(Lester, 2012)

Sakes lack external and middle ear structures but retain a single ear bone, the columel(@lautiise,
1971) which interacts with the inner ear. In snakes, the columella auris is connected to the lower jaw
bone (Christensen et al., 2012; Hartline, 19W#)ich conducts vibrationHartline, 1971)Limited
information on sea snake heariegrrently exists, however, they have been shown to respond to
underwater ®unds below 600 Hz with highest sensitivity at 60afzl from300-500 HZA Chapuis, Kerr,
et al., 2019) Vibrations from lowfrequency soundare likely used to detecpproaching predators and
prey(Hartline, 1971) Sea snakemay also use other senses for interacting with their environment.
example, turtleheaded sea snakeE&ihydocephalus annulatysely primarily on scent for chemical
cueing of prey{Shine et al., 2004)n addition,scales on the head and body of sea snakase
mechanoreceptorsvhich may assist in detecting lefkequency vibrationgChapuis, Kerr, et al., 2019;
CroweRiddell et al., 2019At present, no information has been found indicating that sea snakes
vocalize

Seaturtles, crocodilians, terrapins, and sea snakes have similar hearing capabilities, mechanisms, and
likely usageTherefore, thetypes of impacts to crocodiliangerraping and sea snakeseassessed to be
comparable to those for sea turtles

52 HEARING LOSS AND AUDITORY INJURY

A Working Group organized under th&l8tAccredited Standards Committee S3, Subcommittee 1,
Animal Bioacoustics, developed sound exposure guidelines fesi#sid sea turtlegPopper et al.,
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2014) hereafter referred to as th&NSISound Exposure Guidelifechnical ReporfThe guidelinedo
not include numeric sound exposure thresholds for auditory effects on sea tudibsr, they
qualitatively estimate that sea turtles are less likely to incur TF8Ndwith increasing distance from
various sound sourceSea turtle hearings most sensitive around 16800 Hz irwater and islimited

over 1kHz(Bartol & Ketten, 2006; Martin et al., 2012; Piniak, Harms, et al., 2012; Piniak et al., 2016)
Therefore, sound exposures from most rifdquency and all higfirequency sound sources are not
anticipated to affect sea turtle hearing, and sea turtles are likely only susceptible to auditory impacts
when exposed to very high levels of sound within their limited heaange Nostudieshave measured
TTSrAINJn seaturtleshowever, TTS in freshwater turtlesas been examine(Balas et al., 2023; Salas,
Capuano, etal., 2024, Salas, Sims, et al., 2024; Salas et al.(@@2F)value®f TTSor freshwater turtles
(Salas et al., 2023; Salas, Capuano, et al., 2024 extrapolated to determine a TTS onset level for
non-impulsive sourcein sea turtleU.S. Department of the Navy, 2024@pnsistent withmethods
from prior analygs, (U.S. Department of the Navy, 20170)S onset levefsr non-impulsive sources
were used to determinéAINJor non-impulsivesoundsourcesandonset levels formpulsivesources
(U.S. Department of the Navy, 2024a)

5.3 MASKING

Reptileslikely use their hearing to detect broadbata-frequency sounds in their environmesbthe
potential for masking would be limited ®ound exposures thdtave similar characteristi¢se.,
frequency, duration, andamplitude). Continuousand nearcontinuoushumangenerated sounds that
have a significant lovirequency component, are not brief, and are of sufficient received |earelmost
likely toresult inmasking (e.gproximate vessel noisand highduty cycle or continuouactivesonay).
Other intermittent, shortduration sound sources with losirequency components (e.cir gunsjmpact
pile driving,aircraft noise, weapons noise, and explosmesuld have limited potential for masking

Bea@usreptilesmay rely primarily on senses other than hearing for interacting with their environment,
any effect of masking may be mediated by reliance on other environmergats.

54 BEHAVIORAL REACTIONS

Behavioral responses fall into two major categorigerations in natural behaviail patterns and

avoidance. These types of reactions are not mutually exclusive, and reactions may be combinations of
behaviors or a sequence of behaviofke response of aea turtleto an anthropogenic sound would

likely depend on the frequency, duration, temporal pattern, and amplitude of the sound as well as the
FYAYFfQa LINA2NI SELISNASYOS 6AGK GKS &2dzyR 'yR GKS
the animal is doig at the time of the exposurgEllison et al., 2012; Southall et al., 2021; Wartzok et al.,

2003) Distance from the sound source and whether it is perceived as approaching or moving away may
alsoaffect &SI Gdz2NIif SQa NBaLkRyas

In theANSISound Exposure Guidelihechnical Repo¢Popper et al., 2014)qualitative risk factors were
developed to assess the potential for sea turtles to respond to various underwater sound sources. The
guidelines statehat there isalow likelihood that sea turtles would respondthin tens of meters of
low-frequencysonars andthat it is highly unlikely that sea turtles would respond to Fidquency

sources. The risk that sea turtles would respond to other broadband sources, such as shipping, is
considered high within tens of metedd the sound sourcebut moderate to low at farther distances.
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541 Behavioral Reactions to Sonar and Other Transducers

Studies ofeptile responses tsonar and other transduceese limitedand alldata are from studies

with sea turtlesLenhardt (1994used very lowfrequency vibrationsléss thanl00 Hz) coupled to a
shallow tank to elicit swimming behavior responses by two loggerhead sea tinrtigsch turtles swam

to the surfaceand remained at the surface or slightly submergé&le limitations of conductingcoustic
experiments in shallow tanks adiscussed irsectionl.5 Acoustic Propagation in Small Tanks

Watwood et al. (2016jagged green sea turtles with acoustic transponders and monitored them using
acoustic telemetry arrays in Port Canaver&@yiBla. Sea turtles were monitored before, during, and

after a routine pierside submarine sonar test that utilized typical source levels, signals, and duty cycle.
The authors concluded thaiorsignificant longerm displacement was exhibited lsgaturtles in this

study. The authors note that Port Canaveralis an urban marine habitat and that resident seaturtles may
be less likely to respond than naive populations.

Kastelein et al. (2028xposed two green and two hawksbill sea turtles to a wide variety of potential
acoustic deterrent signals (> 200 Hz) including Helicopter-Ramge Active Sonar (HELRAS) down

sweeps (1.8 1.44 kHz)The authos concluded that nbehavioral responses were observed to the
HELRAS, pure tones, impulsive sounds, or killer whale vocalizations, at levels of approximately 173 dB re
M > Behavioral responses were observed to eighteen different sounds with various spectporal
characteristics, duty cycles and received levels. Of those, four sound types withréNewvgnt signal
characteristics (frequency modulated and upsweep). Howgere consistent relationship between

signal level and behavioral response was observed, and contextual factors appeared to explain some of
these responses. The baseline behavioral state o$daturtle appeared to influence the likelihood of a
response, with bottorrrestingseaturtles exhibiting little to no responses. The reverberant, shallow
environment of the testing pool, minimal controls in the experimental design, and absence of behavioral
responses to impulsive sounds suggest that the results of this study should berétest with caution,

and do not necessitate any changes to the criterion for sonar.

According to the qualitative risk factors developed in &¢SISound Exposure Guideline Technical
ReporiPopper et al., 2014}xhe likelihood of sea turtles responding to leand midfrequency sonar is
low and highly unlikelyrespectively. Based on the limited behavioral response data discussed above,
behavioral responses to nempulsive sounds could consist of temporary avoidance, increased swim
speed, or no observable response.

5472 Behavioral Reactions to Vessel Noise

There is limited information oreptile behavioral responses to vessel noB&z et al. (2023juantified
the behavioral responses @iee-ranginggreen turtles tovessel noise usgaudio, video, and positional
datafrom devicesmountedto the carapaceDatawascollectedin the presence and absence of vessel
noise whileturtles were eithertraveling or resting on the sea fladduring exposures to vessel noise,
existing behaviors weramplified,and thetime spent traveling or at the sea floor increaseu addition,
more time was spent scannimyringtravelingwhen vessel noise was presemthichmay indicate
increased vigilance to detect potential threafhis supportshe findings fromHazel et al. (2007

which turtlesavoidedvessels more quickly whehere was good visibilityn contrastthe amount of
time spent scanning while at the sea floor did s@nificantly increasevhen vessel noise was present
While at the sea floor vessels may not be perceived as an immediate threassel noise may not be
detectable.
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Based on the limited behavioral response data discussed above, behavioral responsssebnoise
couldincludeamplification ofexisting behaviorsincreased vigilancer no observable response.

543 Behavioral Reactions to  Aircraft Noise

Behavioral reactiondue toaircraftnoise, including hovering helicopteese likely to be brief and

minor, if they occur at alReptilereactions to aircraft noise have not been studied like marine
mammals. For marine mammadsycraft noise would cause only small temporary changes in behavior.
Snce reptilehearing is less sensitive than marine mammals, conservatively, it is like e ié¢ scould
exhibit temporary changes in behavior to aircraft noise as.well

5.4.4  Behavioral Reactions to Impulsive Sound Sources

There are limited studies oéptile responses to sounds from impulsive sound sources, and all data
come fromsea turtles exposed teeismic air gusl These exposures consist of multiple air gun shots,
eitherin close proximity or overlong durations, so it is likely that observed responses magsbiveate
responses to single or sheduration impulsive exposures. Studies of responses to air guns are used to
inform reptile responses to other impulsive soundsd.,weapon noiseand explosions

O'Hara and Wilcox (199@ftempted to create a sound barrier at the end of a canal using seismic air
guns. They reported that loggerhead turtles kept in a 300 m by 45 m enclosure-im @é&6p canahnd
maintained a minimum standoff range of 30 m from air guns fired simultaneously at intervals of
15 seconds with strongest sound components in the 2500 Hz frequency rangR. D. McCauley et al.
(2000)estimated that the received SPL at which turtles avoided sound i®thlara and Wilcox (1990)
experimentwas 176176dBrem >t | @

Moein Bartol et al. (1995hvestigated the use of air guns to repel juvenile loggerhead sea turtles from
hopper dredges. Sound frequencies of the air guns ranged from 100 to 1,000 Hz at three source SPLs:
175, 177, and 179 dB re 1 pPa at 1 m. The turtles avoided the air gunstthgringial exposures (mean
range of 24m), but additional exposures on the same day and several days afterward did not elicit
avoidance behavior that was statistically significant. They concluded that this was likely due to
habituation.

R. D. McCauley et al. (20@posed a caged green and a caged loggerhead sea turtle to an
approachingdeparting single air gun to gauge behavioral responses. The trials showed that above a
NEOSAGSR {t[ 2F mMcc R. NB m >tl X (GKS {(dzNIitSa y2ia)
nonoperational periods, with swimming time increasing as air gus $freased during approach.

Above 175dBrett = 0 SKI @GA2NI 0SOFYS Y2NB SNNI GAOZ LIR2&a&aAo
state. The authors noted that the point at which the turtles showed more erratic behavior and exhibited
possible agitatin would be expected to approximate the point at which active avoidance to air guns

would occur for unrestrained turtles.

No obvious avoidance reactions by freanging sea turtles, such as swimming away, were observed
during a multimonth seismic survey using air gun arrays, although fewer sea turtles were observed
when the seismic air guns were active than when they weaetine (Weir, 2007) Weir (2007)noted

that sea state and the time of day affected both air gun operations and sea turtle surface basking
behavior, making it difficult to draw conclusions from the data. HoweReRuiter and Doukara (2012)
noted several possible startle or avoidance reactions to a seismic air gun array in the Mediterranean by
loggerhead turtles that had been motionlessly basking at the water surface.
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Patel et al. (2028pggedleatherback sea turtles witata loggers to record video, 8nd, depth, and
locationthat were thenexposed tampulsive sounds frora seismic spagetowed behind a vess€0.25
ms burstsdrom ~300¢ 1200 Hz, and a source level of 2[R re 1 pPa at 1 )nUnderwater exposures
were between ~128.5 dB and 176.2@81l uPaThe authors modeled theffects of peak sound
pressure level obehavior metrics and found significagtfectson tortuosity (more directed travel with
increased distance from the sourcealive duration(shorter divesstarting at ~14 dBre 1 uPg and
probability of foraging63.6%reduad probability oforaging when comparing the dive ratabove and
below~141 dBre 1 uPa. Increased swim speed was found todmerelatedmore to theproximity of the
vessel rather thaif the sparker was on or off.

Based on the limitetbehavioral response data discussed abaegptile behavioral responses to
impulsive sounds could consist of temporary avoidance, increased swim speed, or changes;indepth
there may be no observable response.

5.5 PHYSIOLOGICAL RESPONSE

A stress response is a suite of physiological changes meant to help an organism mitigate the impact of a
stressor. If the magnitude and duration of the stress response is too great or too long, then it can have
negative consequencdsr the animal (e.g., decreased immune function, decreased reproduction).
Physiological stress is typically analyzed by measuring stress hormones, other biochemical markers, or
vital signs. Physiological strggsg, corticosterone glucose total white blood cell count, and
heterophil/lymphocyte ratig has been measured for sea turtles during nestidgango et al., 2022;

Flower et al., 2015; Valverde et al., 1999; VasgBealtron et al., 2021)capture and handlin¢Flower et

al., 2015; Gregory & Schmid, 2001; Usategartin et al., 2021)transport(Hunt et al., 2019; Hunt et

al., 2020) rehabilitation(Caliani et al., 2019and when caught in entanglement ngtdoopes et al.,

2000; Miguel et al., 2020; Snoddy et al., 200 trawls(Stabenau et al., 1991However, the stress

caused by acoustic exposure has not been studieddarturtles

Marine animals naturally experience stressors within their environment and as part of their life histories.
Changing weather and ocean conditions, exposure to diseases and naturally occurring toxins, lack of
prey availability, social interactions with me s of the same species, nesting, and interactions with
predators all contribute to streg#\tkinson et al., 2015Anthropogenic soungbroducing activities have

the potential to provide additional stressors beyond those that naturally off€air et al., 2014;

Meissner et al., 2015; Rolland et al., 2012)

5.6 DIRECT INJURY DUE TO SONAR

The high peak pressures close to some-irapulsive underwater sound sourcesay be injurious,
although there are no reported instances of injuryréptilescaused by these sources. Lacking any data
on nonauditory sea turtle injuries due to sonaNSISound Exposure Guidelifiechnical Report
(Popper et al., 2014)stimated the risk to sea turtles from lefwequency sonar to be low and mid
frequency sonar to be neexistent Additionally, sea turtlearapacegi.e.,shelly may protect against
non-auditory injury due to exposures to high peak pressyfspper et al., 2014)which can also be
assumed for terrapins.

Mechanisms for norauditory injury due to acoustic exposure have been hypothesized for diving breath
hold animals. Acoustically induced bubble formation, rectified diffusion, and acoustic resonance of air
cavities are considered for thesmmilarityto pathologies observed in marine mammals stranded
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coincident with sonar exposurdsit werefound to not be likely causal mechanisnasd findings are
applicable taeptiles.

Nitrogen decompression due to modifications to dive behawvioesponse to sonar exposurkas never

been observed in seaturtles. Seaturtles are thought to deal with nitrogen loads in their blood and other
tissues, caused by gas exchange from the lungs under conditions of high ambient pressure during diving,
through anatomical, behavioral, amuhysiological adaptationd.utcavage & Lutz, 1997Although diving
seaturtles experience gas supersaturation, gas embolism has only been observed in seaturtles bycaught
in fisheriesincluding loggerhead sea turtlé&arciaParraga et al., 2014as well as leatherback, green,

and olive ridley sea turtle@CrespePicazo et al., 2020Therefore, nitrogen decompression due to

changes in diving behavior response to sonar expostsis not considered a potential consequence to
divingreptiles

5.7 DIRECT INJURY DUE TO EXPLOSIVES

Data on observed injuries teptilesfrom explosions is generally limited to animals found following
explosive remwal of offshore structureéViada et al., 2008which can attracteptilesfor feeding or
shelter(Klima et al., 1988; Viada et al., 200B)vo observations of sea turtles severely wounded by
explosiveremovals of platforms have been madedead or injured turtle drifting about 10 ft. below the
surface was sighted 1.5 howafter the explosive removal of a structu¢(&itschlag & Renaud, NOAA
Technical Memorandum NMFSEF@32/1989) In addition, at the removaltd of a caissona

loggerhead with a fracture down the length of its carapace surfaced within one minute of a detonation
(National Research Council, 1998yring the removal of an oil drilling platforwith 200 Its. of
nitromethane,small sea turtles (less thatkg) were placed in cageat varying distancethe explosion
(Duronslet et al., 1986; Klima et al., 1988pme of the turtles were immediately knocked unconscious
or exhibited vasodilatiofii.e., expansion of blood vesselbut others at the same exposure distance
exhibited no effectsVasodilation was present around the throat and flippers f&\®eeks andhe
increase in blood flow helped to repair damaged cells and tiddneonsciousnesgndersa turtle more
susceptible to predation and magsult insinkingto the bottom. Althoughresting turtles can remain
submerged for hours, the effects of submergence on stunned turtles are unknfvese datalso
verified thatexplosionsouldresult in both nearand far field injuries to turtles

Incidental injuries to sea turtles due to military explosions have been documented in a few instances. In

one incident, a single 1,200 Ib. trinitrotolue(ENTunderwater charge was detonated off Panama City,

Florida in 1981. The charge was detonated at a +widter depth of 120 ft. Although details are limited,

the following were recorded: at a distance of §700 ft., a 400 Ib. sea turtle was killed; at 1,200 ft., a

200toonn fod &SI GdzNIfS SELISNASY ©308Ib.Geatusleviad noth y 2 dzNE
injured (O'Keeffe & Young, 198%) LYy I yY2UKSNJI AYOARSY(z (g2 aGAYYLIl (dzN
unspecified) were killed when 100 150 ft. away from detonation of 20 Ib. of4£in ashallowwater
environment(National Research Council, 1998)is illustrates that thékelihood and types ahjuries
fromunderwaterexplosiveslepends on the charge size, the geometry of the exposure (distance to the

charge, depth of the animal and the charge), and the size of the animal.

5.8 LONG-TERM CONSEQUENCES

Forreptiles longterm consequences to individuals and populations due to acoustic exposures have not
been studiedFor purposes of assessmeitts assumedhat long termconsequences to reptiles are
consistent with general knowledge about loteym consequence other marinespedes.
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