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Revision 2022.

CHANGE LI ST

The following lists the updates to this report since version 2025.1 published in AprilR@28.
updatesdo not change the criteria and thresholds applied in the Phase 4 analyses

EXECUTIVE SUMMARY
1 Typographical errors were fixethd additional summary information provided
Section 3 MARINE MAMMAL BEHAVIORAL RESPONSE CRITERIA

T
T
T

T
T

Section 3.1.6.1Table 17 Secieswere addedto study summary informatior382 and
SOCAL BRS). Additional citatiosese provided.

Section 3.1.8.1: Texégarding beaked whale modeiss clarified

Section 3.1.8.ZTable 2: Study summarynformationwas corrected for pilot and sperm
whales.

Section 3.1.8.3, Table 23: Study summary information was corrected for harbor seals.
Section 3.1.9.1, Figusd3 and 45 Severamissing data pointaere added.

Appendix BEHAVIORAL RESPONSES TO SONAR ANDIRDISARIRCES: ALL INDIVIDUALS
INCLUDED

1 Table EL hasbeen editedto accuratelyreflect the data used to develop marine
mammal behavioral response functioas follows:

o

o

o

o

(0]
(0]

Additional contextual data in the Response Description column for sperm and
humpback whales.

Corrections to exposure data for sperm whales, bottlenose whales, bottlenose
dolphins, and California sea lions.

Addition of a previously missing entry and removal of an inapplicable entry for
blue whales.

Addition of a previously missing entry for beaked whales.

Additional received level data for hooded seals.

Addition of a previously missing entry for harbor seals.

M Citations have been added Table EL.
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EXECUTI VE SUMMARY

The US Navy conducts acoustic effects analyses to estimate the potential effects of military readiness
activities that introduce high levels of sound or explosive energy into the marine environment. Acoustic
effects analyses begin with mathematical modglto predict the sound transmission patterns from

Navy sources. These data are then coupled with marine species distribution and abundance data to
determine the sound levels likely to be received by various marine species. Finally, received exposure
levelsare compared to acoustic impact criteria and thresholds to estimate the specific effects that
animals exposed to Naxgenerated sound may experience.

This report presentthe criteria and thresholsl applied imnalyses o&cousticand explosivémpacts on

marine manmals and sea turtlefor fourth phase othe! { b lp@giatiatic approach to

environmental compliance at sea for ranges and operating aRr&vious development of criteria and
thresholds occurred as part of Phase 2 (c. 2012) and Phase 3 {§. POTemain consistent with prior
GSNX¥YAy2f2383s GKS LINBaSyd ONARGSNRI YR GKNBaK2fRa

ES-1. MARINE MAMMAL AUDITORY WEIGHTING FUNCTIONS AND EXPOSURE
FUNCTIONS

Thissectiondescribes the rationale and steps used to define criteria and numeric thresholds for
predicting auditory effects on marine mammals exposed to-mepulsive acoustic sources (e.g., sonars

and other active acoustic sources) and impulsive sources (e.gosesqd, pile driving, and air guns).

Since the derivation of Phase 3 acoustic criteria and thresholds, new data have been obtained related to
the effects of noise on marine mammal hearing. Therefore, for Phase 4 new criteria and thresholds for
the onset of temporary hearing loss and the onset of auditory injury were developed utilizing all

relevant, available data.

Marine mammals were divided into nine groups for analysis:-i@&yfrequency cetaceans (group VLF:

right, bowhead, fin, blue whales), leWNES lj dzSy 0& OS il OSIFya 63aANRdzLI [ CY YAy
humpback, gray, pygmy right whales), higlquency cetaeans (group HF: delphinids, monodonts,

beaked whales, sperm whales), very hfgigquency cetaceans (group VHF: phocoenids, river dolphins,
pygmy/dwarf sperm whales), sirenians (group Sl: manatees and dugongs), phocid carnivores in water

and in air (group®CW and PCA, respectively: true seals), and otariids and othgrhooid marine

carnivores in water and air (groups OCW and OCA, respectively: sea lions, fur seals, walruses, sea otters,
polar bears).

For each group, a frequencependent weighting function and numeric thresholds for the onset of

temporary threshold shift (TTS) and the onset of auditory injury (AINJ) were estimated. The onset of TTS

is defined as a TTS of 6 dB measured approximat@lynih after exposure. A TTS of 40 dB is used as a

proxy for the onset of AINJ; i.e., it is assumed that exposures beyond those capable of causing 40 dB of
TTS have the potential to result in permanent threshold shift (PTS) or other auditory injury &s.0f, lo

cochlear neuron synapses, even in the absence of PTS). Exposures just sufficient to cause TTS or AINJ are
RSy2GSR a a¢¢{ 2yasSié¢ 2N a!LbW 2yasSié Skod2&dNB& P
Y2O0KAY 3¢ GKNBaK2T{ HESYOr ARG bidel levblBré assumet! @ Slwaysr&sult in TTS or
AINJ, while exposures below the TTS or AINJ onset level are assumed to not cause TTS or AINJ. For non
impulsive exposures, onset levels are specified in frequaraghted sound exposure levgEL); for

impulsive exposures, dual metrics of weighted SEL and unweighted peak sound pressure level (SPL) are
used.
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Weighting function amplitudes (Figure 1) are specified using Eq. (1). Table 1 and Table 2 summarize the

parameters necessary to calculate the weighting function amplitudes and the weighted threshold
values, respectively.

o 8 o "TQ
o "TQ o a0 P

0.1 1 10
frequency (kHz)

amplitude (dB)

0I1 T 1I0 T
frequency (kHz)

-0 A

- Parameters required to generate the functions are provided in Table 1.

Figurel. Navy Phase 4 weightinfyunctions for allspeciesgroups.
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Tablel. Summary of function parameters for use Egs. (1) and (2p generate Phase 4 weighting
functions and exposure functions, respectively.

Norrimpulse | Nonimpulse Impulse Impulse

Group 2 b E(é u Egi u #L" qu UL bw U ¢ g Ouwa
A" (dB) (dB) A"
VLF | 0.990| 5.00 | 0.168 26.6 | 0.120 177 197 168 183
LF 0.995| 5.00 | 0.376 56.2 0.130 177 197 168 183
HF 1.55 | 5.00 1.73 129 0.320 181 201 177 192
VHF | 2.23 | 5.00 5.93 186 0.910 160 180 143 158
OCW | 158 | 5.00| 253 43.8 1.37 178 198 168 183
PCW | 1.63 | 5.00| 0.810 68.3 | 0.290 175 195 168 183
SI 1.66 | 5.00 5.91 37.6 3.61 176 196 167 182
OCA | 1.35 | 5.00 1.75 325 1.18 156 176 147 162
PCA | 2.05 | 5.00| 0.739 24.4 0.830 133 153 124 139
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Table2. Summary of Phase 4 TTS/AINJ thresholds.
roup | TS resnad ND treshoi| MU TS r7Siinesnoi | ImRUe NI\
e SEL (weighted) | , PEKSPL 1 " ciohtedy |  PeaKSPL

(weighted) (weighted) (unweighted) (unweighted)
VLF 177 197 168 216 183 222
LF 177 197 168 216 183 222
HF 181 201 178 224 193 230
VHF 161 181 144 196 159 202
oaw 179 199 170 224 185 230
PCW 175 195 168 217 183 223
Sl 180 200 171 219 186 225
OCA 157 177 148 171 163 177
PCA 134 154 125 156 140 162

- SEL thresholds are in dB re 1 * 0 As underwater and dB re ¢ 110 AQin air (groups OCA and PCA only).
- Peak SPL thresholds are in dB re p* 0 Ainderwater and dB re ¢ 110 An air (groups OCA and PCA only).

To compare Phase 4 weighting functions and TTS/AINJ SEL thresholds to those used in Phase 3, both the
weighting function shape and the weighted threshold values must be considered; the weighted
thresholds by themselves only indicate the TTS/AINJ threstialee most susceptible frequency (based
on the relevant weighting function). In contrast, the TTS/AINJ exposure functions incorporate the shape
of the weighting function and the weighted threshold value and provide the best means of comparing
the frequeng-dependent TTS/AINJ thresholds for Phase 3 and 4. Exposure functions are defined using
Eq. (2).
T0

00 |
O v 0 a0 0

Tl m—
p C a0
Figure 2 and Figure 3 compare the TTS/AINJ exposure functions fonpolsive sounds (e.g., sonars)

and impulsive sounds (e.g., explosions), respectively, used in Phase 3 and Phase 4. Figure 4 and Figure 5
compare exposure functions across species gréopsorrimpulsive and impulsive exposures,

respectively. Table 3 compares the Phase 3 and 4 (unweighted) peak SPL thresholds for impulsive
sounds.

vi
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- Heavy solid lines: Navy Phase 4 TTS exposure functions (Table 1).

- Thin solid lines: Navy Phase 3 TTS exposure functions.

- Heavy dashed lines: Navy Phase 4 AINJ exposure functions (Table 1).
- Thin dashed lines: Navy Phase 3 AINJ exposure functions.

10 100

Figure2. TTS and AINJ exposure functions for sonars and other {ingpulsive) active acoustic sources.
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- Heavy solid lines: Navy Phase 4 TTS exposure functions (Table 1).

- Thin solid lines: Navy Phase 3 TTS exposure functions.

- Heavy dashed lines: Navy Phase 4 AINJ exposure functions (Table 1).
- Thin dashed lines: Navy Phase 3 AINJ exposure functions.

Figure3. TTS and AINJ exposure functions for explosives, impact pile driving, air guns, and other impulsive
sources.
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Figured4. Comparison of Navy Phase 4 TTS exposure functions for sonars and othemapaoitsive) active
acoustic sources across species groups.
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Figure5. Comparison of Navy Phase 4 TTS exposure functions for explosives, impact pile driving, air guns, and
other impulsive sources across species groups.
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Table3. Comparison of Phase 3 and Phase 4 TTS/AINJ peak SPL thresholds for explosives, impact pile
driving, air guns, and other impulsive sources.

Group TTS TTS INJ INJ
Phase 3 | Phase 4| Phase 3| Phase 4

VLF 213 216 219 222
LF 213 216 219 222
HF 224 224 230 230
VHF 196 196 202 202
ocw 226 224 232 230
PCW 212 217 218 223
Sl 220 219 226 225
OCA 170 171 176 177
PCA 155 156 161 162

- Peak SPL thresholds are in dB re p* 0 Ainderwater and dB re
¢ 10 An air (groups OCA and PCA only).

The most significant differences between the Phase 3 and Phase 4 functions and thresholds include the
following:

(1) Mysticetes were divided into two groups (VLF and LF), with the upper hearing limit for the LF group
increased from Phase 3 to match recent hearing measurements in minke whales (Houser et al., 2024).

(2) Group names were changed from Phase 3 to be consistent with Southall et ah)(Z)d&ifically,
the Phase 3 mifrequency (MF) cetacean group is now designated as theftéghency (HF) cetacean
group, and the group previously designated as Higlquency (HF) cetaceans is now the viigh
frequency (VHF) cetacean group.

(3) For the HF group, Phase 4 onset TTS/AINJ thresholds are lower compared to Phase 3 at frequencies
below 10 kHz. Thigsults fromnew TTS onset data for dolphins at low frequencies (Finneran et al.,
2023).

(4) For the PCW group, new TTS data for harbor seals (Kastelein et &b;, R@2@lein et al., 2020)
resulted in slightly lower TTS/AINJ thresholds at high frequencies compared to Phase 3.

(5) For group OCW, new TTS data for California sea lions (Kastelein et & K2@2dlein et al., 2022a;
Kastelein et al., 2022b) resulted in significantly lower TTS/AINJ thresholds compared to Phase 3.

Xi
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ES-2. MARINE MAMMAL BEHAVIORAL RESPONSE CRITERIA

Thissectiondescribes the rationale and steps used to define criteria and numeric thresholds for

predicting behavioral response thresholds for marine mammals exposed tammrisive sources (e.g.,
sonars and other active acoustic sources) and impulsive sourcese(etpsives, pile driving, and air

guns) for Phase 4. Since the derivation of Phase 3 behavioral response criteria and thresholds, new data
have been obtainedn the effects of noise on marine mammal behavior. Therefore, for Phase 4, criteria
and thresholds for behavioral response have been updated.

Marine mammals were divided into four groups for analysis: mysticetes (all baleen whales), odontocetes
(most toothed whales, dolphins, and porpoises), sensitive species (beaked whales and harbor porpoise),
and pinnipeds (true seals, sea lions, walrusea,aters, polar bears). These groups are like the groups
used in the Phase 3 behavioral response analysis, with the exception of cogti@aked whales and

harbor porpoise into a single curve.

For each group, a biphasic behavioral response function was developedhesbegt available data
and Bayesian dose response models developed at the University of St. Antihewsehavioral
response function base probability of response on the highest SPinreatrsquare (rms) received
level. The behavioral response functions are as follows:

Xii
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Figure7. Phase 4 Odontocete Biphasic Behavioral Respdrgection
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Figure9. Phase 4 Mysticete Biphasic Behavioral RespoRsaction
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- SensSp = Sensitive Species

- Odont = Odontocetes

- Pinn = Pinnipeds

- Myst = Mysticetes

- The Phase 3 beaked whale response function and the harbor porpoise step function
are plotted against the Sensitive Species curve.

Figurel0. Behavioral Response Functions frddase3 (dashed lines) and Phase 4 (solid lines).

Due to the addition of new data and the separation of some species groups, the most significant
differences between the Phase 3 and Phase 4 functions include the following:

9 Harbor porpoises and beaked whales were combined into one curve.

1 The Phase 4 sensitive species BRF is more sensitive at lower received levels but less sensitive at
higher received levels than the Phasbegked whaleBRF. Th&0 percentpoint of the behavioral
response function is 133 dBwe > with response received levels for these species ranging from
95to 43dBrem =1t |

1 The odontocete curve in Phase 4 is less sensitive than the odontocete curve from Phase 3.
Response received levels for these species ranged from 94 to 185wB rewith the 50 percent
point of the curve occurring at 168 dBvme >t | @

1 The Phase 4 pinniped-imater BRF shifted to the left because of the inclusion of additional
captive pinniped dataResponses for these species occurred at received levels ranging from 107
G2 mMyp R. NB ™M >tFz 6AGK F pn LISNDSyd t S@st

XV
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1 The mysticete curve in Phase 4 is less sensitive at higher received levels than the general
mysticete curve from Phase 3 due to the inclusion of more data at more received Evei
percentprobability level of this curve occurs at 185 dBare >whHeXSpecies responded at

>t @

received levels ranging from 105 to5l6B rem

Additionally, as in Phase 3, Phase 4 behavioral response criteria for estimating marine mammal impacts
from sonar and other active transducers include cutoff conditions (TabRhse 3 appliedistance

cut-offs for two conditions(1) moderate source level, single platform events gapmultiple platform

or high source level eventBor Phase 4he distance cufoffs are updatedbased orpbserved responses

In addition,a received level conditiois applied Significant behavioral responses assumed to be

those occurring:

1 Within the cutoff range at anyp(response)

1 Beyond the cubff range at any(response) abovp(0.5)

Table4. Phase 4 behavioral cutoff conditions for each species group.

] Phase 3 Phase 4
Behavioral Group
Cutoff Range (km) BRF p(0.5) Cutoff Range (km)
. . 25/50 (beaked whales)

Sensitive Specie 20/40 (harbor porpoises) 133 dB 40

Odontocete 10/20 168 dB 15

Mysticete 10/20 185 dB 10

Pinniped 5/10 156 dB 5

XVi

November2025




Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4)

November2025

ES-3. SEA TURTLE AUDITORY CRITERIA AND THRESHOLDS

This section describes the rationale and steps used to define criteria and numeric thresholds for
predicting auditory and behavioral effects on marine turtles exposed teimgulsive acoustic sources

(e.g., sonars and other active acoustic sources) apdlsive sources (e.g., explosives, pile driving, and

air guns). Since the derivation of Phase 3 acoustic criteria and thresholds, new data have been obtained
related to the effects of underwater noise on turtle hearing (Salas et al.,2@224). Therefoe, for

Phase 4, new criteria and thresholds for the onset of TTS and AINJ were developed utilizing the best

available datgTable 5)

Table5. Phase 3 and Phase 4 TTS and AINJ onset levels for sonainfpoisive) and explosive
(impulsive) sound sources in sea turtles.

] Phase 3 Phase 4
Source type and metric
TTS| AINJ (PTS | TTS| AINJ
Nor-impulsive onset SEL (weightéd 200 220 178 | 198
Impulsive onset SEL (weighted) 189 204 169 | 184
Impulsive onset Peak SPL 226 232 224 | 230

- For weighted SEL onsets, units are dB re p* 0 As.
- For impulsive peak SPL onsets units are dB re p' 0 A

The weighted non-impulsive thresholds by themselves only indicate the TTS/AINJ
threshold at the most susceptible frequency (the exposure function shape is shown in

Figure 11b).

Auditory injury (AINJ) was previously referred to as permanent threshold shift (PTS).

The new terminology acknowledges that auditory injury may occur without PTS.

XVii
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A new sea turtle composite audiogram was derived from existing hearing data (Figr&8aded on
the composite audiogram and TTS data from freshwater turtles, exposure functions were created for
non-impulsive noise sources (Figure 11b).
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- (a) Composite audiogram
- (b) Exposure functions for non-impulsive
- TTS (solid lines)
- AINJ (dashed lines)
- Phase 3 functions (thin gray lines)
- Phase 4 functions (thicker black lines)
Figurell. Phase 4 comparison to Phase 3 for sea turtles (ST).
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Although new data describing behavioral responses of sea turtles to noise have been published
(Kastelein et al., 2028, the SPL rms thresholds developed with NMFS for behavioral disturbance during
Phase 3 are unchanged in Phase 4. For exposures to single and multiple explosibase&EL

thresholds were developed that are consistent with the derivation of the marine mammal behavioral
response thresholds to single and multiple explosions. A description of the best available science
regarding behavioral rg@nse of sea turtles to noise is provided, along with the numeric thresholds
(Table 6).

Table6. Phase 4 bhavioral response thresholdfor sea turtles

dB SPL rms e SE.L )
Source (unweighted) (cumulative;
g weighted)
Air guns 175 -
Pile driving 175 -
Sonar ¢ E ( 175 -
Explosives - 164

- Weighted cumulative SEL thresholds in dB re p* 0 AGand
unweighted SPL rms thresholds indB re p' 0 A

- The root mean square and sound exposure level calculations
are based on the duration defined by the v Pand w v Bpoints
along the cumulative energy curve and captures w 1 ®f the
cumulative energy in the impulse.

XiX
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ES-4. EXPLOSIVE NON-AUDITORY INJURY CRITERIA

Explosives in watecaninjure or kill marine mammals and sea turtles. Injury in tnigeriacontext is
distinct from auditory injury and refers to any other physical injury due to exposure to explosive energy.

Thissectiondescribes the development of criteria and thresholds used to quantify recoverable injury

and nonrecoverable injury (presumed mortality) in mathematical modeling for the Phase 4 analyses.
The Phase 4 criteria and thresholds are consistent with thoseeabipliprior Navy analyses, although
thresholds have been revised since Phase 3. In Phase 4, the thresholds are anchored to the lowest
exposures with an effect observed in the underlying experimental data sets, rather than the means as in
Phase3. The Phase 4 approach is consistent with the lower thresholds applied in analyses preceding
Phase 3 and is taken in consideration of the unique issues and limitations of the terrestrial animal data
set used to develop these criteria.

Two metrics are used to assess injurious exposures to explosives: peak pressure and impulse. The
impulse criterion relies on two variables: the mass of an animal (M) and its depth (D) below the water
surface. The impulse is calculated over the lesserefitliration of the initial positive pressure or 20

percent of the estimated lung resonance period. Table 7 compares the Phase 3 and Phase 4 thresholds
for mortality and injury.

Table7. Comparison of Phase 3 and Phase 4 Mortality and Injury Thresholds for Explosives

EffecMetric Phase 3 Phase 4

| | 0 e 0 e
Mortality¢Impulse x 7 — g 7 — A C
ptlx p B p Tiwo p B 0A O

niurvelmoul o 7 ; o 7
njurycimpulse - 0 — A G
PP Tw TRV P o 0RO

InjurycPeak Pressurq 243 dB rep’ Pa peak 237 dB rep' Pa peak

‘O depthinmeters & .
0  animal mass in kilograms E [

XX
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pPa
pPazs
3S
AEP
AINJ
ASW
AUTEC

BRAHSS

BRF
BRS
CAS
CDF
CEE
CES
GPods
CPA

CREEM

cSEL
D

dB
DTAG
EIS

ft

FW
GAM
GAMM
GEE
Gl
GLM
HELRAS
HF
HPAS
Hz

' / whb, af

microPascal

microPascal squared seconds
Sea Mammals, Sonar, Safety
auditory evoked potential
auditory injury

anti-submarine warfare

Atlantic Underwater Test and Evaluation Center

Behavioural Response of Australian Humpback whales to
Seismic Surveys

behavioral response function

behavioral response study

continuous active sonar

cumulative truncated normal distribution function
controlled exposure experiment

controlled exposure study

cetacean and porpoise detector

closest point of approach

Centre for Research into Ecological and Environmental
Modelling

cumulative sound exposure level
depth

decibel

digital acoustic recording tag
environmental impact statement
feet

freshwater turtle

Generalized Additive Model
Generalized Additive Mixed Model
Generalized Estimating Equation
gastrointestinal

Generalized Linear Model
Helicopter LongRange Active Sonar
high frequency

High Source Level Pulsed Sonar
hertz
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kg

kHz
km

Ib

LF
LFS
M

m

MF
MFAS
MMPA
MPAS
Myst
NAEMO
NFA
NITS
NMFS
OCA
Odont
ORBS

PAM
PCA
PCW
Pinn
PMRF
Pp
PRN
psi
PTS
re

rms

s
SEAMARCO
SEL

kilogram

kilohertz

kilometer

pound

low frequency

low frequency Active Sonar

mass

meter

mid-frequency

Mid-Frequency Active Sonar
Marine Mammal Protection Act
Moderate Source Level Pulsed Sonar
mysticete

Navy Acoustic Effects Model
non-foraging active state
Noiseinduced threshold shift
National Marine Fisheries Service
otariid and other norphocid marine carnivores in air
odontocete

Off Range Beaked Whale Study
otariid and other marine carnivores in water
passive acoustic monitoring
phocid carnivores in air

phocid carnivores in water
pinniped

Pacific Missile Range Facility
peak to peak sound pressure level
pseudorandom noise

pounds per square inch
permanent threshold shift
referenced

root mean square

seconds

Sea Mammal Research Company

sound exposure level
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SenSp
SI
SOCAL
SPL
SRP
ST
SURTASS
™
T-PODS
TTS
VHF
VLF
XHPAS

sensitive species
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1 INTRODUCTION

The United States (U.S.) Department of the Navy in cooperation with Joint Lead Agencies are required to
assess the potential impacts on marine mammals and sea turtlesrfrtitary readinessctivities to
maintain compliance with a suite éderal environmental laws and regulations. These regulations
include, but are not limited to, the Marine Mammal Protection Act (MMPA), Endangered Species Act
(ESA), and the National Environmental Policy Act (NEPA). In cases where these activities srotilice
or expbsive energy into the marine environment, an acoustic effects analysis must be condinted.
effects analysis begins with mathematical modeling to predict the sound transmission patterns from
acoustic and explosiv@urces Activities that involve sonar and other transducers, air guns, pile driving,
and explosives are modeled. These data are then coupled with marine species distribution and
abundance data to determine the sound levels likely to be received by various magiciesFinally,
criteria and hresholds are applied to estimate specific effects that animals exposed to sound may
experience.

This report presents the criteria and thresholds applied in analyses of acoustic and explosive impacts on
YENRAYS YIEYYlFfa FyR aSk GdzNIfSa F2N) F2dz2NIIK LKIEF as$s
environmental compliance at sea for ranges and operatingarBrevious development of criteria and
thresholds occurred as part of Phase 2 (c. 2012) and Phase 3 (c. 2017). To remain consistent with prior

iSNX¥Ay2t238s (GKS LINBaSyd ONRGSNAI FyR (KNBak2tRa

This report is comprised of four distinct sections that describe the derivation of criteria and thresholds
used to predict specific effects. Specifically, these effects include auditory effects (see Section 2, Marine
Mammal Auditory Weighting Functions aBsposure Functions and Sectiaf,&ea Turtle Auditory
Weighting Functions and Exposure Functiphghavioral responses (see Section 3, Marine Mammal
Behavioral Response Criterand Section 2, $a Turtle Behaviorakesponsdhreshold¥ and non

audiory physiological impacts (see Section 5, ExplosiveMtitory Injury Criteria)Appendix A

provides the data used to develop marine mammal weighting functions and exposure functions,
Appendix Blescribes the methods for estimating a ld@quency cetacean audiogram, aAgpendix C
describes marine mammal temporary threshold shift §Igfr@&wth curvesAppendix Dist studies
considered but not used in the development of the behavioral criteria, Appédfigits data used to
develop the marine mammal behavioral response functigxgpendixX- listsseismicstudies considered

for impulsivebehavioralresponse, and Append &plains model development and selection for the
behavioral response functions

Research on the impacts of anthropogenic sound on marine species has increased dramatically in the
past decade. Since the methodolegfor deriving composite audiogramassociated marine mammal
auditory weighting functions, T#AANJthresholds and behavioral response functioase data driven,

any new information that becomes available has the potential to cause some amount of change for a
behavioral group ospecific hearing groums well as othehearing groupshat rely on surrogate data.

As such, th reported criteria and thresholds for marine mammals and sea turtles are anticipated to
change over time; however, it is not feasible to make changes with the publication of each new data
point. Instead, NIWC Pacific will periodically examine the beskadla science and consider the impacts
of those studies otthe criteria and thresholdsyith an anticipated revision cycle of seven yediere

may, however be special circumstances that merit evaluation of data on a more accelerated timeline
(e.g., themeasurement of mysticete hearing thresholds).

2
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2 MARINE MAMMAL AUDITORY WEIGHTING FUNCTIONS
AND EXPOSURE FUNCTIONS

2.1 INTRODUCTION

2.1.1 Overview

Thissectiondescribes the rationale and steps to define numeric thresholds for predicting auditory
effects on marine mammals exposed to active sonars, other-{mgulsive) active acoustic sources,
explosives, pile driving, air guns, and other impulsive acousticesdor Navy acoustic effects analyses.

2.1.2 Impulsive vs. Non-impulsive Noise

When analyzing the auditory effects of noise exposure, it is often helpful to broadly categorize noise as
either impulsive noise noise with high peak sound pressure, short duration, and fastirse - or non
impulsive (i.e., steadgtate) noise. Whenansidering auditory effects, sonars, other coherent active
sources, and vibratory pile driving are considered-imopulsive sources, while explosives, impact pile
driving, and air guns are treated as impulsive sources. Note that the termsnpuisive orsteadystate

do not necessarily imply long duration signals, only that the acoustic signal has sufficient duration to
overcome starting transients and reach a steatite condition.

2.1.3 Noise-Induced Threshold Shifts and Auditory Injury

Exposure to sound with sufficient duration and sound pressure level (SPL) may result in an elevated
hearing threshold (i.e., a loss of hearing sensitivity), called a+udseed threshold shift (NITS). If the
hearing threshold eventually returns to norighe NITS is called a temporary threshold shift (TTS);
otherwise, if thresholds remain elevated after some extended period of time, the remaining NITS is
called a permanent threshold shift (PTS).

A variety of terrestrial and marine mammal data sources (e.g., Finneran et al., 2007; Kastelein et al.,
2013%; Kryter et al., 196; Miller et al., 1963; Ward, 1960; Ward et al., 1958, 1959) indicate that NITSs up
to 40 to 50 dB, measured a few minutes after exposure, may be induced without PTS. Therefore, an
exposure producing an initidlT Sof 40 dB can be considered a conservative upper limit for reversibility
and any additional exposure could result in some PTS. This means that 40 dB of TTS, measured a few
minutes after exposure, can be used as a conservative estimate for the onset of PTS.

In some cases, intense noise exposures have caused auditory injury (AINJ, e.g., loss of cochlear neuron
synapses), despite thresholds eventually returning to normal; i.e., it is possible to have AINJ without a
resulting PTS (e.g., Fernandez et al., 20bbiskr, 2021; Kujawa, 2010; Kujawa & Liberman, 2006, 2009;
Ryan et al., 2016).

In these situations, however, NITSs were5DdB measured 24 h after the exposure; i.e., there is no
evidence that an exposure resulting in < 40 dB TTS measured a few minutes after exposure can produce
AINJ. Therefore, an exposure producing 40 dB ofm@&&sured a few minutes after exposure, can also

be used as an upper limit to prevent AINJ; i.e., it is assumed that exposures beyond those capable of
causing 40 dB of TTS have the potential to result in AINJ (which may or may not result in PTS).

2.1.4 Onset TTS and Onset AINJ

Navy thresholds for predicting auditory effects of sound on marine animals focus on defining thresholds
for the onset of TTS and AINJ (which includes, but is not limited to, PTS). In practice, it can be difficult to
discern a "true" threshold elevation &ft noise exposure from typical variations in thresholds over time,
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therefore aTTSof 6 dB has been historically used to distinguish-trorial amounts of TTS in marine
mammals from fluctuations in threshold measurements that typically occur across test sessions (e.qg.,
Ridgway et al., 1997; Schlundt et al., 2000; Southall et al., 28@tdhall et al., 2019aThis is similar to

the "standard threshold shift" concept applied to workplace hearing assessment (29 CFR 1910.95, 2008).
Navy acoustic impact analyses therefore consider the onset®td be 6 dB of TSneasureda few

minutes (typ. 25 min) after exposure. Navy analyses assume that exposures resulting img NITS1 R .
measured a few minutes after exposure may result in some amount of AINJ and/or residual PTS. ATTS
of 40 dB is therefore used as a proxy for the onset of AINJ.

Sound levels justapable of resulting in TTS or AINJ are referred to as "onset" levels; e.g., an exposure
just-capable of producing TTS is referred to as the 6ii3& exposure. Onset levels are treated as step
functions or "aHlor-nothing" thresholds: eposures above the TTS or AINJ onset level are assumed to

always result in TTS or AINJ, while exposures below the TTS or AINJ onset level are assumed to not cause
TTS or AINJ.

2.1.5 Auditory Weighting Functions

Animals are not equally sensitive to noise at all frequencies. To capture the freqdepegdent nature

of the effects of noise, US Navy acoustic impact analyses use auditory weighting functions. Auditory
weighting functions are mathematical functions dge emphasize frequencies where animals are more
susceptible to noise exposure and-dmphasize frequencies where animals are less susceptible. The
functions may be thought of as frequendgpendent filters that are applied to a noise exposure before
asy3f ST 6SAIKGESR az2dzyR f SOSt A&LIDAEOdA YV iFROPIMES
Fdzy OlA2y I YLI AGdZRS NBaSvyofSa Iy AYy@SNISR da! é¢ 6KSy
amplitude is approximately flat within a limited rangeToNBS |j dzSy OA Sa -0 DY RESRI iRS 4L
declines at frequencies below and above the paasd

2.1.6 Phase 4 Weighting Functions and TTS/AINJ Thresholds

Weighting function derivation for Navy Phase 3 was consistent with the National Marine Fisheries
Service Technical Guidance (National Marine Fisheries Service, 2016b, 2018; U.S. Department of the
Navy, 2017). Marine mammal species were divided into grémpanalysis. For each group, a
frequencydependent weighting function and numeric thresholds for the onset of TTS and AINJ were
derived from available data describing hearing abilities and effects of noise on marine mammal hearing.
Measured or predictedwditory threshold data, as well as measured equal latency contours, were used
to influence the weighting function shape for each group. For species groups for which TTS data were
available, the weighting function parameters were adjusted to provide thefilds the experimental

data. Extrapolation methods were then used to derive parameters for the groups for which TTS data did
not exist.

Since the derivation of Phase 3 acoustic criteria and thresholds, new data have been obtained regarding
marine mammal hearing and the effects of noise on marine mammal hearing (e.g., see Tougaard et al.,
2022). As a result, new weighting functions and AI%J thresholds have been developed for Phase 4.
Derivation of the new criteria and thresholds followed the same general approach utilized in Phase 3;
however, some changes were made to accommodate new data, simplify the methodology, and align
methods withrecommendations from Southall et §2019a).

2.1.7 Use of Mean and Median

At various steps during weighting function derivation, the central tendency of a dataset is needed. Since
the underlying data are often limited, it can be difficult to identify whether the mean (average) value or
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median (50th percentile) value is the most appropriate estimate for the central tendency. Therefore, by
convention, Phase 4 analyses utilize the mean value, unless there is evidence that the distribution of the
underlying data is skewed (i.e., not normaligtributed) or outliers exist. In these situations, the use of

the median is specifically noted.

2.2 WEIGHTING FUNCTIONS AND EXPOSURE FUNCTIONS

As in Phase 3, the Phase 4 auditory weighting function shapes are based on a genepiadsafilter
defined by the equation
, . o TQ
w'Q o | — — o
P ¢ p JQ p TQ

wherew "Q is the weighting function amplitude (in Bt the frequencyQin kH3. During
implementation, the weighting function defined by Eq. (3) is used in conjunction with weighted
thresholds for TTS and AINJ for Aotpulsive and impulsive exposures, expressed in units of sound
exposure level (SEL).

For developing and visualizing the effects of the various weighting functions, it is helpful to invert Eq. (3),
yielding
Lo TQ
0oQ v 11 — p— T
P ¢ p TJQ p dQ

where’O "Q is the acoustic exposure level as a function of frequéfitire parametersQROT) ando

are identical to those in Eq. (3), adds a constant. The function described by By h@s a "shape”

similar to an audiogram or equal loudness/latency contour (Fig@r@ndl3, right panels)u is defined

to set the minimum value d® "Q to match the weighted threshold for the onset of TTS or AINJ, for non
impulsive or impulsive exposures. Equatidhtberefore describes how the exposure level necessary to
cause TTS or AINJ varies with frequency. The function defined Y Bgherefore referred to as an
exposure function, since the curve defines the acoustic exposure that equates to onset TTS or AINJ as a
function of frequency. There are four exposure functions (and thus four separate valuesftoreach

species group: neimpulsive exposure TTS and AINJ, and impulsive exposure TTS and AINJ.

The shapes of the Weightingjunctidﬁq. J and exposure functiofEq.4) are defined by the
parametersd i) RORORY and®(Figurel2 and Figurd.3):

C weighting function gairfdB). The value dfdefines the vertical position of the weighting
function. Changing the value @ishifts the function up/down. The value @Gfs often chosen
to set the maximum amplitude &/ to 0 dB (i.e., the value @does not necessarily equal
the peak amplitude of the curve).

K exposure function gaifdB). The value dfdefines the vertical position of the exposure
function. Changing the value Kishifts the function up/down. The value Kis chosen to
set the minimum amplitude dEto match the weighted threshold value. For each species
group, separate values &will exist for TTgrg and injury Kan) for nonimpulsive and
impulsive sounds.

f1 low-frequency cutoftkHz). The value &f defines the lower limit of the filter padsand; i.e.,
GKS t26SNJ FNBljdzsSyoe i 6KAOK (KS ¢SAaAKGAY3
2FTF¢ FTNRY GKS FtFdzX OSYy (NIt LiIfNEpangsontBer (1 KS

F
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f2

value ofa. Decreasind: will enlarge the pasband of the function (the flat, central portion
of the curve).

high-frequency cutoftkHz). The value ¢ defines the upper limit of the filter padsand;
i.e., the upper frequency at which the weighting function amplitude begins tefbffom
the flat, central portion of the curve. The amplitudefatiepends on the value df
Increasind» will enlarge the pasband of the function.

low-frequency exponer{tlimensionless). The value atlefines the rate at which the
weighting function amplitude declines with frequency at the lower frequencies. As
frequency decreases, the change in weighting function amplitude becomes linear with the
logarithm of frequency, with a slope of 2dB/decade. Larger values afesult in lower
weighting function amplitudes di and steeper rolbffs at frequencies belowy.

high-frequency exponer({dimensionless). The value lotiefines the rate at which the
weighting function amplitude declines with frequency at the upper frequencies. As
frequency increases, the change in weighting function amplitude becomes linear with the
logarithm of frequency, with a slope 6t0b dB/decade. Larger values lofesult in lower
weighting function amplitudes dt and steeper rolbffs at frequencies above.

weighting function exposure function

amplitude (dB)

frequency

- The parameters f; and f, specify the extent of the filter pass-band, while the exponents
a and b control the rate of amplitude change below f; and above f,, respectively.

- As the frequency decreases below f; or above f,, the amplitude approaches linear-log
behavior with a slope magnitude of 20a or 20b dB/decade, respectively.

- The constants C and K determine the vertical positions of the curves.

Figurel2. Examples of (left) weighting function amplitude described lgg. 8) and (right) exposure function

amplitude described byEq. @).
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weighting function exposure function

f

amplitude (dB)

frequency

- The arrows indicate the direction of change when the designated parameter is increased.

Figurel3. Influence of parameter values on the resulting shapes of the weighting and exposure functions.
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2.3 METHODOLOGY TO DERIVE FUNCTION PARAMETERS

Weighting and exposure functions are defined by selecting appropriate valug&faiOROhy andcin

Egs. 8) and #@). Ideally, parameters for each group would be selected as those values resulting in the
"bestfit" of Eqg. @) to experimental data describing the onset of TTS/AINJ over a range of exposure
frequencies, species, and individual subjects within that grOapa for the frequencylependency of

TTS in marine mammals existwever they are limited at present, and there are no data showing
frequency dependency of AINJ in marine mammals. Therefore, in addition to TTS data, weighting and
exposure functiorderivations also utilized auditory threshold measurements (audiograms), equal
latency contours, and anatomical predictions of sensitivity.

For Phase 4, marine mammal species were divided into nine groups based on auditory, ecological, and
phylogenetic relationships among species and the medium (air or water) in which they could be
exposed. For each group, exposure/weighting functions andhteigthresholds were derived for

impulsive and nofimpulsive exposures. For the species groups containing sufficient data, TTS exposure
functions were directly fit to the TTS data. The relationships between the exposure functions and
audiogram shapes fohese groups were then used as a basis for extrapolation to the other groups. This
extrapolation relied on an assumption that TTS exposure functions would resemble the audiogram, but
would show less change with frequency compared to audiograms.

Table8 lists the steps for function parameter derivation in Phase 4 and compares thémdeused in
Phase 3.




Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

Table8. Steps used to define weighting and exposure function parameters for Phase 3 and Phase 4.

Step Phase 3 Phase 4
1 | Marine mammal species were divided into groups.
2 | For each group, a representative, composite audiogram was estimated.
3 The exponentdwas defined as the smaller of the low frequency slope from the audiogram
and equal latency contour.
4 | The exponentwas set equal to two. The exponentowas set equal to five.
For groups with sufficient onset TTS dédalphinids,
porpoises, otariids in water, arghocids in water), the
parametersORQ, andV were adjusted to fit Eq4) to
"Qand"Qwere defined as thérequencies the non |mpuls!ve TTS or}set data}. If the resulting
. . exposure function bandwidth, defined as 10 aliove
where compositeaudiogram thresholds were o .
" the minimum TTS onset value, did noeet or exceed
3 ¥dB above the lowest thresholdzor groups . . N
. - . that of the compositeaudiogram, Qwas decreased
with sufficient onset TT&ata, the optimum N
o S and/or "Qincreasedas necessary to ensure that the
value of3"Ywasfound by adjusting-"Yto best 10-dB bandwidthcriterion was met
5 | fit Eg. (4) tothe nonimpulsive TTS onseata. ’
Trholi v:lue 08"Ywas used for theemaining For the remaining group&and™Qwere definedso
groups. the differences between the audiogratihresholds at
The parametet) was then adjusted tdit Eq. Qand (_2and the m|n|mumhr§shold ¢ Ya?d3~ \
. . respectively) matchethe median value of"Y and
(4) to available or estimated TS onset data. ” - .
mean value o8Y for the delphinids, porpoises,
otariids in waterand phocids in water in water. The
parameter0 was then adjusted to fit Eq4)to
available orestimatedTTSonset data.
6 | The nonimpulsive, weighted TTS threshold was defined as the minimum of thexpbSure function.
7 | The parameted was defined to set the peak amplitude of the weighting function to zero.
8 The nonimpulsive, weighted AINJ threshold was found by adding a constant (0wiB)o the
weighted TTS thresholds.
For groups with impulse TTS onset data, weighted SEL and peak SPL TTS thresxpldsifes and
other impulsive sources were obtained from the available impulse TTSWaighted SEL and peak SH
AINJ thresholds were estimated from the onset TTS threshBlatsother groups, the weighted SEL
9 | thresholds were estimated using the relationshigtween the steadystate TTS weighted threshold anc
the impulse TTS weighted threshdtit the groups with data. Peak SPL thresholds were estimated us
the relationshipbetween hearing thresholds and the impulse TTS peak SPL thresholds for the grou
with data.
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2.4 MARINE MAMMAL SPECIES GROUPS

Marine mammals were divided into nine groups (T&@)lewith the same weighting function and
TTS/AINJ thresholds used for all species within a group. Species were grouped by considering their
known or suspected audible frequency range, auditory sensitivity, ear anatomy, and acoustic ecology
(i.e., how they ge sound), as has been done previously (e.g., Finneran & Jenkins, 2012; Ketten, 2000;
National Marine Fisheries Service, 2018; Southall et al., 2007a; Southall et al., 2019a). In Navy Phase 3
analyses, lhmysticetes were placed in a single hearing group, designatedffemency (LF)

cetaceans However, recent hearing measurements in minke whales (Houser et al., 2024) support
separating mysticetes into two hearing groups, designated as -learjrequency (VLF) cetaceans" and
"low-frequency (LF) cetaceah$plitting the mysticetes in such a way, and the categorization of the
various species into the two groups (Tablé,B\ppendix B follows the recommendations of Southall et
al. (2019a).

2.4.1 Very-Low-Frequency Cetaceans (Group VLF)

The VLF cetacean group contains the larger mysticetes (baleen whales): blue, fin, right, and bowhead
whales. Although there have been no direct measurements of hearing sensitivity in these larger
mysticetes, an audible frequency range of approximately 2@H0 kHz has been estimated from
measured vocalization frequencies, observed reactions to playback of sounds, and anatomical analyses
of the auditory system.

2.4.2 Low-Frequency Cetaceans (Group LF)

The LF cetacean group contains the mysticgtecies not included in the VLF group (e.g., minke,
humpback, gray, pygmy right whales). The upper frequency limit of hearing has been estimated in a
minke whale from direct measurements of auditory evoked potentials (AEPs) (Houser et al., 2024).

2.4.3 High Frequency Cetaceans (Group HF)

The HF cetacean group contains most delphinid species (e.g., bottlenose dolphin, common dolphin, killer
whale, pilot whale), monodonts (belugas, narwhals), beaked whales, and sperm whales (but not pygmy
and dwarf sperm whales of the genus Kogia, whichra@ed as very high frequency species). Hearing
sensitivity has been directly measured for several species within this group using psychophysical
(behavioral) or AEP measurements.

2.4.4 Very High Frequency Cetaceans (Group VHF)

The VHF cetacean group contains the porpoises, river dolphins, pygmy/dwarf sperm whales,
Cephalorhynchus species, and some Lagenorhynchus species. Hearing sensitivity has been measured for
several species within this group using behavioral or AEP measutrenvHF cetaceans generally

possess a higher uppétequency limit and better sensitivity at higher frequendiean HF cetacean

species.

2.4.5 Sirenians (Group Sl)

The sirenian group contains manatees and dugongs. Behavioral and AEP threshold measurements for
manatees have revealed lower uppeuntoff frequencies and lower sensitivities (higher thresholds)
compared to the HF cetaceans.
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2.4.6 Phocid Carnivores (Groups PCA, PCW)

This group contains all earless seals or "true seals," including all Arctic and Antarctic ice seals, harbor or
common seals, gray seals and inland seals, elephant seals, and monk seals. Since these animals are
amphibious, weighting functions and TTS/AlIN&s$holds are included for airborne (group PCA) and
underwater exposure (group PCW). Aerial and underwater hearing thresholds exist for some Northern
Hemisphere species in this group. There is emerging evidence suggesting that a natural division may
existwithin the family Phocidae, with species within the subfamily Monachinae having lower hearing
sensitivity and less susceptibility to noise compared to the subfamily Phocinae (Kastak et al., 2005; Sills
et al., 2021); however, data exist from only singldividuals from two Monachid species and there is
insufficient knowledge to justify separation into two groups at this time.

2.4.7 Otariids and Other Non -Phocid Marine Carnivores (Groups OCA, OCW)

This group contains all eared seals (fur seals and sea lions), walruses (Odobenidae), sea otters
(Mustelidae), and polar bears (Ursidae). The division of marine carnivores by placing phocids in one
group and all others into a second group was made aftesictering auditory anatomy and measured
audiograms for the various species and noting the similarities between thghocid audiograms (see
FigureA-1, Appendix A). Aerial and underwater hearing thresholds exist for some Northern Hemisphere
species in tts group. Separate weighting functions and TTS/AINJ thresholds are included for airborne
(group OCA) and underwater exposure (group OCW).

10
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Table9. Marine mammal species group designations for Navy Phase 4 auditory weighting functions.

Code Name Members
VLE Very low frequency | Balaenidae (right and bowhead whaleSubalaenapp.,Balaena
cetaceans BalaenopteridaeBalaenoptera physalugin whale),B. musculugblue whale)
BalaenopteridaeBalaenoptera acutorostratécommon minke whaleB.
bonaerensigAntarctic minke whaleB. boreali{sei whale)B. eden{Bryde's
LE Low frequency whale),B. omuraiOmura's whale)B. ricei(Rice's whale)ylegaptera
cetaceans novaeangliaghumpback whale)
Eschrichtiidae (gray whalé}schrichtius
Neobalenidae (pygmy right whal€}aperea
Physeteridae (sperm whaldyhyseter
Ziphiidae (beaked whalesBerardiusspp.,Hyperoodorspp.,Indopacetus
Mesoplodorspp., TasmacetusZiphius
High frequency Delphinidae (killer whale, meldmeaded whale, false/pygmy killer whale,
HF . . . . . .
cetaceans pilot whales, some dolphin specie§)rcinus DelphinusFeresaGlobicephala
spp.,GrampusLagenodelphid.agenorhynchus acutyis. albirostrisL.
obliquidensL.obscurusLissodelphispp.,Orcaellaspp.,Peponocephala
PseudorcaSotaliaspp.,Sousaspp.,Stenellaspp.,Steng Tursiopsspp.
Delphinidae (some dolphin specie€ephalorhynchuspp.;
Lagenorhynchus crucigdr. austrailis
Very high frequency Pr_l_ocoenidae (por_poisesl‘)teqphgcaenapp.,Phocoena;pp.,Phocoenoides
VHF cetaceans Iniidae (Amazon river dolphinhia
Kogiidae(Pygmy/dwarf sperm whal&ogia
Lipotidae (Baiji)Lipotes
Pontoporiidae (La Plata dolphijontoporia
S| Sirenians Trichechidae (manatees)richechuspp.
Dugongidae (dugongdpugong
Otariids and other
OGN non-phocid marine Odobenidae (walrus@dobenus
carnivores (water) Otariidae (fur seals and sea lion8)ctocephaluspp.,Callorhinus
EumetopiasNeophocaOtaria, PhocarctosZalophusspp.
Otariids and other Mustelidae (sea/marine otterEnhydraLontra feline
OCA . . . } "
non-phocid marine Ursidae (polar bear)Jrsus maritimus
carnivores (air)
PCW | Phocids (water) Phocidae (true sealsystophoraErignathusHalichoerusHistriophoca
Hydrurga Leptonychotes_obodonMiroungaspp.,Monachus
PCA | Phocids (air) NeomonachusOmmatophocaPagophilusPhocaspp.,Pusaspp.

11
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2.5 COMPOSITE AUDIOGRAMS

Composite audiograms for each species group were determined by searching the available literature for
threshold data for the species of interest. For each group, all available AEP and psychophysical
(behavioral) threshold data were initially examined. EBoicke the composite audiograms, the following

rules were applied:

1. For all marine mammal groups excépfLF cetaceans, only behavioral (i.e., no AEP) data were
used. Mammalian AEP thresholds are typically elevated from behavioral thresholds in a
frequencydependent manner, with increasing discrepancy between AEP and behavioral
thresholds at the lower frequeles where there is a loss of phase synchrony in the neurological
responses and a concomitant increase in measured AEP thresholds. The freqepangent
relationship between the AEP and behavioral data is problenf@tidefining the audiogram slope
at low frequencies since the AEP data will systematically overestimate thresholdbersdore,
overestimate the lowfrequency slope of the audiogram.

For(VLF cetaceans, for which no behavioral or AEP threshold data exist, hearing thresholds were
estimated by synthesizing predictions from suprathreshold AEP measurements, anatomical
measurements and mathematical models of hearing, and animal vocalizatiorefreigs (see
AppendixB).

2. Data from an individual animal were included only once at a particular frequency. If data from the
same individual were available from multiple studies, typically the earlier published data were
used, when the individual was younger and less likely tdbibdgerelated hearing loss. In some
cases, data judged to be more representative or of higher quality were used, or data at
overlapping frequencies were averaged. These cases are nofgzbendix ATable Al and Table
A2.

3. Individuals with obvious higfrequency hearing loss for their species or aberrant audiograms
(e.g., obvious notches or thresholds known to be elevated for that species due to auditory
masking or hearing loss) were excluded.

Table Al (Appendix A) lists the individual audiogram data ultimately used to construct the composite
audiograms (for all species groups except the LF cetaceans). TallilgsAthe data that were excluded,
along with the rationale for exclusion.

In contrast to Phase 3, where composite audiograms were derived using the original (absolute)
threshold values and normalized threshold values, composite audiograms are only derived in Phase 4
using the actual threshold data (not normalized). Normalizedi@grams are excluded in Phase 4 to
simplify the analysis and to avoid inherent problems in normalizing datasets that do not contain the
frequency region of best sensitivity.

Combining individual datasets requires a common set of frequency values. Therefore, frequency values
for each individual were replaced with frequencies spacetf B2-octave intervals, encompassing the

range of frequencies present in the original data. Threshold values dii2eoctave frequencies were
obtained by lineatog interpolation (linear thresholds, logarithmic frequencies) between sequential data
points.Figure 14 shows an example of the interpolation process.

12
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Figurel4. Interpolation processused tocreate a common set of frequency values

To ensure common frequencies across studies, threshold data for each study were interpolated onto a
grid of frequencies, logarithmically spaced at I:d@ave intervals.

From these data, the median threshold value was calculated at each frequency and fit by the function

~va Y 81 O Q

0 — — v
“P m o

where"Y"Q is the threshold at frequenc) and”YROROR, andd are fitting parameters. The median
value was used to reduce the influence of outliers. The particular form obEgaé chosen to provide
linearlog rolloff with variable slope at low frequencies and a steep rise at high frequencies. Equation
(5) was fit to the median threshold data using ttarvefit function in the optimize module of the
Python package SciPy (Virtanen et al., 2020).

For Phase 4, composite audiograms were derived using the median value of the individual threshold
data (as in Phase 3). From a statistical perspective, it would be bettenfasmpute the median
threshold for each specieandthen compute the overall median value for each group from the species'
medians. This would prevent a species from being-ogpresented in the final median value. In

practice, however, this approach is more sensitive to the quality of individual audisgespecially

when the number of species is small. This is illustrated in Fige2ewhich compares composite
audiograms derived using the two methods.

The resulting fitting parameters and goodness of fit valisdre provided in Tabledl Because of the
large number and possible high dependency of fitting parameters, in some, tasapecific fitting
parameter values may not make physical sense (e.g., HF §reu@910 kHy the important point is

how well the resulting curve fits the median threshold data. Equatipnv@s also used to describe the
shape of the estimated audiogram for the LF cetaceans, with the parameter values chosen to provide
reasonable thresholds based on the limited available data regarding mysticete hesafgppendixB

for details).

Figurel5 shows the threshold data and composite audiograms based on the fitted curve for each
species group. The composite audiograms for each species group are compared to each other in Figure
16, and the Phase 3 audiograms in Figlire
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From the composite audiograms, the frequencytaf lowest threshold v, and the slope at the lower
frequencies (over a-8ctave span), were calculated (Tableahd Tablell).

Table10. Composite audiogram parameter values for use in Eg). (

Group| 4", E(i ¥ EO( ol © | ® | EO( q"A --Te;hrgs,h
VLF | 54.2 | 0.412 3.73 | 20.0| 1.79 - 2.82 56

LF 54.2 | 0.880 7.97 20.0| 1.79 - 5.96 56

HF -38.9 | 9910 105 | 33.5| 1.66 | 0.979| 38.5 51
VHF | 48.2 | 4.95 132 46.8| 245 | 0.994 | 117 49
OCW | 990 | 74.0 0.170 | 33.3| 0.786| 0.938| 6.17 64
PCW | 55.1 | 0.391 856 |48.4| 1.79 | 0.954| 6.67 57

Si -13.7 | 1680 7.87 33.1| 2.52 | 0.996| 15.6 59
OCA | 6,90 | 1.04 8.86 | 63.7| 2.78 | 0.990| 9.00 11
PCA | -36.2| 2.38 | 0.0188| 52.6| 0.581 | 0.976| 2.73 -3.8

For all groups except VLF and LF cetaceans, values represent tfi¢ ie@stmeters from fitting Eq5)
to median values derived from experimental threshold data. For the VLF and LF cetaced)s, Eq. (
parameter valuesvere estimated as described in AppenBixThe parameteF is the frequency
corresponding to the minimum threshold (Min Thresh). Min Thresh has units of dB refdr |
underwater groups and dB e 1 fottin-air groups (OCA and PCA only).

Appendix Aists the individual audiograms used to derive the composite functions. Derivation of the VLF
and LF cetacean curves is described in Appendix B.
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- Thin lines represent the threshold data from individual animals.
- Thick lines represent Phase 4 composite audiograms.
- Thresholds are expressed in dB re p* 0 Aor underwater data and dB re ¢ 1t 0 for in-

air data (groups OCA and PCA only).

Figurel5. Thresholds and composite audiograms for the marine mammal species groups.
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- Thresholds are expressed in dB re p* 0 Aor underwater data and dB re ¢ 110 Aor in-

air data (groups OCA and PCA only).

Figurel6. Comparison of Phase 3 and Phase 4 composite audiograms.
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The thin (gray) lines in the upper panel represent ambient noise spectral density levels
(referenced to the left ordinate, but in dB re p* 0 AHz corresponding to the limits of
prevailing noise (upper and lower traces) and various sea-state conditions, from 0.5 to
6 (National Research Council (NRC), 2003).

Figurel7. Composite audiograms for the various species groups underwater (upper) ararifiower).
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Tablel1. Frequency of best hearind) and the magnitude of the lowfrequency slope derived from composite
audiograms (Aud. slope) and equal latency contours (Eq. lat. slope).

Group EO( 0 Axdyzlcg)e'& i(I](.)[IJZL
ATA A A
VLF 2.82 20 -
LF 5.96 20 -
HF 38.5 34 31
VHF 117 45 50
OCW | 6.17 32 -
PCW | 6.67 33 -
Si 15.6 33 -
OCA | 9.00 55 27
PCA | 2.73 45 41

- Audiogram slopes were calculated across a frequency range of 3 octaves beginning
with the lowest frequency present for each group.

- Equal latency slopes were calculated from the available equal latency contour data
(Mulsow et al., 2015; Reichmuth, 2013; Wensveen et al., 2014).

2.6 TTS DATA REVIEW

2.6.1 Non-Impulsive (Steady -State) Exposures i TTS Onset

Figure B shows the norimpulsive TTS data available for each marine mammal group. The symbol style
indicates the amount of TTS produced by that combination of exposure frequency and SEL: open
symbols,TTS < 6 dBijled symbolsTTSk6 dB;transparency indicates the relative amount of TTS (less
transparent means larger TTS).
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- Open symbols indicate combinations of exposure frequency and SEL that resulted in
@A "of mean TTS.

- Filled symbols indicate combinations of exposure frequency and SEL that resulted in
@A "of mean TTS.

- The transparency of each symbol indicates the relative amount of TTS; i.e., less
transparent symbols indicate more TTS. Units for TTS onsetare dBre p* 0 % in
water (groups HF, VHF, PCW, OCW) and re ¢ 110 s in air (groups OCA, PCA).

Figurel8. Summary of available TTS data for eatlarine mammal group.

The most critical datéor weightingandexposure function derivatioare TTS onset exposure levels as a
function of exposure frequencyfor species groups with sufficient data, the parameters in £care

adjusted so the exposure function matches these TTS onset data. TTS onset values are estimated from
published literature by examining TTS as a function of SEL for various frequencies. As in Phase 3, only
TTS data from psychophysical (behavioral) imgatests were used).S Department of the Navy, 2017;
National Marine Fisheries Service, 2016a, 2018; Southall et al., 2019a).
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To determine TTS onset for each subject, the amount of TTS observed after exposures with different
SPLs and durations (Figur® were combined to create a single TTS growth curve as a function of SEL.
The use of (cumulative) SEL is a simplifying assumption to accommodate sounds of various SPLs,
durations, and duty cycles. This is referred to as an "equal energy" approach, dirise&ated to the
energy of the sound and this approach assumes exposures with equal SEL result in equal effects,
regardless bthe duration or duty cycle of the sound. It is wietlown that the equal energy rule may
over-estimate the effects of intermittent noise, since the quiet periods between noise exposures will
allow some recovery of hearing compared to noise that is cootisly present with the same total SEL
(Ward, 1997). For continuous exposures with the same SEL but different durations, the exposure with
the longer duration has often produced more TTS (e.g., Finneran et alg;20d€tak et al., 2007;

Mooney et al., 209b). Despite these limitations, the equal energy rule is still a useful concept because it
includes the effects of both noise amplitude and duration when predicting auditory effects. SEL is a
simple metric, allows the effects of multiple noise sources teadm®bined in a meaningful way, has
physical significance, and is correlated with most TTS growth data reasonablymssime cases even
across relatively large ranges of exposure duration (see Finneran, 2015).

Marine mammal TTS studies have shown that TTS generally increases with SEL in an accelerating
fashion: At low exposure SELs, the amount of TTS is small and the growth curves have shallow slopes. At
higher SELs, the growth curves generally become steegkapproach linear relationships with the

noise SEL. Accordingly, most TTS growth data were fit with the function

o0 alicp pm 7 ®

whereois the amount of TT$,is the SEL, anil andda are fitting parameters. This particular
function has an increasing slope whign & and approaches a linear relationship for & (Maslen,
1981). The linear portion of the curve has a slopé ofp Tand anwintercept ofa . Fitting was
accomplished using the curve_fit function in the optimize module ofRAfthon package SciPy (Virtanen
et al., 2020).

Some TTS data do not fit the accelerating growth predicted by6Edput instead show some growth
followed by a plateau, where further increases in SEL do not result in increasing TTS (referred to as
asymptotic threshold shift). These datasets were visually identified and fit instead with the function

o Y

o0 _— X

p pm

whereois the amount of ¥ 8 is the SEL, aritYh), andd are fitting parameters. This function has a
value of zero wheo L 0 , then increases and asymptotically approachésvhen0 0 . Fitting was
done with the curve fit function in the optimize module of tRgthon package SciPy (Virtanen et al.,
2020).

After fitting Eq. ) or (/) to the TTS growth data, the SEL necessary to induce 6 dB of TTS was
determined. Extrapolation was not performed when estimating TSS onset; this means only data sets
with exposures producing TTS both above and below 6 dB were used to estimate TTSgnse€lF

to Figure & (AppendixC) show all behavioral TTS data to which growth curves defined bg)kr. ({)

could be fit. The TTS onset exposure values, growth rates, and references to these data are provided in
Table Clto Table &. The resulting TTS onset SELs as functions of frequency are summarized in Figure
19, with the Phase 3 composite audiograms and exposure functions for compdtigare 20 also

shows additional data not used for TTS onset determination, either because the data were from AEP
measurements, or all TTSs wer® dB (thus TTS onset could not be determined).
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Figurel9. SELs corresponding to TTS onset for each marine mammal species group, obtained from TTS growth
functions (see Appendix C).
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functions (Appendix C)
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- Dashed line: Phase 3 composite audiogram.
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Figure20. SELs corresponding fBr'Sk6 dBfor each marine mammal species group.

22

November2025



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

For fitting the exposure function parameters in Et), the data shown in Figu were reduced to a

single value at each frequency for each group (otherwise, some frequencies would exert more influence
on the fitting process than othersyhis was accomplished by first identifyimgltiple data for the same

animal at a single exposure frequency. This typically occurred when hearing was tested at multiple
frequencies after an exposure, or exposures with different duty cycles were utilized. In thesenbst®

single, lowest onset TS exposure level was utilized (the others were excluded from further analysis).
Similarly, TTS onset data obtained from pegbosure testing at extended time periods (e.g., >5 min-post
exposure) were eliminated from furtih@nalysis. The mean SEL for TTS onset was then computed at each
frequency for which more than one data point existedyure21 shows the resulting mean onset TTS SELs
versus exposure frequency for each group.

Finally, some mean TTS onset data points for groups VHF and PCW (represented with an open circle in
Figure 4) were excluded from the fitting process. This was done as a precautionary measure, where

new data indicate higher TTS onset values than those predicted by Phase 3, but uncertainties in the data
suggest that some caution should be exercised:

For VHF, new data suggest substantially higher onset TTS SELs at frequencies above ~10
kHz compared to the Phase 3 predictions, with high variability in the TTS onset data for
harbor porpoises at 63 kHz (~40 dB difference in TTS onset for the two pojpoises
Furthermore, the harbor porpoise behavioral TTS onset SELSs are significantly higher

than SELSs resulting in large amounts (e.g;4831B) of AEP TTS in Yangtze finless
porpoise(see Figurd9). Although some differences in AEP/behavioral TTS data are
expected, these large differences indicate that caution is warranted in adopting the
high-frequency behavioral TTS data at the present time. For this reason, the VHS
behavioral TTS onset data at frequencies > 10 kHz were not used during the exposure
functionfitting process.

For PCW, new data below 2.5 kHz show significantly higher TTS onset compared to the
Phase 3 predictions. It is surprising that the harbor seal TTS onset datakdiZare

~10 dB higher than that of dolphins, given the better hearing sensitivity for aeals

lower frequencies. The slope of the TTS data at low frequencies is also substantially
higher than the audiogram slope (47 vs 33 dB/dec); this is also unexpected: the
increased spread of excitation within the cochlea at the high sound levels associated
with TTS would be expected to make the TTS slope shallower than the audiogram slope,
not steeper. There are also uncertainties regarding the effective exposure level for the
aSlrtaz aAyoS (GKS FyAYrfa awLlsSyd | daingyAFAOFYyd |
the noise exposures, suggesting the animals may have behaviorally mitigated the
exposure. Given these concerns and the limited nature of the data at present, harbor
seal TTS onset data below 2.5 kHz were excluded from the Phase 4 fitting process.

For PCA, substantially higher TTS onset was observed in the N. elephant seal compared to the harbor
seal. These data fit emerging evidence suggesting that Monachinae have lower hearing sensitivity and
less susceptibility to noise compared to Phocinae,thnd TTS onset for Monachinae would be too high
for Phocinae. Therefore, the N. elephant seal data were excluded from the Phase 4 fitting process.

Note that even though these data are not directly used in the fitting process, they are still considered in
evaluating the final exposure function (i.e., there is no question that TTS occurred, so the mean TTS
onset SELs should be above the resulting exofunction). As additional data become available, the
decision whether to include these data will beassessed. Future studies may increase confidence in
these data and thus warrant their direct inclusion in the fitting process.
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- Open symbols indicate mean onset TTS data that were not used during the fitting

process.

- The dotted line shows the Phase 3 exposure function.

Figure21l. Mean TTS onset SELs for each species group as a function of exposure frequency.
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2.6.2 Non-Impulsive (Steady -State) Exposures 1 AINJ Onset

There has been one documented occurrence of PTS in a marine mammal after an intense noise

exposure: Reichmuth et al. (2019) reported a PTS of 8 dB at 5.8 kHz in a harbor seal after exposure to a
neém 11T G2yS 6AGK 0 dzy ¢ BATHHKNtA RO(1 rhirdpstpdstire) wgsp57R. NB ™
dB.Although these data are not suitable for directly deriving AINJ thresholds, they provide an

opportunity to compare the resulting AINJ threshold value to actual PTS data.

Beyond Reichmuth et al.(2019), there are no direct data relating auditory injury to noise exposure in
marine mammals, thus exposures producing 40 dB TTS were used as a proxy to estimate onset AINJ.
Since few marine mammal TTS studies have resulted in 40 TBS, TTS growth curves were
extrapolated to determine the SEL required for a TTS of 40 dB. To avoidsbveating AINJ onset by
using growth curves based on small amounts of TTS, where the growth rates are shallower than at
higher amounts of TTS, eapolation was only performed if the measured TTS exceeded 20 dB. From
these growth curves, the SEL difference between TTS ong& @ S) and estimated AINJ onsetdB0
TTS) was calculatégee Figure @ to Figure &, Table €l to Table &).

2.6.3 Impulsive Exposures

Marine mammal TTS data from impulsive sources are limited to four studies with measured TTS of 6 dB
or more (Tablel2):

Finneran et al. (2002) reported behaviorally measured TTSs of 6 and 7 dB in a beluga
exposed to single impulses from a seismic water gun (unweighted SEL =186 dB re 1
>t LISF]T {t[ T wun R. NB ™M >tl 0o

Lucke et al. (2009) reported Adateasured TTS of 7 to 20 dB in a harbor porpoise

exposed to single impulses from a seismic air gun (unweighted SEL6866HB re 1

>t LISEH] {t[ 2F mpp R. NBE ™M >ttt od b20S GKFG
based on AEP measurements; however, they are used here because of the limited

nature of the impulse TTS data for marine mammals and the likelihood that the VHF

cetaceans are ore susceptible than the HF cetaceans (i.e., use of the HF cetacean value

is not approprate). Based on the limited data, it is reasonable to assume that the

exposures described by Lucke et al. (2009), which producedn&B&ured TTS of up to

20 dB, would have resulted in a behavioral TTS of at least 6 dB.

Sills et al. (2026) reported TTS of 6 dB in a bearded seal after exposure to four impulses
from a seismic air gun (unweighted, singley LJdzf & S { 9 [ 2SforpeakSPLR. NI
2F Hno R. N3 ™M >tl0d b23S GKIFIG ¢6KSYy G(KS &
with the same peak SPL, no measurable mean TTS was obtained, therefore these data
cannot be used to establish a peak SPL threshold.

M >t
FYS A

Mulsow et al. (2023) behaviorally measured TTS in three dolphins exposed to sequences

of narrowband (1/6octave), 16ms noise bursts centered at 8 kHz (unweighted, single

AYLlzE aS { 9] @ME@MNI RIS NB {m [ > dinpylse intRrvalsNE M >t | 0 d L
ranged from 1.25 to 40 s, and the number of impulses varied from 40 to 2560.

Maximum mean TTS was 16 dB. At the same peak SPLs, some conditions (i.e., fewer

impulses) produced no TTEherefore these data cannot be used to establish a peak

SPL threshold.

The smallreported amounts of TTS and/or the limited distribution of exposures prevent these data
from being used to estimate AINJ onset.
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Several impulsive noise exposure studies have also resulted in < 6 dB (behavioisdeTiicble 2):

HF:Finneran et al. (2000) exposed dolphins and belugas to single impulses from an

"explosion simulator® Y| EA YdzY dzy ¢ SA 3K (i SRs, de&k[SPLI=2dRp R. NB
NB wmant Eirneran et al. (2015) exposed three dolphins to sequences of 10 impulses

from a seismic air gun (maximum unweighted cumulaBét. = 193 to 195 dB re 1

>t LISF] {t[ ' mdpc G2 Hmn R. NBE M >t} 0 gAlGK2d:

VHE Kastelein et al. (2015 reported behaviorally measured mean TTS of 4 dB at 8 kHz

and 2 dB at 4 kHz after a harbor porpoise was exposed to a series of impulsive sounds

produced by broadcasting underwater recordings of impact pile driving strikes through

underwater sound projects (simulated impact pile driving). The exposure contained

2760 individual impulses presented at an interval of 1.3 s (total exposure time was 1 h).

The average single Y LJdzf 8 S5 dzy 6 SAIKGSR { 9] é%aad I LILINREA Y
GKS Odzydzt | GA DS o6dzy 6 SAIKGSRU F.Késtelginehal. I LILINR EA Y|
(2016) observed behaviorally measured mean TTS up to 3 dB at 4 kHz and 5 dB at 8 kHz

after harbor porpoises were exposed to up to 16560 simulated impact pile strikes. The

average singlémpulse, unweighted SEL was approximately 14531B m 2s artd the

YIEAYdzY Odzydz | GADBS 6dzy 6 SAIKG SRS Kadtgleing | & | LILINE E
et al. (201¢€) measured mean TTS af8dB at 4 kHz after a harbor porpoise was

expo®d to 13;20 impulses from a pair of seismic air guns. The average $inglgse,

dzy 6 SAIKGSR {9 6 & | LASINER maximbmicBriulativen Ty R. NB
6dzy 6 SAIKGSRO {9 61 a |24hdNPddaxhuinpdaleSPiviass R. NB ™
199 dB re 1 pPa. Subsequent testing with four airguns and cumulative SELs up to 199 dB

re 1 pPas produced maximum mean TTS of 3 dB (Kastelein et al.gR020

l.j
u

<
\Y

OCW Finneran et al. (2003) exposed two sea lions to single impulses from-gagarc R
0N} YyaRdzOSNI 6A 0K y2 YSI&adaNYoftS ¢¢{%0YlIEAYdzY dzyé
LSFE] {t[ T Wwno R. NB ™M >t 0o

PCW Reichmuth et al. (2016) exposed two spotted seRl®€a larghpand two ringed

seals Pusa hispidgto single impulses from a 1®isleeve air gun with no measurable

¢¢{ OYIFIEAYdzY dzy 6 SAIKEBSR LYSI[1 Nty ¥ R.1oNBR.m NBt Im
Kastelein et al. (20} exposed two harbor seals to simulated impact pile driving strikes

with singleA Y LJdzt &4 S> dzy ¢ SA 3 K G SRmagkiiun cuinmigtive R. NB ™ >t |
0dzy 6 SAIKGSRU { %[andmaximoum Reak SRE~1%6 dB re 1 pPa. The

maximum observed TTS was 4 dB.
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Tablel2. Summary of existing data for marine mammal'S from impulsive sources

Cumulative| TTS | , , | THS | PeakSPL
Study Group Subject PEEICEIR) Wl S Num. wgt SEL | onset, O O | EEEy ) el
(dB SPL) (dB SEL) (B SEL)| SEL (dB SEL] peak | range
SPL | (dB SPL
Finneran 2000 HF BEN, MUK 217 176 1 176 - -
Finneran 2002 HF MUK 224 177 1 177 * 4.0 * 173
Finneran 2015 HF BLU, TYH, OLY] 210 157 10 167 - -
Mulsow 2023 HF OoLY 183 162 40 178 * 3.0 -
Mulsow 2023 HF TRO 183 159 40 175 * 6.0 -
Mulsow 2023 HF TYH 183 160 640 188 * -7.0 -
Kastelein 2015h VHF 2 180 112 2760 146 - -
Kastelein 2016| VHF 02, 04 - 110 16560 152 - -
Kastelein 2017¢ VHF 6 199 136 20 149 - -
Kastelein 2020d VHF 6 202 - 40 - - -
Lucke 2009 VHF Eigil 196 144 1 144 * 17 * 147
Finneran 2003 | OCW NRT, LIB 203 157 1 157 - -
Kastelein 2018 | PCW 01,02 176 143 16560 185 - -
Reichmuth 2016 PCW NZ?QEEQMI\?:Y/ 203 158 1 158 - -
Sills 2020b PCW Noatak 203 162 4 168 * 7.0 -

- SEL values areindBre p' 0 AO

- Peak SPL values areindBrep' 0 A

- Exposures with cumulative SEL associated with onset TTS are indicated by an asterisk in the "TTS onset, S Eoluidn.

- For these exposures, 6 0 is the difference between the onset TTS weighted SEL threshold for non-impulsive and impulsive exposures.

- Exposures with peak SPL associated with onset TTS are indicated by an asterisk in the "TTS onset, peak SPL" column. For these exposures, "peak SPL dynamic range”
indicates the difference (in dB) between the peak SPL TTS onset (in dB re p' 0 Aand the hearing threshold at fo (indBre p' 0 A
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2.7 TTS EXPOSURE FUNCTIONS FOR SONARS

2.7.1 Overview

Derivation of the parameters for the weighting/exposure functions consisted of two main steps: First,
for groups with sufficient TTS onset data, the paramekess b, f1, andf, were determined. Then,
extrapolation procedures were used to derive the exposure function shapes for the remaining groups.
The specific steps are described in the following sections.

2.7.2 Low- and High -Frequency Exponents (a, b)

As in Phase 3, the lefkequency exponenta, was defined aa =s/20, wheres, isthe lower of the

slope of the audiogram or equal latency curvesd@idecade) at low frequencies (Tall&). This causes

the weighting function slope to match the shallower slope of the audiogram or equal latency contours at
low frequencies. This approach was used instead of directly using thigdquency slope of the TTS

onset data because of the limited mier of data points available for TTS onset at low frequencies
compared to the audiogram data (e.g., VHF, PCW, OCW) and/or weak fits to the data (e.g., HF).

The highfrequency exponenth, was fixed ab = 5 which is higher than that used in the Phase 3
functions b= 2. The value was increased to better fit the OCW function without substantially affecting
the other group fits.

2.7.3 Frequency Cutoffs (fi, f2) and Gain Parameter (K)

For groups HF, VHF, OCW, and PCW, nonlinear regression was used to find ¥afuesnoff, to best

fit Eq. @) to the onset TTS data. Nonlinear regression was performed using the curve fit function in the
optimize module of thé®ython package SciPy (Virtanen et al., 2020). For some dataset4) &an (

exhibit high dependency among the parameters, resulting in small changes in the function despite large
changes in parameter values. This can cause problems in extrapolating to the other groups. &herefor
the optimization process was constrained so that§: XX and b X2 X, wheref_andfy are the

frequencies below and abovg (the composite audiogram frequency of best hearing), respectively,
where the composite audiogram thresholds were 40 dB above the minimum audiogram threskald at

Following each curvét, the frequencies at which the resulting exposure function amplitude exceeded
the minimum value by 10 dB were compared to the corresponding frequencies for the composite
audiogram (see Figure® If the lower exposure function frequency was above the audiogram
frequency, the parametef, was adjusted downward until the exposure function and audiogram
frequencies matched. Similarly, if the upper exposure function frequency was below the audiogram
frequency, the parametefz was adjuted upward until the exposure function and audiogram

frequencies matched. This procedure ensured that the exposure funt@aiBbandwidth was at least

as wide as the audiogram since it is expected that the high sound levels capable of causing TTS would
cause the exposure function to "flatten” relative to the audiogram. The practical effect of this step was
to decreasd; for the PCW and OCW groups and incrdaser the VHF group.

Figure 2 compareqa)after fitting Eq. 4) to the onset TTS data, the frequencies at which the exposure
function amplitude was 10 dB above the minimua &nd Ug) were compared to the corresponding
frequencies in the composite audiograixy @nd Ua, respectivelypnd(b) IfLe > La, thenfy in Eg. 4) was
iteratively decreased untile = La. Similarly, ifJs < Ua, f2 in Eq. 4) was iteratively increased untik = Ua.
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Figure22. Audiogram andexposurefunction comparison and adjustment process

To determinef; andf, for the remaining groups, the parametelld; and DT, were defined, such that

DT, was the amount that the composite audiogram threshold,axceeded the minimum threshold
value, andDT,; was the amount that the composite audiogram threshold.axceeded the minimum
threshold value. After determining the beft values off1, f,, andKfor groups HF, VHF, OCW, and PCW,
DT, and DT, were determined for each groufT; = 36.8, 11.5, 3.9, 6.5 dB abd, = 38.6, 22.7, 38.9,

39.4 dB, for HF, VHF, OCW, and PCW, respectiveDT#-the value at 36.8 appears to be an outlier;
therefore, the median value dbT; (9.0 dB) and the mean @fT; (34.9 dB) were used in conjunction with
the composite audiograms for the LF, SI, PCA, and OCA groups to detieranite.
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Figure23. DefiningDT: and DT>.

In Figure 23, the paramet®T, was defined as the amount that the composite audiogram threshold at
f1 exceeded the minimum threshold value. Similably; was defined as the amount that the composite
audiogram threshold ab exceeded the minimum threshold value. Central tendencie3Tofind DT>

were computed for the groups HF, VHF, OCW, and PCW. For the remaining fgrang®,were

defined as the lower and upper frequencies where the composite audiogranDWasd DT, dBabove
the minimum value.

For the groups with TTS data (PCA, OCA), the gain parafwesar defined to minimize the mean
squared error between the exposure function and TTS data for each species group.

For the mysticetes and sirenians, for which no TTS data exist, TTS onset at the frequency of best hearing
(Fo) was estimated by assuming the numeric difference between the auditory threshold (in dB &PL) at

and the onset of TTS (in dB SELEyatould be similar to that for the Hwvater marine mammal groups.

Table B summarizes the onset TTS and composite threshold data for the HF, VHF, OCW, and PCW
groups. For these groups, the mean difference between TTS onset and composite audiogram threshold
at hwas121 dB. For the LF group, the hearing thresholg, & 56 dB ran > thdrefore the TTS onset

value athois 177 dB ren  >st(Tlable 12). For the Sl group, the lowest threshold was 59 @B re; t |

making the onset TTS estimate 180 dBire >st(Tlable 13). The value Kfwas then defined so the TTS
exposure function matched the estimated TTS onséb.at
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Tablel3. Differences between composite audiogram threshold values (Figure 15) and TTS onset values at
the frequency of best hearingr).

Estimated
Group (kﬁz) ThL‘fSF:O'd TTASt gonsei Difference ;?;Tefﬁgs TT; Igonset
(dB SPL)| (dB SEL) (dB SEL)
VLF | 2.82 56 - - 121 177
LF | 5.96 56 - - 121 177
HF | 38.5 51 183 132 - -
VHF | 117 49 167 118 - -
OCW | 6.17 64 180 116 - -
PCW | 6.67 57 176 118 - -
SI 15.6 59 - - 121 180
OCA | 9.00 11 158 147 - -
PCA | 2.73 -3.8 134 138 - -

- The values for the mysticetes and sirenians were estimated using the mean difference (121) from
the HF, VHF, OCW, and PCW groups.

OnceKwas determined, the weighted threshold for onset TTS was determined from the minimum value
of the exposure function. Finally, the const&was determined by substituting parameteasb, f;, and
fointo Eqg. 8) and adjustingcso the maximum amplitude of the weighting function was 0 dB.

Tablel4 summarizes the various function parameters, the weighted TTS thresholds, and the goodness
of fit values between the TTS exposure functions and the mean onset TTS data Zgar28 show
the exposure functions for each group.
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Table14. Weighting function and noAmpulsive TTSand AINJ exposure function parameters for use in
Egs. 8) and @) for nonrimpulsive (steadystate) exposures.

) . 0 0 5 O, ¢ Weighted TTS o Weighted INJ '
Group| O | eiqg ecdg A | Al { th.r.e"shold A th_r.e:c,hold Y
A "SEL) A "SEL)

VLF [ 0.990| 5.00| 0.168 | 26.6 | 0.120| 177 177 197 197 -

LF 0.995| 5.00| 0.376 | 56.2 | 0.130| 177 177 197 197 -
HF 155 | 5.00| 1.73 129 | 0.320| 181 181 201 201 0.247
VHF | 2.23 | 5.00| 5.93 186 | 0.910| 160 161 180 181 0.903
OCW | 158 | 500| 253 | 43.8 | 1.37 | 178 179 198 199 0.541
PCW | 1.63 | 5.00| 0.810| 68.3 | 0.290| 175 175 195 195 -4.69

Sl 1.66 | 5.00| 5.91 376 | 3.61 | 176 180 196 200 -
OCA | 1.35 | 5.00| 1.75 32.5 1.18 | 156 157 176 177 -
PCA | 2.05 | 5.00| 0.739| 244 | 0.830| 133 134 153 154 -

- 'Y values represent goodness of fit between the exposure function and the mean TTS onset data (Appendix C
and Figure 24 filled symbols).
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- Dashed lines - (normalized) composite audiograms. Audiograms were normalized (for

display only) by adding a constant value to equate the minimum audiogram value with
the exposure function minimum.

- Dotted lines: Navy Phase 3 exposure functions for TTS onset for each group.
- Filled symbols: mean onset TTS exposure data (in dB SEL) used to define exposure

function shape and vertical position.
- Open symbols: mean onset TTS data not used to fit exposure functions.

Figure24. TTS Exposure functions (solid lines) for Riompulsive exposures, generated frofaq. @) with the
parameters specified in Tablg4.
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- Filled symbols: onset TTS data (Appendix C).

- Open symbols: SELs producing TTS O 6 fodvihich TTS onset could not be
determined.

- Large, yellow-filled circles indicate (mean) TTS onset values used during the fitting
process.

Figure25. HF cetacean noimpulsive exposure functiorfnormalized for display only)a composite audiogram,
and Phase 3 exposure function compared to HF cetac€®s datax c. R.
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- Filled symbols: onset TTS data (Appendix C).

- Open symbols: SELs producing TTS | ¢ forAwhich TTS onset could not be
determined.

- Large, yellow-filled circles indicate (mean) TTS onset values used during the fitting
process.

- Large, red-filled squares indicate (mean) TTS onset values excluded from the fitting
process.

Figure26. VHF cetacean neimpulsive exposure function, (normalized for display only) composite audiogram,
and Phase 3 exposure function compared to VHF cetacean TTSilata. R.
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- Filled symbols: onset TTS data (Appendix C).

- Large, yellow-filled circles indicate (mean) TTS onset values used during the fitting
process.

- Large, red-filled squares indicate (mean) TTS onset values excluded from the fitting
process.

Figure27. PCW noAmpulsive exposure function, (normalized for display only) composite audiogram, and Phase
3 exposure function compared to PCW TTS dgta ¢. R.
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- Filled symbols: onset TTS data (Appendix C).

- Open symbol: SEL producing TTS O 6 fodvihich TTS onset could not be
determined.

- Large, yellow-filled circles indicate (mean) TTS onset values used during the fitting
process.

Figure28. OCW norAmpulsive cetacean exposure function, (normalized for display only) composite audiogram,
and Phase 3 exposure function compared to OCW TTS datac. R.
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2.8 INJURY EXPOSURE FUNCTIONS FOR SONARS

As in previous acoustic effects analyses (Finneran & Jenkins, 2012; Southall et al., 2007b; Southall et al.,
2019a), the shape of the AINJ exposure function for each species group is assumed to be identical to the
TTS exposure function for that group. Télere, the definition of the AINJ function only requires the

value for the constankto be determined. This equates to identifying the increase in noise exposure
between the onset of TTS and the onséAINJ, defined here as an exposure producing 40 dB of TTS.

For Navy Phase 3, a difference of 20 dB between TTS onset and AINJ onset was used for all species
groups. This was based on estimates of exposure levels required for 40 dB of TTS from the marine
mammal TTS growth curves.

For Phase 4, the same approach was follovileeludingnewly published data. Table-Cto Table &

reveal differences of9to 52 dB (mearr 23 median= 17,n = 12 between TTS onset and AINJ onset
(i.e., 40 dB TTS) in marine mammals. Fig@reh®ws the distribution of values. For simplicity and
consistency with past approaches, Phase 4 utilizes a single value of 20 dB to estimate the difference
between TTS onset and AINJ onset for all species groups. The vidliae edch AINJ exposure function
and the weighted AINJ threshold were therefore determined by adding 20 dB tk-tadue for the TTS
exposure function or the TTS weighted threshold, respectively (see Table 7).

For PCW, this 20 dB difference results in an AINJ threshold of 195vdB rstatl4.1 kHz. This is 4 dB
below the exposure SEL of 199 dBare Zstrelported by Reichmuth et al. (2019) to result in PTS in a
harbor seal. The Phase 4 PCW-rapulsive AINJ criteria are therefore consistent with the harbor seal
PTS data.
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- The dotted and dashed lines show the median and mean values, 17
and 23 dB, respectively.

Figure29. Distribution of values indicating the increase in noise exposure between the onset of TTS and the
onset AINJ, based on marine mammal TTS growth curves with measuresk TT8 s(Appendix C).

39



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

2.9 TTS/AINJ EXPOSURE FUNCTIONS FOR EXPLOSIVES

The shapes of the TTS and AINJ exposure functions for explosives and other impulsive sources are
identical to those used for sonars and other active acoustic sources (i.e., stedeyr norimpulsive
noise sources). Thus, defining the TTS and AINJdnaainly requires the values for the constédib

be determined.

Phase 4 analyses for TTS and AINJ from underwater detonations and other impulsive sources follow
previous approaches, where a weighted SEL threshold is used in conjunction with an unweighted peak
SPL thresholdJ.S.Department of the Navy, 2017; Finneran & Jenkins, 2012; National Marine Fisheries
Service, 2016a, 2018; Southall et al., 2007b; Southall et al., 2019a). The threshold producing the greater
range for effect is used for estimating the effects of the noiggosure.

Peak SPL thresholds for TTS were based on TTS data from single impulsive sound exposures that
produced 6 dB or more TTS for the HF and VHF groups (the only groups for which data are available).
The peak SPL thresholds from these data were 224 and 196mMB re forlgroups HF and VHF,

respectively (Tabl&2, Finneran et al., 2002; Lucke et al., 2009). Note the data from Sills et albJ2020

and Mulsow et al. (2023) were not used to establish a peak SPL threshold for PCW and HF, respectively,
since exposurewith the same peak SPL did not always result in TTS when the number of impulses was
reduced.

SEL thresholds for TTS were based on TTS data from single or multiple impulsive sound exposures that
produced 6 dB or more TTS for the HF, VHF, and PCW groups (the only groups for which data are
available). The SHased thresholds were determined by agply the Phase 4 weighting functions for

the appropriate species groups to the exposifg-octave frequency spectra that produced TTS, then
calculating the resulting cumulative weighted SELs. When this method is applied to the exposure data
from Lucke et B (2009) and Sills et al. (2d90the cumulative weighted SEL TTS thresholds are 144 and
168 dB rem  =>sf réspectively (Tabl&2). For the HF group, cumulative weighted SELs for onset TTS
were 175, 177, 178and 188 dB ren  Zst(nhean= 18Q median= 17§. Since thel88-dBvalue appears

to be an outlier from the other three values, the median of 178 dB re Z3stwés therefore used as the
SEtbased onset TTS for the HF group. Similarly, the median val@e-f6r(3.5 dB)was used for the HF

group.

For species groups for which no impulse TTS data exist for TTS onset, the weighted SEL thresholds were
estimated using the relationship between the steatgte TTS weighted threshold and the impulse TTS
weighted threshold for the groups for which datast(HF, VHF, PCW):

O 0 6 0 U]

Where Gindicates thresholds for a species group for which impulse TTS data are not available,
indicates the threshold for the groups for which data exist, the subsciimdicates a steadgtate
threshold, the subscrigfihdicates an impulse threshold, and the overbar symbglifdicates the
mean value. For groups HF, VHF, PEW,6  o®p xand 7.0 dB, respectively (meanug A .
Therefore, for each of the remaining groups the-8&ted impulse TTS threshold is 9.2 dB below the
steadystate (nonimpulse) TTS threshold (Talde).
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Tablel5. Summary of finction parametersfor usein Eqgs. 8) and @) to generate Phase 4 weighting
functionsand exposure functionsrespectively

Nor-impulse | Norrimpulse | Impulse | Impulse

Group| a b Q Q| o+ O¢ ¢ & 0 O¢y | U
(dB) A (dB) A
VLF | 0.990| 5.00| 0.168| 26.6 | 0.120 177 197 168 183
LF | 0.995| 5.00 | 0.376| 56.2 | 0.130 177 197 168 183
HF 155 | 5.00| 1.73 | 129 | 0.320 181 201 177 192
VHF | 2.23 | 5.00| 5.93 | 186 | 0.910 160 180 143 158
OCwW | 158 | 5.00| 2.53 | 43.8 | 1.37 178 198 168 183
PCW | 1.63 | 5.00 | 0.810| 68.3 | 0.290 175 195 168 183
SI 1.66 | 5.00| 591 | 376 | 3.61 176 196 167 182
OCA | 135 |500| 1.75 | 325 | 1.18 156 176 147 162
PCA | 2.05 | 5.00| 0.739| 24.4 | 0.830 133 153 124 139

Values for U are rounded to the nearest dB.

To estimate peak SRlased thresholds, the peak SPL "dynamic range" was defined as the difference (in
dB) between the impulsive noise, peak SPL TTS onset (in@®r#and the hearing threshold 2 (in

dB rep' 0 ffor the groups for which peak SPL TTS onset data are available (HF, VHF). For groups HF and
VHF, dynamic ranges are 173 and 147 dB, respectively (mean, median 3.180ed&fore, for the

remaining species groups, the impulsive peakl&ed TTS thresholds were estimated by adding 160

dB to the hearing threshold &2 (Table B).

Since marine mammal PTS/auditory injury data from impulsive noise exposures do not exishibilset
levels were estimated by adding 15 dB to the-B&ded TTS threshold and adding 6 dB topbak
pressurebased thresholds. These relationships were derived by Southall et al. (2007b) from impulse
noise TTS growth rates in chinchillas and utilized in subsequent andlySd3dpartment of the Navy,

2017; Finneran & Jenkins, 2012; National Marine Fisheries Service, 2016a, 2018; Southall et al., 2019a).
The gopropriate frequency weighting function for each functional hearing group is applied only when
using the SEhased thresholds to predict AINJ.

Figure30illustrates the shapes of the various Phase 4 auditory weighting functions. Tmble
summarizes the parameters necessary to calculate the weighting function and exposure function
amplitudes. Tablé6 summarizes the weighted TTS and AINJ thresholds.

To properly compare the TTS/AINJ criteria and thresholds used by Navy for Phase 3 and Phase 4, both
the weighting function shape and weighted threshold values must be considered; the weighted
thresholds by themselves only indicate the TTS/AINJ threshoie ahost susceptible frequency (based

on the relevant weighting function). Since the exposure functions incorporate both the shape of the
weighting function and the weighted threshold value, they provide the best means of comparing the
frequencydependentTTS/AINJ thresholds for Phase 3 and 4 (Figflaand Figure 3).
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- Parameters required to generate the functions are provided in Table 15.

Figure30. Navy Phase 4 weightinfunctions for all marine mammal species groups.
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Tablel6. TTS and AINJ thresholds fionpulsive andnon-impulsive sources.

Non-impulsive | Norrimpulsive |  Impulsive Impulsive Impulsive Impulsive

Group TTS threshold| INJ threshold | TTS thresholg TTS thresholg INJ threshold| INJ threshold

SEL SEL SEL peak SPL SEL peak SPL

(weighted) (weighted) (weighted) | (unweighted) | (weighted) | (unweighted)
VLF 177 197 168 216 183 222
LF 177 197 168 216 183 222
HF 181 201 178 224 193 230
VHF 161 181 144 196 159 202
OoCw 179 199 170 224 185 230
PCW 175 195 168 217 183 223
Si 180 200 171 219 186 225
OCA 157 177 148 171 163 177
PCA 134 154 125 156 140 162

SEL thresholds in dB re p* 0 As underwater and dB re (¢ 110 A Oin air (groups OCA and PCA only).
Peak SPL thresholds in dB re p* 0 Ainderwater and dB re ¢ 110 An air (groups OCA and PCA only).
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Figure31. TTS and AINJ exposure functions for sonars and other {ingoulsive) active acoustic sources.
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sources.
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3 MARINE MAMMAL BEHAVIORAL RESPONSE CRITERIA
3.1 SONAR AND SONAR -LIKE SIGNALS

3.1.1 Introduction

Thissectionoutlines the criteria and thresholds used in Navy Phase 4 analyses to predict behavioral
effects an marine mammals from sonar and soHA#&e signals. Multiple behavioral studies provide data
on how some species of marine mammals react to activities utilizing sonar and similar sound sources.
Multi-year research efforts in the United States and Europesltmnducted sonar exposure studies in
the field with wild odontocetes and mysticetes (e.g., Southall et al. B0Tare et al2021; Isojunno et

al. 2021; mrban et al. 2022). Studies with captive animals have provided data under controlled
circumstances for odontocetes and pinnipeds (e.g., Kastelein et al. 2006b, 2008, 201%; Houser
2013a, 2013b). Jacobson et @022) published a beaked whale dassponse curve based on passive
acoustic monitoring of beaked whales during U.S. Navy training activity at the Pacific Missile Range
Facility (PMRF) during actual ABtibmarine Warfare (ASW) exercises. New for Phéséhé inclusion

of harbor porpoises ith the beaked whales, based on behavioral response studies conducted on
captive animals (e.g., Kastelein et2000; 201@), to create a sensitive species response function. All
these data were used in developing the Navy's Phase 4 behavioral response functions.

Under the Marine Mammal Protection Act, for military readiness activities, such as Navy training and
testing, behavioral 'harassment' isny act that disturbs or is likely to disturb a marine mammal or

marine mammal stock in the wild by causing disruption of natural behavioral patterns, including, but not
limited to, migration, surfacing, nursing, breeding, feeding, or sheltering, tord mbiere such

behavioral patterns are abandoned or significantly altered." (Section 315(f) of Public Ls844;0I6

U.S.C. 703 note)

3.1.2 Significant Behavioral Responses

In this report, the terms "significant response" or "significant behavioral response" are used in
describing behavioral observations from field or captive animal research that may rise to the level of
"harassment" under the MMPA for military readiness wtigés. Due to the nature of behavioral
response research to date, in many caseis not possible to ascertain if observed reactions would lead
to an abandonment or significant alteration of natural behavior patterns.

Behavioral response severity is described herein as low, moderate, or high. These categories are derived
from the Southall et al. (2021) severity scale. This updated severity scale breaks out behavioral
responses by changes that may affect survival, feggdind reproduction.

In wild populations, low severity responses are within an animal's range of typical (baseline) behaviors
and are unlikely to disrupt an individual to a point where natural behavior patterns are significantly
altered or abandoned. Low severity responsedide:

Orientation response

Startle response

Listening

Increase in contact calls

Detectable changes in resting, foraging, or courtship behavior

Change in behavior from foraging, resting, or courtship to another behavior

=A =4 =8 =8 -8 =9
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Moderate severity responses could become significant if sustained over a longer duration. What
constitutes a longluration response is different for each situation and species, although it is likely
dependent upon the magnitude of the response and speciesacteristics such as body size, feeding
strategy, and behavioral state at the time of the exposure.

Moderate severity responses include:

= =4 =4 -4 - -4 -8 9

=a =

Prolonged silencing or changes in vocal rates or signal characteristics

Increased interval between surfacing bouts

More directed heading

Detectable elevation in energy expenditure or exceeding nominal baseline

Change in behavioral state (from feeding, courtship) longer than typical

Onset of or sustained avoidance behavior

Defensive or aggressive social behaviors

Increase in mothepffspring cohesion, detectable change in nursing behavior, or disruption of
parental attendance

Reduction in foraging success exceeding typical daily intake requirement

Reduction in advertisement/courtship behavior potentially sufficient to reduce reproductive
success

Moderate severity responses would not be considered significant behavioral responses if they lasted for
a short duration and the animal immediately returned to their jpesponse behavior. Moderate

severity responses would be considered significant belmalviesponses if they were sustained for a

long duration (Figure3. For the derivation of behavioral criteria in this report, a long duration was
defined as a response that lasted for the duration of exposure or longer, regardless of how long that
exposue lasted. This assumption was made becaarsexamination of behavioral response data

suggests thathe behavioral responses would have contindetl the exposure continued

High severity responses are those with possible immediate consequences to growth, survival, or

reproduction:
1 Severe/sustained avoidance or displacement to area of increased predation risk
9 Prolonged separation of females and dependent offspring
1 Disruption of feeding or reproductive behavior sufficient to compromise health or

)l
T
)l

reproductive success

Disruption of group social structure
Panic or flight

Stranding

High severity responses include those with immediate consequences (e.g., stranding) and those
affecting animals in vulnerable life stages (i.e., calf, pup, or cub) and are therefore always considered to
be a significant behavioral reaction.
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Figure33. Determination of a Response Being Significant Based on the Duration and SeverBglo&vioral
Reactions

Several behavioral experiments have been conducted with animals under human care to estimate
received sound levels that lead to disturbance of either normal or trained behaviors. Equating
behavioral responses of animals under human care to those in tleisvihherently difficult as the

context of the experiment, history of behavioral conditioning, and the nature of the environment cannot
be easily equated to natural settings, nor can it be easily determined if these conditions make animals
sensitive to n@se exposure. Nevertheless, studies with captive animals provide greater control over the
sound exposure level and greater opportunity for observation. Southall et al. (2021) separated the
behavioral response severity scales of captive animals from thioséddanimals to assign similar

severity ranks based on the behavioral response unique to each type of study. In addition, Southall et al.
(2021) separated untrained from trained responses for better clarity in identifying behavioral responses
and reducedhe response levels from nine to four (with the first level being no response). General
examples of low severity behavioral responses in captive animals include:

1 Shortterm changes in orientation or shedistance avoidance of sound source
9 Initial changes in task performance
1 lIsolated defensive behaviors

General examples of moderate to high severity behavioral responses in captive animals include:

Aversion and frequent defensive behaviors

Still motivated by food reward but may "game" the system to avoid sound source
Aggression or exclusion of other individuals

Changes in response to trained behaviors interfering with task

Prolonged avoidance of station or exposure location

Refusal to perform conditioned tasks

=A =4 =4 =8 -8 =9
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1 Retreating to refuge space or logging at bottom of pool

3.1.3 Review of Phase 2 and Phase 3 Behavioral Criteria

In Navy acoustic impact analyses during Phase 2, the likelihood of behavioral effects to marine mammals
from sonar and sondike signals was based on a probabilistic function (termed a behavioral response
function [BRH), that related the likelihood (i.e., probability) of a behavioral response to the received

sound pressure level (SPL). The BRF was used to estimate the percentage of an exposed population that
is likely to exhibit altered behaviors at a given received ®Rich is equivalent to the probdlty of

response of an individual animal. This BRF relied on the assumption that sound poses a negligible risk to
marine mammals if they are exposed to SPL below a certain "basement" value. Above the basement
exposure SPL, the probability of a responsedased with increasing SPL.

Two BRFs were used in Navy acoustic impact analyses for Phase 2: BRF1 for mysticetes and BRF2 for
other species (Figured® The BRFs were based on three sources of data: behavioral observations during
TTS experiments conducted at the U.S. Navy Marine Mammal Program (Finneran & Schlundt, 2004);
reconstruction of sound fields produced by the USS Shoup associated with thedseheasponses of

killer whales observed in Haro Strait (Fromm, 2009; U.S. Department of the Navy, 2003); and
observations of the bedwioral response of North Atlantic right whales exposed to alert stimuli

containing midfrequency components (Nowacek et al., 2004).

BRFs were not used for harbor porpoises and beaked whales during Phase 2 analyses. Instead, a step
function at an SPL of 120 dBme >wad used for harbor porpoises as a threshold to predict behavioral
disturbance. Threshold levels at which both captive (Kastelein et al., 2000; Kastelein et al., 2006a) and
wild harbor porpoises (Johnston, 2002) responded to sound (e.g., acoustic hanhsiawiees, acoustic
deterrent devices, or other neimpulsive sound sources) were very low, ranging between 100 and 145
dBrem > $irhilarly, the Navy adopted a 140 dBwre >SPL: threshold for behavioral effects for all
beaked whales (family: Ziphiidae) based on limited data from the instrumented Atlantic Undersea Test
and Evaluation Center range in the Bahamas (McCarthy et al., 2011; Tyack et al., 2011).
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Figure34. Phase 2 Navy Behavioral Response Functions.

In Phase 3, more data from controlled exposure experiments (CEE) and Behavioral Response Studies
(BRS) were available, along with data from studies with captive animals exposed tdils®saunds.
Only data that met the following two criteria were utéiz in the Phase 3 BRFs:

1 Observations of individual/group animal behavior were related to measured received levels.
9 Studies were primarily designed to observe behavioral changes during controlled exposures
or actual Navy activities (i.e., monitoring).

In addition, biphasic risk functions were adopted in Phase 3, rather than the monophasic functions used
in Phase 2, to attempt to capture responses that were both contieixten and received levalriven

(Figure 3). A hierarchical Bayesian framework was applied in the development of the BRFs, which
allowed for variation in thresholds both among and between animals (for animals that had been
exposed more than once) to be incorporated into the model (e.g., Millat.€1014). Finally, caff

distances were applied to the data with the assumption that even significant cebgesdd responses

would not occur beyond those distances.
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Figure35. Phase 3 Behavioral Response Functions.

3.1.4 Dose and Contextual Responses

The received level of sound may not always be the best predictor of a marine mammal's behavioral
reaction to a sound exposure. The context, including the animal's behavioral state, animal's previous
experience with the sound, sound source speed and heggitiger toward or away), and sound source
distance, can all affect an animal's reaction (Southall, 2007; Wartzok, 2003). Ellison et al. (2011)
proposed dividing behavioral reactions into lebalsed responses and contdyxased responses (Figure
36). At hgheramplitudes, a levebased response relates the received sound level to the probability of a
behavioral responsgrobably caused by auditory masking or annoyance (Ellison et al., 2011). At lower
amplitudes, sound can cue the presence, proximity, and approach of a sound source and stimulate a
contextbased response based on factors other than received sound leveltfee@nimal's previous
experience, sound soureaimal separation distance, behavioral state [e.g., feeding, traygling
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Figure36. Conceptual framework for dividing behavioral responsése to acoustic disturbance into context
based and levebased responses (Ellison et al., 2011).

The currently available fieldased behavioral response studies do not always portray a clear
relationship between the received level of sound and the probability of a behavioral reaction. For
example, in the case of the blue whales studied in the SOC3LhRJRer received levels were

sometimes associated with a lower probability of reaction (Southall 2@1.%h). This indicates that the
received sound level is not necessarily mediating the probability of a behavioral reaction per se, but
perhaps onlyridicating the presence and movement of the sound source. In the case of the blue whales
studied in the SOCAL BRS, behavioral reactions were more closely correlated with feeding state than
received sound level.

Other studies (e.g., Antunes et,@014) also shared similar results: the received level of sound does not
always correlate well with the probability of a significant behavioral response. In these cases, other
factors likely contributed to the responses, such as repeated encroachmenthim&ifew hundred
meters,the proximity of multiple vessels, and cutting in front of the animals' path with the source vessel
(often referred to as 'leapfrogging’ the animals). These other factors have been studrezlabsence of
sonar, with respect to vessel traffic and whale watching. For example, killer whales showed behavioral
changes in the proximity of multiple vessels (Williams et al., 2014) and when being encroached upon by
small boats including kayaks (Williams et al., 201 1fflddmse dolphins reduced foraging in the

presence of boats, independent of sound level (Pirotta et al., 2015) and to avoid intrusive vessels
(Lusseau, 2006). Minke whales also decreased foraging in the presence of whale watchisg vessel
(Christiansen et al., 2013). This research provides insight into other factors that may be mediating
behavioral responses at low to moderate sound levels during somelfgeddd behavioral response

studies discussed in Section 3.1.6.1.
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In relation to the conceptual model shown in Figu Sany of the responses from fielthsed

behavioral studies occur at moderate to low sound levels, in several cases close to the ambient noise
level (Miller et al., 2012). It is likely that these reactions are primarily mediated by contextual factors and
would fall under the "ContexBased Response" (green curireJrigure 8. In contrast, results from the
controlled exposure sessions using Navy dolphins and sea lions may represent reactions that are
primarily mediated by the sound level and could fall untee "LevelBased Response" (blue curve) in
Figure ®. This is an important distinction because within the region of cortesed response, factors
other than sound level, such as proximity and motion of the sound source, are likely to be more
important in predicting a significant behavioral response. Wiemeived sound is at low to moderate
levels, the Navgonsidersother available factors besidéise received level to estimate significant
behavioral responses to sonar and sofike signals.

3.1.5 Overview of the Approach for Phase 4

The Behavioral Response Functions (BRFs) were developed to estimate numbers of animals that could
exhibit significant behavioral responses to NawsA#& training and testing activities. Developing the
BRFs for Phase 4 involved multiple steps:

1 All available behavioral response and controlled exposure studies were examined to
understand the breadth of behavioral responses of marine mammals to sonar andlig@nar
signals. An overview of the literature considered for analysis is given in SedtibnaBong
with details on the various sound sources used in each study.

1 Captive animal studies were included where received levels in the enclosures could be
accurately estimated, and for which responses were scored using the Southall et al. (2021)
severity scale.

9 Studies that utilized alarms or acoustic deterrent devices (ADDs)wgexin Phase 3
analyses but were excluded from Phase 4 analyses. ADDs and alarms are intended to elicit a
response, whereas sonar signals may lead to an unintentional behavior. More studies using
sonar or sonalike sources have become available and were lssiéad since they are more
relevant for Navy analyses.

1 Data from the behavioral studiegere analyzed by looking for significant responses, or lack
thereof, for each experimental session following definitions in Section 3.1.2.

1 Species groups mostly followed the Phase 3 behavioral groupings along the taxonomic lines of
Mysticetes, Odontocetes, and Pinnipeds. The beaked whales and harbor porpoises were
combined into a Sensitive Species group.

1 Bayesian behavioral response models were utilized to create the response functions
described in Section 3.1.6.4 and Appendix G.

1 Section 3.1.6.4 presents a summary of the behavioral criteria. For groups that did not have
adequate behavioral response data (i.e., sirenians), a surrogate BRF based on behavioral
characteristics and taxonomy was assigned.

1 Behavioral cutoff conditions are used in Phase 4 (Section 3.1.6.5) but have been updated to
reflect the most recent data from the literature and analyses of available range versus
received level data.

1 The upper bound of the response functions was raised to 200 dB re 1 pPa from 185 dB re 1
pPa in Phase Il to account for higher level exposcieese to 185 dB re 1 yaCEEs that did
not lead to a response
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3.1.6 Review of Data Considered

Several papers on behavioral responses of marine mammals to sonar oflikerssund sources have
been published since the development of the Phase 3 criteria; the studies considered for inclusion in the

Phase 4 Navy behavioral response criteria are described below. In addition, most data utilized in the
Phase 3 BRFs were included in the Phase 4 analysis and are also briefly summarized below. A few studies
included in Phase 3 utilized alarms or ADDs ane wheerefore excluded in the Phase 4 analysis (See
Appendix D). Data that were previously excluded in Phase 3 are not discussed but can be found in the
Phase 3 Navy Criteria and Thresholds Report (2017). There were no data considered but excluded in
Phase3 that were included in Phase 4, although data from some captive studies that were not

considered in Phase 3 were included in Phase 4. Note, in all studies discussed below and in the Impulsive
Sound Sources section (3.2), received levels are reported esmB >root-meansquare (rms) unless
otherwise stated.

3.1.6.1 Behavioral Response Field Studies

Behavioral response field studies obtain data under more realistic scenarios (as compared to a
controlled laboratory setting); while field experiments are unable to control all variables that are likely
mediating behavioral responses, more recent efforiwdtried to account for some of these additional
variables. These other variables are often referred to as contextual factors (see Section 3.1.4 for more
details). In behavioral response studies, contextual factors can be both naturally occurring (e.g.,
behavioral state prior to exposure) and introduced by the experimental design (e.g., proximity of the
source). At moderate to low received levels the correlation between probability of reaction and received
level is very poor and it appears that other vates mediate behavioral reactions (e.g., Ellison et al.,
2011). Contextual factors that may have influenced responses during earlier behavioral response studies
include proximity of the vessel and sound source, physical contact (i.e., tagging), repeatd cl
approaches (within a few hundred meters), multiple vessels, and confined areas (i.e., fijords). In more
recent studies, researchers have addressed some of those factors by conducting their experiments in
open water, increasing the distance between tleice and the animal, increasing the baseline
behavioral period between tagging and the first exposure, and not approaching the animal directly with
an active source. Additional studies have tagged animals with longer duration tags and observed their
respases to realvorld Navy training activities, further removing the researchers from the exposure
paradigm. Tabld7 describes the experimental conditions for each studingdatato derivethe Navy's
Phase 4 behavioral response criteria.
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Tablel7. Description of experimental conditions used in behavioral response field studies included in the derivation of Phase 4 tiethagsponse

thresholds.
: : Source Level . : Exposure
Study Species Signal Signal Frequency S|gn-al STEIE! (dBre 1 pPa D -Sh|p Session
Duration | Interval movement | Distance .
@ 1m) Duration
SURTASS | Blue whale LFA Sonar | Various 1006 500 <50sec| 6-10 min | 160-210 Approaching | Variable | 1-3 hours
LFA Fin whale Hz tones/sweeps and
Humpback whale stationary
38 Killer whale Sonar 6 - 7 kHz hyperbolic| 1 sec 20 sec 158-199 Approaching | 7-8 km | Variable
Pilot whale upsweep to<1km | ~30-60
Sperm whale min
33 Killer whale Sonar 1-2 kHz hyperbolic| 1 sec 20 sec 152-214 Approaching | 7-8 km Variable
Pilot whale upsweep to<1km | ~30-60
Sperm whale min
38 Killer whale Sonar 1-2 kHz hyperbolic| 1 sec 20 sec 152-214 Approaching | 7-8 km Variable
Pilot whale downsweep to<1km | ~30-60
Sperm whale min
382 Humpback whale Sonar 1-2 kHz hyperbolic| 1 sec 20 sec 141-201 Approaching | 23 kmto | 40 min
Northern bottlenosewhale upsweep at 45 deg <1km
Minke whale
3S3 Sperm whale Sonar 1-2 kHz hyperbolic| 19sec | 1sec 141-201 Approaching | 63 kmto | 40 min
Pilot whale upsweep at 45 deg <1km
3S3 Sperm whale Sonar 1-2 kHz hyperbolic| 1 sec 20 sec 141-220 Approaching | 63 kmto | 40 min
Pilot whale upsweep at 45 deg <1km
AUTECBRY . f Ay @Af f SQa| Simulated | 3.2-3.75kHz 1.4 sec | 25sec 152-212 Stationary 1 km ~ 15 min
Sonar sweep/tone
SOCAL BRE Blue whale Simulated | 3.5-4.05 kHz 1l.6sec | 25sec 160-210 Stationary 1 km 30 min
Fin whale Sonar sweep/tone
/ dz@A SNR&a oSl
.FANRQA 0813
SOCAL BRY Blue whale Real US 3.5-4.5 kHz 1l.6sec | 25sec 235 Approaching | 8.1-232 | 60 min
Fin whale Navy Sonar | sweep/tone km
/| dz@A SNRa oSl
wAaazQa R2f L
Navy Range| . f | Ay @A f f SQa| Real US 3.5-4.05 kHz 1.6 sec | 25sec 235 Variable Variable | Variable
BRF% Navy Sonar | sweep/tone

1Croll et al. 2001, Miller et al. 200W¥iiller et al., 2012, Antunes et al. 20E8jvle et al. 201,5/Nensveen et al. 2019 vadsheinet al. 2020°Tyack et al., 2012Southall et al., 201,2Stimpert et al.
2014 "Southallet al.2014201%, 2023 8Moretti et al. 2014; Jacobson et al. 2022
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3.1.6.1.1 SURTASS LFA SRP

Studies of behavioral responses to low frequency sonar were undertaken iqIDag part of the

Navy's LowFrequency Sound Scientific Research Program (SRP). The Surveillance Towed Array Sensor
System (SURTASS) Henwquency Active (LFA) exposure studies on lidataénoptera musculiisfin
(Balaenoptera physaljisgray Eschrichtius robustiisand humpback whale$ggaptera novaeanglide

(Tyack et al., 1999; Croll et al., 2001) were conducted in three phases. These studies found enly short
term responseso low-frequency sound by these mysticetes, including changes in vocal activity and
avoidance of the source vessel (Clark & Fristrup, 2001; Croll et al., 2001; Fristrup et al., 2003; Miller et
al., 2000; Nowacek et al., 2007). They concluded that changistribution of blue and fin whales were

due to changes in food distribution, not the occurrence of the LFA source.

Gray whales showed little avoidance if the source was placed offshore of their migratory path, whereas
if the source was directly in their migratory path, whales avoided the source 2800 m However,
avoidance responses were relatively shtmtm and did not impact the migration behavior. Therefore,

they were not considered significant behavioral responses. There were no received level data paired
with individual behavioral observations avéila for the gray whale exposures, so these data were not
used in the derivation of the Phase 4 behavioral response functions.

No responses were visually observed for humpback whales in Hawaii. Of the 17 singing humpbacks that
were exposed to sonar, seven did not respond at all and ten ceased their vocalizations. However, only
six of the ten cessations of song were attributableesponses to the LFA sonar. The other four whales
stopped singing but then joined another singer or group of whales, which is-aegimented

humpback behavior in Hawaiian waters. Even the responses by the six whales that may have responded
to LFA werevithin the standard deviation of all behavior and were therefore not confidently scored as
actual responses to sonar.

Data from the blue, fin, and humpback whales were used in the quantitative derivation of the behavioral
response criteria in Phase 3 and again in Phase 4.

3.1.6.1.2 3S and 3S2 Studies

Miller et al. (2011; 2012) reported on behavioral responses of pilot wh@lkbicephala melgskiller

whales Qrcinus orcg and sperm whale$fyseter macrocephalusff Norway to a Norwegian Navy

sonar (Sea Mammals, Sonar, Safety Project [3S]) (Antunes et al., 2014; Kuningas et al., 2013; Miller et al.,
2014; Miller et al., 2012; Sivle et al., 20I)e sonar outputs included-2 kHz upand downsweeps

and &7 kHz upsweeps; source levels were rampag from 152,158 dB re JuiPa @ 1m to a maximum

of 198¢214 dB re LlPa @ 1mAfter a period of twenty minutes to several hours following tag

attachment, during which an observation vessel remained with the tagged animal(s), researchers began
playbacks of sonar signals, playbacks of sounds made by feeding killer whales, or cositirited

"control" passes of the sonar vessel. At the start of an exposure session, the vessel with the active sonar
source began approaching the grouprfr@&8 kmand continued to vector towards the group until

within approximatdy 1 km. The source vessel would then continue upon a straight course until it passed
the animal group, often to within a few hundred meters. The source level was always ramped up over
the first 10 minutes of the exposure.

Three of the four exposed killer whale groups were foraging prior to the initial sonar exposure; they all
ceased to feed and began avoiding the vessel during the first exposure session. Received SPLs
corresponding to observed significant behavioral reativaried from approximately 94 dB re 1 pPa at
8.9 kmto 164 dB re 1 yPa at 3.2 km.
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Pilot whale behavioral responses occurred at received SPLs between approximately 152 to 175 dB re 1
MPa corresponding to distances of 3.1 km to 90 m, respectively; although during exposures as high as
approximately 172 dB re 1 pPa corresponding to a degtaf 350 m, no more than minor and brief
reactions were observed. Sperm whales responded at received levels between 116 to 156 dB re 1 uPa,
corresponding to distances of around 9.0 to 1.8 km, respectively. However, sperm whales exposed to
higher levels (p to 166 dB re 1 pPa at 0.9 km) showed no response, or no more than a brief and minor
response.

Two followon Norwegian 3S studies (3S2 and®¥$BS [Off Range Beaked Whale Study]) measured
behavioral reactions to sonar sources from humpback whalegi@ptera novaeanglige minke whales
(Balaenoptera acutorostrajaand bottlenose whalesdfyperoodon ampullatygMiller et al., 2015; Sivle

et al., 2015; Wensveen et al. 2019; von BeBggkmann et al. 2019). Similar methods were used as in
the first 3S study, including the use of the Norwegian Navy sound source, additional smaller vessels for
tagging andehavioral observations, a pe&igging baseline observation period, and the approach of
the focal animal by the source vessel during the exposure periods. One difference was that while the
initial course of the source vessel was set to approach the dsithaing the exposures, the vessel
would only make small course corrections during the approach and would not change heading to
continue vectoring directly at the animals. The@GRBS study was focused on northern bottlenose
whales in an environment witlow levels of ambient noise in 2015 and 2016, with one whale tagged
with a digital acoustic recording tag (DTAG) in each year, and an additional nine whales tagged with
satellite tags. The whales tagged with DTAGs were the focal whales, while the Satgdléd animals
provided response data at greater distances from the source vessel.

Both the minke whale and bottlenose whales showed very strong, prolonged responses to the sonar
exposures, including avoidance and cessation of feeding that lasted well beyond the period of exposure.
These responses began as low as 117 dB re 1 pPa.dagsbef the bottlenose whales, the number of

other bottlenose whales foraging in the area during and after the exposure also decreased, indicating
that these whales in this location may be highly sensitive to noise (Miller et al., 2015; Sivle et al., 2015)
The northern bottlenose whales with DTAGs responded at 117, 127, and 130 dB re 1 pPa, while one
whale in very close proximity received a very low exposure at 99 dB re 1 yuPa at close range and did not
respond by avoiding but approached the vessel. Thasa dere included in the Phase 4 behavioral

criteria. Although the data from the satellite tagged northern bottlenose whales could not be used in

the behavioral response functions as there were not measured received levels associated with the
satellite tag, whales seemed to initiate avoidance at distances of 0.8 to 28 km and received levels of
121 to 126 dB re 1 pPa. The few whales exposed at very low levels and long distagg@sibae 1

pHPa and 38346 km) did not respond (Wensveen et al. 2019).

| dzYLJo |l O] 6KIFfS NBaALRYyaSa oSNB FTIFEN Y2NB O NASRI |y
reached SPLs of up to 182 dB re 1 pyPa. Tthadeespondedoften responded at lower received levels

by avoiding the sound source, changing their dive profile, and ceasing to forage. There was no apparent
difference in response during the raryp versus naamp-up trials. Of the four animals with significant
behavoral responses, two animals responded to the raugptrials (at 125 and 132 dB re 1 pPa) but not

to the noramp-up trials, and one animal responded to both trials (at 127 and 165 dB re 1 pPa,
respectively).

These data were included in the derivation of the Phase 3 and Phase 4 behavioral criteria.
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3.1.6.1.3 3S3 Study

In 2016, 2017, and 2019, the 3S team conducted a third phase of the 3S study (3S3; Lam et al. 2018a,
2018b; Kvadsheim et al. 2020). This phase was focused on addressing some of the contextual variables
that may contribute to a behavioral response, withoads on sperm whales and pilot whales. First, to
address the issue of the distance to a source versus the received level of the signal (range versus RL), the
team used the same-2 kHz upsweep signal but at two different maximum source levels: Moderate

Souce Level Pulsed Sonar (MPAS), with a source level ranging from 141 to 201 dB re 1 pPa, and High
Source Level Pulsed Sonar (HPAS), with a source level ranging from 154 to 214 dB re 1 yPa. This allowed
the source vessel to approach the tagged focal animftgs different distances while achieving similar
received levels at the animal. These signals were otherwise identical te2HéH: upsweep signal used

in the previous 3S experiments. In 2019, a real Norwegian navy ship was added to the experiment, in
addition to the towed sonar source deployed from the research vessel, with even higher source levels
(Extra High Source Level Pulsed Sonar [XHPAS]226%IB re 1 uPa) that could approach from a

greater distance. Second, to investigate how signal donadind the resulting Sound Exposure Level

might influence a behavioral response, a Continuous Active Source (CAS) signal was also implemented,
with a signal duration of 19 sec instead of 1 sec but with the same lower source level as the MPAS signal
(141-201 dB re 1 pPa). The researchers could then assess signal duration, the received SPL, and the
received SEL (which would be higher for the CAS and HPAS signals) to determine what factors might best
predict a behavioral response (Curé et al. 2021; Isojunrab. 020, 2021). These three signal types

were randomized in the order in which they were presented to each tagged animal(s). A no signal

control pass was also included, and was conducted first, when possible, for a total of up to four passes
per tagged aimal(s). Multiple animals may have been tagged prior to the onset of the exposures, with

one animal selected as the focal animal. This also allowed animals to receive the different signals at
different distances, since proximity with the source vessel ovdg maintained for the focal animal

during each set of passes, so the other animals could move away over the period of exposures. Finally,

an extended baseline period of four hours was conducted between the tagging and the fsshao
passtoallowt8 I yYAYl f AQ 0 SKI @ AtagyihglieRels balatefthe staxtBfihdzNy (2 LINDB
experimental passes.

Seven sperm whales were tagged in 2016. All but one haigmal passes with the source vessel, but

only five had subsequent exposure passes. One of those whales received two signal types (MPAS and
CAS), and the remaining four were exposed to all thrgeagitypes. Only one of these whales had a
moderate response to an MPAS exposure at 116 dB re 1 uPa with a cessation of foraging behavior.
Seven focal sperm whales were also tagged in 2017, with an additional four sperm whales tagged for
ancillary data irfour of the experiments. Just as in 2016, all but one group received t#ségnal passes

with the source vessel, and then five of the seven groups or individuals received all three signal types,
while two groups/individuals received two signal passesrd here eight moderatdevel responses in

2017, but only one lasted the duration of the exposure; this was to an MPAS exposure at 147 dB re 1
pPa with avoidance, a change in dive behavior, and a cessation of foraging. In 2019, 10 focal sperm
whales were tgged (some with two tags each to ensure data was collected for the duration of each
experiment), and five additional sperm whales were tagged for ancillary data. Three animals received
the no sonar control pass (for one animal that was the only pass b#fereag fell off); nine received a
distant ship exposure from the real navy vessel plus at least one close exposure, while two of those
animals received an additional close pass. Three whales did not respond to any of the exposures. Three
responses occued to nesonar passes, while 16 sonar exposures (across seven whales) elicited some
type of behavioral response. Of those, two whales demonstrated avoidance or changes in behavior that
lasted longer than the exposure period.
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One whale responded to two different XHPAS exposures at 142 dB and 170 re 1 yPa with avoidance and
cessation of resting or feeding, while the other whale also responded to an XHPAS exposure with a
prolonged change in their dive profile and minor avoidaat&58 dB re 1 uPa. The remainder of the
responses were either minor or moderate but lasted less than the duration of the exposure (Curé et al.
2021). All 3S3 data were included in the Phase 4 behavioral criteria

3.1.6.1.4 AUTEC BRS

¢celr 01 Si Ffd® ownmmO F2dzyR || AAIYATFTAOFIY(d NBRAZOGAZ2Y
(Mesoplodon densirostiigluring periods of sonar operation hydrophones at the Atlantic Undersea Test
and Evaluation Center (AUTEC) in the Bahamas, and further found that whales that continued to dive
concurrently with sonar were 2228.9 km away from the source, with SPLs@if fo 157 dB re 1 pPa.

In addition, an individual beaked whale was also tagged with a satellite tracking tag prior to a Navy
exercisgTyack et al., 2011). During sonar, the animal moved ~17 km farther from the center of the

range than it was before the sonar period and received a maximum SPL of 146 dB re 1 pPa. The animal
returned to the range within 2 to 3 days after the cessationarfes operations. Another beaked whale

was tagged with a DTAG and exposed to a playback efregidency active sonar (MFAS) (Tyack et al.,
2011) using a simulated sonar signal of ~3.5 kHz that had similar frequency characteristics to U.S. Navy
tactical somr (see Table 4, butat lower source levels [up to 212 dB re 1 pPa @ 1 m]). This source was
deployed from a stationary vessel positioned about 1 km from where a beaked whale had begun a
foraging dive. This whale was exposed to MFAS in the middle of a foraging dive; it stbpikiad at an

SPL of 138 dB re 1 pPa and began a slow ascent while moving away from the sound source. These data
were included irderivingthe Phase 3 and Phase 4 behavioral criteria

3.1.6.1.5 SOCAL BRS

A behavioral response study conducted on and around the Navy range in Southern California (SOCAL
.w{U0 20aSNIBSR NBIFIOGA2ya G2 a2yl NJ YR AAYAf I N &azdzy
whales Ziphius cavisrostrisZ | . | A NR QBerardi® Ibgirdi Rlueavkales, fin whales, and

WA a a2 Qa Gremplslgiisd)gZeRuiter et al., 2013; Goldbogen et al., 2013; Southall et al., 2011;
Southall et al., 2012; Southall et al., 2013; Southall et al., 2014; Southall et &).2DGEng most bthe

SOCAL BRS experiments, a simulatedfragliency sonar was deployed, but in 2013, 2014, 2015, and

2016, several animals were also exposed using actual MFAS from U.S. Navy vessels and, in a few cases,
helicopterdipping sonar. One or two animals wdegged with datarecording tags (e.g., DTAGS), and

then an observation period from 45 minutes (for mysticetes) up to two hours (for odontocetes) was
conducted to obtain baseline behavioral data. The simulated source vessel then positioned itself about 1
km from the tagged focal animal and deployed the sound source (the real Navy ship was positioned tens
of kms away). Like the 3S studies, the SOCAL BRS implementedprprofocol in which they started

the exposure with a source level of 160 dB re 1 pPar@and increased rapidly over até 10-minute

period, up to 210 dB re 1 pPa @ 1 m for the simulated sonar signal. However, unlike the 3S study, the
vessel with the simulated source did not approach the focal animal; once it was positioned, small
adjustrrents were made to keep the sound source vertical in the water column, but otherwise it

remained stationary. The real Navy ships did approach the animals and did not ramp up their source, but
they started far enough away from the animals that the approagisound was like a ramp up of a

stationary source.

Behavioral responses during the SOCAL BRS varied widely both within and across species. Many of the
blue whales did not respond, even at received SPLs up to 165 dB re 1 pPa. However, those that did
respond often responded at lower received SPLs (mean R123 N ™M >t | 0 @
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There was behavioral context associated with whether animals responded, for example, deep feeding
blue whales were more likely to respond than shallow feeding or traveling animals (Goldbogen et al.,
2013). None of the fin whales exposed to either the sated or real sonar sources demonstrated more

than a brief or minor response regardless of their behavioral state. All beaked whales exposed to the
simulated sonar responded by avoiding the source, ceasing their foraging dives, and otherwise changing
their dive behavior (DeRuiter et al., 2013; Stimpert et al., 2014). However, none of the beaked whales
exposed to real Navy sonar at greater distances (whether intentionally or incidentally) responded, even
when the received levels were like the levels from $iraulated sonar. In general, although the

responses to simulated sonar were varied across individuals and species, most of the animals exposed to
real Navy sonar did not respond; these exposures occurred at distances beyond 10 km and were up to
60¢ 100+ kn away (DeRuiter et al., 2013; Southall et al. 2014). The excepéisone blue whale that
responded to the real Navy helicoptdipping sonar at 143 dB re 1 pPa with moderate cessation of
foraging and moderate avoidance.

These data were included in the derivation of the behavioral criteria; the blue whale and beaked whale

RFEGlI @SNB AyOfdzZRSR Ay tKFAS o® Ly FRRAGAZY (2 GKI
included in Phase.4

3.1.6.1.6 Navy Range Risk Functions

Moretti et al. (2014) used seafloonounted hydrophones to estimate Blainville's beaked whale foraging
dives before, during, and after a Navy training exercise with MFAS at AUTEC (Bigthe developed

a generalized additive model of the probability of a beaked whale dive occurring anywhere on the range,
then determined the probability of a dive occurring in the presence of sonar. This effort was replicated
at the Pacific Missile Rangeacility (PMRF) in Hawaii for Blainville's beaked whale dives before, during,
and after six Navy training exercises with MFAS (Jacobson et al., 2022). The resulting reduction in
foraging dives from the period just before the MFAS activity to the periold MEAS were comparable

from both ranges, and data from both were extracted and included in Phase 4 risk functions.
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- Note the x- and y-axes are at different scales.

- The black bars on the bottom of the right plot indicate data points exist for those
received levels.

Figure37. Probability functionsfrom Moretti and Jacobson

3.1.6.2 Captive Animal Behavioral Studies

Captive animal studies examine behavioral responses under controlled conditions. Theseadkogies
researchers to vary the factor of interest while holding other factors stable. The received level of sound
is the primary factor of interest in most of the experiments conducted to date. Within captive animal
studies, the probability of behavioral resporsgems to be well correlated with received level,

indicating a primarily levedased response. Studies that used pingers or other atgpa signals that

are intended to illicit a response were excluded from this analysis; only studies that used sonar, or
sonarlike signals, were included. For studies that were investigated but not utilized, see AppPendix
Tablel8 describes the experimental conditions for each study in which data weretosdsfivethe

Navy's Phase 4 behavioral response criteria.
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Table18. Description ofexperimental conditions used ircaptive animal behavioral studies.

Signal Sianal Signal Source Leve| Exposure
Sl STiE! Fre %enc Dur%tion Intgrval G2 A IFE) - SIS
g y @1 m) Duration
Bottlenose dolphin | Simulated | 3.25-3.45kHz .
CES Sonar sweep/tone 1 sec 30 sec 132¢202 5 min
California Sea Lion| Simulated | 3.25-3.45 kHz .
CES3 Sonar sweep/tone 1 sec 30 sec 142202 5 min
Hooded seal CES Simulated 1.31.7 kHz 1 sec 10 sec 134¢194 6 min
Sonar upsweep
Hooded seal CES Simulated 3.7-4.3 kHz 1 sec 10 sec 134c194 6 min
Sonar upsweep
Hooded seal CES Simulated 6¢ 7kHz 1 sec 10 sec 134¢194 6 min
Sonar upsweep

Houser et al., 2013a; Houser et al., 2013b; Kvadsheim et al., 2010

3.1.6.2.1 Dolphin and Sea Lion Controlled Exposure Studies

Controlledexposure studies (CESs) were conducted 8@h).S. Navy bottlenose dolphins ab8

California sea lionZélophus californiangsat the Navy Marine Mammal Program facility specifically to
study behavioral reactions (Houser et al. 2013a; Houser et al. 2013b). These studies were designed to
expose animalt a wide variety of received levels with the specific intent of building behavioral dose
response functions. Due to their history of trainjfigod reinforcementandhousing in aoisy bay
environment, Navy animals are potentially less sensitive to noise exposure than wild animals. In both
studies, animals were trained to swim across a pen, touch a target paddle, and return to the starting
location. During transit, a simulated micequency sonasignal was played at an SPL previously
assigned to each animal. Dolphins received six different exposure levels ranging frdi®51dB re 1

pLPa and sea lions received five different exposure levels ranging frorh8B28B re 1 uPa. The
transducer was lcated 1 m behind the target paddle so that the subject animal would have to close
their distance to within 1 m of the transducer that emitted the simulated sonar signal a few seconds
before. Video and audio were recorded of the session and observersuhseguently scored the
sessions for behavioral responses were blind to the exposure conditions.

Behavioral reactions included increased respiration rates, fluke or pectoral fin slapping (dolphins),
prolonged submergence (sea lions), and refusal to participate, among others. 23 dofphins that

received exposures of 14560 dB re 1 pyPa in ten trials each, there were only six significant behavioral
reactions out of the 200 trials; these responses occurred at the 130 (1), 145 (3), and 160 (2) dB re 1 pPa
treatments. Bottlenose dolphswere more likely to respond to the initial trials but habituatedhe

sound over the course of ten trials, except at the highest received levels (175 and 185 dB re 1 pPa). One
out of three California sea lions exposed to the 125 dB re 1 yPa treatment and one out of three exposed
to the 155 dB re 1 pPa treatment showsidnificant reactions on all ten exposure trials, while the other

four individuals at the same levels did not demonstrate significant responses. Sea lions showed
consistent significant responses on almost all trials at the 170 and 185 dB re 1 pPaVetss)lielike

dolphins, sea lions did not habituate over the course of ten exposure trials and younger animals were
more likely to respond than older animals.
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This indicates that age or life experience may play a large role in mediating responses to noise exposure
in sea lions. In both the sea lion and dolphin CEEs, the probability of behavioral reactions was well
correlated with received level indicating a panily levelbased response.

These data were included in the derivation of the Phase 3 and Phase 4 behavioral criteria.

3.1.6.2.2 Hooded Seal Controlled Exposure Study

Captive hooded seal€ystophora cristafawere exposed to tonal signals in the 1 to 7 kHz band to
determine the received SPL at which these animals would respond (Kvadsheim et al., 2010). Hooded
seals were exposed to three different rficequency upsweeps (1¢2.7 kHz, 3.q4.3 kHz, and &/ kHz)

that started at a source level of 134 dBre 1 pyPa @ 1 m and increasedto 194 dBre 1 pPa @ 1 m;
received levelswere @ T R. f 26SNJ RSLISYRAYy3I 2y (KS FYyAYlIf Qa
FYAYLEf aQen®kand SmeBpel §hdzsurface were monitored during the exposures, and

changes to these were used as metrics of response. The seals showed no response to received SPLs
below about 160 dB re 1 pPa; once SPLs were betweerllZ6GIB re 1 pyPa, the seals began actively
avoiding thesound source (at 5 m depth) by reducing their dive activity, rapidly swimming at the

surface, and floating with their heads out of the water (Kvadsheim et al., 2010).

These data were included in the quantitative derivation of the Phase 3 and Phase 4 behavioral criteria.

3.1.6.2.3 Harbor Porpoise Behavioral Response Studies

Over the last two and a half decades, eighteen studies at the Sea Mammal Research Company
(SEAMARCO) have been conducted to test the behavioral responses of harbor porpoises to a variety of
acoustic signals. Some of these have been dedicated behavigpahss studies (TablE: Kastelein

harbor porpoise behavioral response study signal characteristibélp others have secondarily

observed behavioral responses during hearing studies. In all cases, the studies have quantified and
(when possible) statistically analyzed the changes in respiration rates, swimming speeds, distance from
the sound source, andumber of jumps during baseline and exposure periods as metrics of behavioral
responses. The sound sources studied have included signals that mimic real navy sonar sources from the
U.S. ad other countries, acoustic alarms and deterrents, and pure tones, all in the mQitiq&Hz) and

high (10+ kHz) frequency ranges, although the studies using alarms and deterrents were excluded from
this analysis. These studies have also examined theci®g® harmonics, comparing responses to pure

tone signals against tones or sweeps with harmonics that might be more detectable by harbor

porpoises. The effect of duty cycle has also been tested, with studies ranging from short duration signals
with low duty cycles to longer signals or continuous duty cycles. Sound pressure levels were carefully
measured across the breadth of the enclosure, allowing precise received level estimates for each type of

LJ

response. Responses occurred at SPLs from 86to 143 dBtell 6 YR Y NBHHmm >t 0 | ONR &

signal types and duty cycles, while there was no response to signals with SPLs from 98to 148 dBre 1

>tk oYStYy MHp R. NB m >tlhod ¢2 | LILX& GKS {2dziKIf¢

this case for more direct comparison of response severity with field studies), it was determined that
changes in respiration rates were the least severe response (3), increased swim speeds were the next
most severe (4/5), distance from the sound source was nedreapproximation for avoidance (6), and
jumping was the most severe (7), as this was a behavior rarely seen in baselineexpeoimental

periods. The responses in these papers were scored accordingly, and the resulisceguerated into

the Sengive behavioral risk function for Phase 4
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Table19. Kastelein harbor porpoise behavioral response study signal characteristics.

Signal Signal Signal Sound Expos_ure
g : Session
Study Signal Frequency Duration Interval Pressurd_evel .
(kH2) ) () 6R. N | Duraton
(min)
KaStg'oec')g etal.| |EAs CAS 50 continuous | continuous 113 15
Kastelein et al. MFA 6-7 1 3.7 106 30
2011 upsweep
Kasgiget Al MFAS Helo| 1.33-1.43 | 1.25-10 180 124-144 60-90
Kastelein et al LFA
‘| upsweep/ 1-2 1 3-7 114-123 30
201%b
downsweep
. MFA
Kastelein etal.| o weep/ 6-7 1 3.7 107 30
201%0
downsweep
Kastelein et al.
2015 HFAS 25 0.05 2 71-148 30
Kasteleinetal.| 0 ) 25 multiple multiple 76- 153 30
2015 P P
Kastelein et al 0.06
) MFAS 3.5-41 1.6 (96%duty 83-143 30
2018
cycle)
Kastelein et al 584
) MFAS 3.5-41 1.6 (2.7% dity 119-143 30
2018
cycle)
Kastelein etal.| \\cnq pelo| 1.33-1.43 1.25 14.4 96-98 30

201%
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3.1.6.2.4 Harbor Seal Behavioral Response Studies

Several studies were conducted at SEAMARCO on harbor seals, often using the same signal paradigms
(frequency, duration, and duty cycle) that were used with harbor porpoise behavioral

response studies (TabR®). These included michnd highfrequency tones, broadband alarms and

acoustic deterrents, and underwater communication signals; however, as before, studies using alarms

and acoustic deterrents were excluded from this analysis. Sound pressure levels iltisers

ranged from 105 to 160 dB; respodse 2 OOdzNNBR G2 aAr3dyrfa 6A0GK {t[a TN
whereas in other experimental triglhere was no response to signals with SPLs from 134 to 156 dB re 1

>t ® ¢KS 0SKIFE@A2NIf NBalLlkkyasSa Ay (KS&aS addzRASa 4S
porpoises, where increased respirations or lifting their head out of the water was thesieaeste (3),

avoidance of the source by remaining on the far side of the pool was more severe (6) and jumping or

hauling out was the most severe (8). Thessuts were incorporated into the pinniped behavioral risk

function for Phase 4
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Table20. Kastelein harbor seal behavior response study signal characteristics.

Erequenc Signal Signal Sound Exposure
Study Signal (I?Hz) Y| Duration Inter?/al (s) Pressurd_evel | SessiorDuration
(s) 60R. NXB (min)

Kastelein et al|

2006b tone 8 0.25 5 129-142 45
Kastelein et al|

2006b tone 16 0.25 5 117-134 45
Kastelein et al|

2006b tone 32 0.25 5 119-135 45
Kasteleiret al.

2006b tone 45 0.25 5 128-141 45
Kastelein etal) ~ data 12 muliple | multiple | 105-118 15

2006¢ transmission P P
Kasféel'gfet al hEas 25 muliple | multiple 125- 158 30

3.1.7 Marine Mammal Behavioral Species Groups

Data on behavioral responses to sonar and sdikarsignals exist for relatively few species, which
necessitates that species be divided into groups of related animals, either phylogenetically or by
documented species sensitivities and responses. Thepiomary groups for application of the Phase 4
criteria are Mysticetes, Odontocetes (not including beaked whales or harbor porpoises), Pinnipeds, and
Sensitive Species, which includes beaked whales and harbor porpoises. While beaked whales and harbor
porpoises are odontocetes, they will continue to have a separate risk function in Phase 4 due to their
documented sensitivity to sonar and sorie signals. Little to no behavioral response data exists for
manatees; as such, they are assigned to a surrogati@vioral criteria group, the Mysticetes. Likewise,

no behavioral response data exist for sea otters or polar bears, so they are also assigned to a surrogate
behavioral criteria group, the Pinnipeds.

The Odontocete group includes all oceanic toothed whales, with the exclusion of beaked whales and
harbor porpoises. All odontocetes use echolocation to navigate and hunt for prey, and in some cases for
communication. Many odontocetes also vocalize usingstdds and burst pulses, and these can range

from simple flat whistles to complex, muftart vocalizations that may be pedr even individually

specific (Ford & Fisher, 1982; Lammers et al., 2003; Richardson et al., 1995). Due to similarities in
hearingand vocalization traits and close taxonomic links, odontocetes (excluding beaked whales and
harbor porpoises) are assigned to a single behavioral criteria group.

The Pinniped group is comprised of all phocids, otariids, and odobenids. Animals within this group spend
their time both on land and at sea, although in varying degrees for different species (Reeves et al.,
2002). While some species are found in remotatmns, the dependence on land causes many

pinniped species to be in close association with humans. Pinnipeds produce vocalizations in air and
under water; these include calls between mothers and pups, alarm calls, mating displays, and aggressive
exchangedetween males, among others (Schusterman et al., 2001). Due to similarities in acoustic traits
and close taxonomic links, pinnipeds are assigned to a single behavioral criteria group. No data can be
found on polar bear or sea otter reactions to underwateunds, especially those from sonar or senar

like signals. Polar bears spend a good deal of their time on land or ice and little time with their heads
submerged below the surface while swimming or hunting. Sea otters live in shallow coastal areas and
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spend a great deal of time floating at the surface or conducting short foraging dives. Sea otters and polar
bears are both assigned to the Pinniped behavioral criteria group.

Mysticetes produce lowand midfrequency vocalizations, from 20 Hz up to2WkHz (Richardson et al.,
1995). These calls range from simple sweeps and moans to complex songs, and due to their lower
frequency and high amplitude (12080 dB re 1 yPa @ 1 ey can be detected for hundreds of
kilometers in the ocean. Due to similarities in acoustic traits and close taxonomic links, mysticetes are
assigned to a single behavioral criteria group. For sirenians (manatees and dugesggs)noise may

also bea concern (Miksi®lds et al., 2007), but there is little information available about manatee
responses to other noise sources, including active sonar. Mysticetes share important behavioral traits
(e.g., grazing); therefore, manatees are assigned to thstiBtes behavioral criteria group.

Beaked whales (family Ziphiidae) tend to avoid vessels and underwater noise (Barlow & Gisiner, 2006).
Due to several mass stranding events of beaked whales in proximity to Navy training events (D'Amico et
al., 2009), this group has been deemed highly s$imesio sonar and other active acoustics and are
therefore considered separately from the other odontocetes. Similarly, harbor porploégse been

shown to be highly sensitive to underwater noise, including acoustic pingers (Kastelein et al., 2000;
Teilmam et al., 2006), pile driving (Kastelein et al., 20Tugaard et al., 2009), and impulsive sounds
(Kastelein et al., 2013. Due to these noted sensitivities, beaked whales and harbor porpoises are
considered separately from the other odontocetes and are assigned to the Sensitive Species behavioral
criteria group.

3.1.8 Behavioral Response Functions and Thresholds for Sonar and Sonar -like
Signals

Behavioral response studies that were designed to record behavioral observations and contained
detailed data on reactions at specific received sound levels were used quantitatively in the derivation of
the Phase 4 behavioral criteria. Captive data wereriparated for which behavioral responses could be
scored using the Southall et al. (2021) severity scale.

Data from the applicable studies were obtained from published materials. Exposure and behavioral
response data for the 3S, BRS, startle response, and real Navy training response studies were also
directly discussed with the researchers. The Bayesian methgd and computer model used for the
Phase 4 criteria were developed by the Centre for ResearclErdtngical and Environmental Modelling
(CREEM) at the University of St. Andrews (Bouchet et al. 2020; 2021). The methodology used to develop
these models is described in detail in Apper@i¥Vhile the models provided the flexibility and

statistical framework to use modsklected species groupings, as discussed in Sectiof) Bri-

selected species groupings were used. Similarly, the models provided the framework to use either
monophasic or biphasic response functions. Appefaixovides more detail abdtthe flexibility and
functionality of the computer model. Although all the response functions are biphasic, the shapes of
some still resemble a monophasic curve, indicating that there was less statistical support in that model
for the full biphasic functin. A biphasic curve biphasic curve is a series of two sigmoidal curves that
approximates the shape of the illustration in FiguBBllison et al., 2011), which acknowledges that
significant reactions at lower to moderate received levels are likely netliay factors other than

sound level. Finally, for each behavioral response function, one and half to two million iterations were
run to assure convergence of the results (i.e., the final curves are statistically supported).

3.1.8.1 Sensitive Species

Beaked whales and harbor porpoises have both been found to be particularly sensitive to sonar and
sonarlike signals, so data on behavioral responses for these species were combined to create a
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Sensitive Species behavioral response function. The beaked whale behavioral response data from the
BRSnd 3Sstudies were limited, and some responses occurred at relatively low received SPLs (Table
21). However, these are again likely tied to the context of the exposures. In the 3S study the vessel was
directed at the bottlenose whale and continued vectoring around the animal, while in the SOCAL BRS
there were multiple vessels withirc® km of the animals. It should be noted that the third SOCAL BRS
beakedwhale that did not respond (TabRl) was exposed to MFA sonar from an actual Navy vessel
located over 65 km away from the animal. Although not included in this dataset, another beaked whale
in the SOCAL BRS was incidentally exposed to real Navy sonar during a simulated sonar experiment. It
did not respond to the real sonar, even though it occurred at received levels like those received during
the simulated sonar playback when it did respond (DeRuiter et al., 2013). This may provide some
evidence that theproximity of the source rather than the received level alone contributes to the

response of the animal for animals likely to be familiar with sonar, since these exposures occurred at
similar received levels but with different outcomes. However, many ohtirehern bottlenose whales

in a low ambient noise environment responded at a variety of distances, so some familiarity to the
sound may mediate a response at greater distances while a novel sound at greater distances may cause
a response.
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Table21. Beaked whale and harbor porpoise data relied upon for quantitative assessment of behavioral

response.
Range of Range of
Exposure Respons | Distances
Species Study Individuals| Exposures L .l
Levels | Responses Levels Responses
(dB rel (dB rel (km)
>t)l > 1)k
32
Bottlenose (Sivle et al.,
Whale 2015: 4 4 72¢ 151 3 117¢ 130 | 0.81¢16.8
Wenseveen et
al.,2019)
BRS
Cuvier's (DeRuiter et
andBaird's al.,2013;
Beaked Stimpert etal., 4 5 91cl4s 3 95¢ 100 127
Whale 2014; Southall
pers comm.
2014)
Blainville's
Beaked (Tygg';le)t al, 1 1 < llfgc 1 138.4 1
Whale
Blainville's (Moretti et al
Beaked "1 Unknown > 106 120¢ 180 NA 100¢ 200 NA
2014)
Whale
Blainvile's | T MRF BRF
Beaked unknown 100's 90¢ 165 NA 100¢ 200 NA
Whale (Jacobson et
al.,2022)
Captive CEE
Harbor
Porpoise (Kastelein 9 19 71¢ 153 9 106¢ 143 NA
various)

In addition to the BRS and CEE data (T2blghe Moretti et al. (2014) and Jacobson et @0Z2) data

were also used in the derivation of the beaked whale BRF. The Moretti et al. (2014) and Jacobson et al.

(2022 data are from actual multiplatform, multiday ASW training. The data from the Generalized
Additive Models (GAMgJeveloped to estimate the decrease in probability of a foraging diee used
rather than the Generalized Linear Model (GLMinfi¥loretti et al. (20140 be most consistent with

the other data sources used herein to derive BRFs; the GAM data represents the response that was
measured, whereas the GLM line fit was a smoothed function derived to fit between 0 anukiOént
probability of response. The GAM functionMoretti et al. (2014xtends from 120 to 180 dB re 1 pyPa
and has a 5@ercentprobability of response at a SPL of 150 dB re 1 fiiRe @M function in Jacobson
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et al. (2022) extends from 100 to 165 dB re 1 pRdhas a 50 percent probability of response at a SPL

of 132 dB re 1 pRPaote that both GAM functiors wererecalculatedrom 100to 200 dB re 1 pPa for the

purposes of being subsampled for the Navy behavioral responsédaonand so the full functiomwas

subsampledand not just values up to 16% 180dB re 1 pyPas in the published paperThis is reflected

Ay ¢l ofS um Ay (GKS awly3aS 2F wSalLkRyaS wSOSAGSR [ S
Although the Moretti et al. (2014) and Jacobson e(2022) data are different than other data used in

the derivation of behavioral response functions, without their use to fill in responses at higher received

levels, the functions would have been fit based solely on low to moderate level exposures frximairo
sources such as most of those from the BRS/3S2 datasets.

The Moretti et al. (2014) and Jacobsonettah nHH O OdzNISa LINPOARS a20aSNBF
responding at higher received levels. Additionally, as discussed above, these observations were during

actual multiship, multiday ASW events on Navy ranges. Therefore, to equally weight the editrib

from the ten exposures in the BRS and 3S field studies and the Moretti et al. (2013catdon et al.
(2022)GAMdata, the GAMs wereachsampled ten times equally across the curve (e.g., the curve was
subsampled at ten random but equally spaced probabilities to get the corresponding received levels).

All harbor porpoise data were derived from controlled exposure experiments on captive animals; there
are no data available on responses of wild porpoises to sonar or-igaaignals. For harbor porpoises,

a large enough aggregation of controlled exp@sstudies to captive animals exists thiaé data could

be included here in the development of the sensitive species risk fun@ight studies were conducted

at SEAMARCO over 25 years using a variety of sonar andlikereources. Note that all these

exposures occurred in an enclosed area and so at relatively close &mmge.individuals were tested

more than once, for different sources or exposure paradigms. Each individual is represented in the Navy
Behavioral Response function only once per study, at the lowest received level at which a moderate to
severe responseccurred; therefore, individuals may have been included more than once if they
participated in more than one study.

Responses in these species occurred at a range of received levels fph38%B re 1 pPa, with a

mean response received level of 121 dB re 1 pPa. Tipe®@ntresponse level for the sensitive species
behavioral response function is at 133 dB re 1 (NRde that inFigure 8 and all following response
function figures, the credible interval for a Bayesian function is like a confidence interval in frequentist
statistics.
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Figure38. Phase 4 Sensitive Species Biphasic Behavioral Response Function, wkb fhercentcredible interval
shaded in teal.

3.1.8.2 Odontocetes

Overall exposure levels are given for each species/study group @3bResponses occurred at

received levels ranging from 94 to 185 dB re 1 yPa, and the mean of the response data was 150.6 dB re
1 pPa. This wide variation in received levels at which responses occurred indicates the contextdally
speciesdependent nature bbehavioral responses within field studies.

Killer whales responded in some cases at low levels, but this occurred in a very specific scenario (in a
closed fjord with an approaching vessel and a calf present) so the results may not be broadly applicable;
however, these are currently the best availllata for this species. The sperm whales demonstrated a

I NASGe 2F NBalLkRyaSa G2 F OoNRBIFIR NlIy3S 2F NBOSAQOSR
responded, but their exposures occurred at long distances; in contrast, few pilot whale sdespim
exposures at close range. All these field data were fit using the methods described above. However, for
the bottlenose dolphin controlled exposure study (CES) datepdifieddoseresponse functionvas
developedin which lowseverity responses were considered Aa@sponses andhoderate and severe
responsesvere considereaignificantresponsesThis maodified functiomas subsampled 30 times to
account for the 30 individuals in the CES study so individuals from the CES and field studies were all
represented onceThe resulting odontocete response function is shown in Figyevieh a 50percent
probability of response at 168 dB re 1 pPa.
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Table22. Odontocete data relied upon for quantitative assessment of behavioral response.

Range of
Range of .
Exposure Distances
. - Exposure| Received | Significant Requnse of
Species Study Individuals : Received
Sessions Levels Responses Responses
LevelgdB
(dBrel em It (km)
HPa)
3s
(Miller et al.,
Killer 2011; Miller et
Whale al., 2014: 4 8 71¢174 6 94¢ 164 0.4¢2.5
Miller et al.,
2012)
3S, 3S3
(Miller et al.,
Sperm 2011; Miller et
Whale al.. 2012: 27 77 73¢ 179 15 99.3¢ 1698 | 0.6¢l12.3
Kvadsheim et
al. 2020)
3s
(Antunes et
Pilot al.,2014;
Whale Miller etal., 5 11 70¢180 4 115¢159 0.08¢0.3
2011; Milleret
al., 2012)
Bottlenose CES
Dolphin (Houser et al., 30 30 115¢185 12 130¢185 NA
P 2013a)
RissO's SOCAL BRS
Dolohin (Southall et 2 2 128¢131 0 NA NA
P al.2014)
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Figure39. Phase 4 Odontocete Biphasic Behavioral Response Fungtitinthe 50 percentcredible interval
shaded in teal.

3.1.8.3 Pinnipeds (In -Water)

All inwater pinniped data were derived from controlled exposure experiments on captive animals; there
are no data available on responses of wild pinnipeds to sonar or dideagignals. There are also no

data available for iair exposures to sonar or sar-like signals. Overall exposure levels are given for

each species/study group (Tal#d; responses occurred at received levels ranging from 107 to 185 dB re
1 pPa and the mean of the response data was 154 dB pa Hooded seals were exposed to

increasing levels of sonar until an avoidance response was observed. The harbor seals were exposed to a
variety of contexts, frequencies, and received levels. For the California sea lion daidifi@d dose
response function was created which low severity responses were considered-nesponses and
moderate and severe responsegre considered significant responséslowing Houser et al. (2013b);

this response fun@bn was sampled 15 times (once per individtalallow each individual to be

represented once as was done for the other captive studiée resulting response function is shown in
Figure40and has a 5@ercentprobability of response at 156 dB tquPa
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Table23. Pinniped data relied upon for quantitative assessment of behavioral response.

Raliigfs o Range of .
Exposure Distances
Exposure| Received | Significant Response of
Species Study Individuals . Received
Sessions Levels Responses Responses
LevelgdB re
(dBre 1 M3t (km)
HPa)
CES
H%Zi?d (Kvadsheim 4 12 110¢ 170 12 160 ¢ 170 NA
etal.,
2010a)
CES
California
Sea Lion | (Houser et 15 15 125¢ 185 9 125¢ 185 NA
al.,2013b)
Captive CEE
Harbor
Seal (Kastelein 11 NA 107¢ 158 9 107¢ 158 NA
various)
1.00- ——
0.75-
0
2
8 050-
@
&
0.25-
0.00-
90 120 150 180

Dose (dB re 1uPa)

Figure40. Pinniped IrWater Biphasic Behavioral Response Functigith the 50 percentcredible interval
shaded in teal
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3.1.8.4 Mysticetes

All data used to develop the Phase 4 mysticete behavioral response fumatieirom field research
exposing whales to sonar or soHdde signals (Tab4: Mysticete data relied upon for quantitative
assessment of behavioral respons€&in and blue whales in these behavioral response studies often
NBalLR2yRSR G f286SN) NSOSAQYSR tS@Sta o6f muHn R. NB
likely due to the number of contesiased variables inherent in these studies; thereswften more

than one vessel present, the vessel(s) were often close (witlifkrh) to the focal whales, and those
whales that did respond (e.qg., the blue whales from the SOCAL BRS) were typically engaged in more
GdasSyanriroaSdeep rading dveLintiBe casetbé blue whales (Goldbogen et al., 2013). The
whales that were exposed to real Navy sonar from greater distances did not respond at all. Additionally,
the fact that few humpback whales responded and all at moderate received levels and close ranges is
indicative of the contextuallyand speciegslependent nature of their behavioral responses as well (e.g.,
some responses during foraging, no significant responses on breeding grounds). In contrast, the two
minke whales both exhibited strong responses but alsmoderately high levels. Therefore, while there
are contextbased responses there may also be some species with heightened sensitivity overall that are
likely to respond no matter what the context, and others with low sensitivity that respond infrequentl
Mysticetes in these behavioral response studies were exposed to levels frqrh85dB re 1 yPa, and
overall response levels ranged from 105 to 165 dB re 1 pPa with a mean response level of 130 dB re 1
pPa. However, because most exposures and respatssred at lower received levels, the estimated
probability of response increased steeply between this level and 200 dB re 1 pPa at which all animals
were assumed to respon@Figure4l). The resulting curve has a peércentprobability of response at

185 dB re 1 pPa.
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Table24. Mysticete data for quantitative assessment of behavioral response.
RElly= el Range of .
Exposure Distances
Received | Significant Response of
Species Study Individuals | Exposures Received
Levels Responses Responses
LevelgdB e
(dBre1l re 1 Pa) El
uPa) -
SOCAL BRS
Blue (Goldbogen
Whale et al. 2013; 16 28 94¢ 165 105¢143 0.8¢8.1
Southall et al.
201%)
LFA Playback
Blue
Whale | (Clark etal., 1 ! 956 150 NA NA
1999)
SOCAL BRS
Fin Whale (Southall et 13 13 110¢ 161 NA NA
al. 2023)
LFA Playback
Fin Whale (Clark et al., 6 6 115¢ 155 NA NA
1999)
SOCAL BRS
Minke
Whale Kvadsheim et 1 ! 100¢ 160 146 1
al.2017
3382
Humpback
Whale (Sivle et al., 10 20 85¢ 182 125¢ 165 0.1¢04
2015)
352
Minke
Whale | (Sivieetal, 1 ! 83¢158 146 4.5
2015)
LFA Playback
Humpback 17 17 121¢ 150 NA NA
Whale | (Miller etal., ¢
2000)
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Figure41. Mysticete Biphasic Behavioral Response Function, with thep&@centcredible interval shaded in teal.

3.1.8.5 Sirenians (Manatees and Dugongs)

Due to a lack of specific data regarding sirenian reactions to sonar andlgansignals, the mysticete
criteria and thresholdsre considered thebestproxy, as lmth mysticetes and manatees have
demonstrated similar reactions to vessel noise.

3.1.8.6 Sea Otters and Polar Bears

Due to a lack of specific data regarding sea otter or polar bear reactions to sonar andilsesagnals,

the pinnipedcriteria and thresholdare considered the begbroxy. Pinnipeds are the most closely
taxonomicallyrelated marine mammal group and share amphibious characteristics with polar bears and
otters.

3.1.8.7 Comparison of Phase 3 and Phase 4 Behavioral Response Functions

Figure42 shows the differences between the behavioral response functions used in Phase 3 versus
those that are discussed in this report for Phase 4.

i



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

1 v 1 T -
SensSp Odont
05| b5} 3

© i

m i': ‘i-i

E . . lI||-l""'

O : .

0 :

- . ]

0
o 100 150 20 100 150 20
| T

O

1 1 ?
£ Myst ;
0o :
o :
= ;
O ;
A 057 05| H
i sz i . i L] i
100 150 2 100 150 20

Received Level (dB re 1 yPa)

SensSp =Sensitive Species
Odont = Odontocetes
Pinn = Pinnipeds

Myst  Mysticetes
The Phase 3 beaked whale response function and the harbor porpoise step function are plotted against the Sensitive Species curve.

Figure42. Behavioral Response Functions froRhase 3 (dashed lines) and Phase 4 (solid lines)

3.1.9 Behavioral Cutoff Conditions

As discussed above 311.2 at moderate to low received levels the correlation between probability of
reaction and received level is very poor and it appears that other variables mediate behavioral reactions
(e.g., Ellison et al., 2011) such as the distance between the animahasdiund source. For the Phase 4
analysis, distance between the animal and the sound source (i.e., range) was initially included as a
potential covariate in the updated Bayesian risk function models. However, the models did not select
range as a factor ithe final risk function as it was too confounded with received level and therefore did
not provide additional information about the possibility of response. This is not surprising given that
only 21 of 196 exposures within the behavioral response dataraiclO km or greater from the sound
source. Of those 21 animals, 19 had no response at all, one had a minor vocal response, and one had a
strong avoidance response that lasted less than the duration of the exposure.

These data provide support that beyond a certain distance, significant behavioral responses are unlikely
to occur. However, at ranges less than 10 km there are several responses at received levels below 140
dB rel pPa which supports the idea that proximity can lead to reactions eatdower received levels.

Since most data used to derive the behavioral response functions is from within 10 km of the source,
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probability of reaction at farther ranges is not wedpresented. Therefore, the sourgeceiver range
must be included as a separate consideration to estimate likely significant behavioral reactions. The
Navy will use behavioral cutoff conditions where an animal beyond a certain distance and below a
specift received level is unlikely to incur a significant behavioral response.

The cutoff distance will generally be based on the farthest seanimal distance across all known

studies where animals exhibited a significant behavioral response. Animals beyond the cutoff distance
but receiving levels above the p@rcentprobability of response from that species' respective BRF, will
also be assumed to incur a significant behavioral response. The probability of significant behavioral
reactions occurring under these circumstances is unknown based on best available sodhizis

being included as a conservative assumption due to the paucity of data. In both the case of animals
being within the cutoff distance, and beyond the cutoff distance but still abbee0percent

probability of response for that species, a behavioral response function based on a received SPL as
presented in3.1.8is used to predict the probability of a significant behavioral response.

3.1.9.1 Sensitive Species

As seen in Figu43, there were nine instances from the data used to derive the behavioral response
functions where the received level, souranimal distance, and animal's response were known. All
exposures were to beaked whales. Significant behavioral reactions were setvelol beyond about 17
kilometers, although there were no observations in this dataset between about 17 and 60 km.
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Beaked whale exposures to sonar or simulated sonar (n=10) comparing received level (dB re p' 0 Jto distance from data
used to derive the behavioral response functions where distance was also accurately recorded.
For exposures that caused a reaction, the distance and received level are those at which the reaction occurred.

For exposures that did not cause a significant behavioral reaction, the minimum distance and maximum received level are
shown.

Figure43. Beaked whale exposures to sonar or simulated sonar.

There are several other studies where animals were tracked using passive acoustic methods or satellite
tracking tags. Although the received sound level, solirgfA Y1t RA&GFyOST YR FYyAYLl
difficult to discern than the data that was ingmrated into the BRFs, these studies do provide more

information about reactions at farther ranges.

79



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

During a Navy training event at Atlantic Underwater Test and Evaluation Center (AUTEC) in Andros
FKEYEFAZ L fFPAY@GATESQa 0SF]TSR 6KFEESa Y2O0SR |y | @SN
al., 2011). During playback experiments of simulated soffahe coast of SOCAL, sonar exercises

approximately 118 kmangefrom exposed whalewith SPLs at the whales of 78 to 106 dB re 1 yPa did

not elicit significant behavioral reactions (DeRuiter et al., 2013). Likewise, in observations during the

SOCAL belvioral response study, beaked whales showed no observable response-toduwrited ASW

sonar at distances of 60 to 75 km (Southall et al., 2014; Southall et al., 2016). Recent analyses of possible

L EFPAYOAEESQa 0SSR ¢KIf & atdhS Racii MBING RangdBadilindoynd Sa (G 2
cessation of clicks to occur when ships were between 10 to 35 km and typically approaching the location

of the group. Groups continued to click when ships were between 25 and 40 km and typically heading

away fom the location of the group (Henderson et al., 2016). In Joyce et 202D . f | Ay @At £ SQa
whales were satellite tagged on or near the AUTEC range in the Bahamas and then tracked before,

during, and after sonar activity on the range. Exact distances to the location of the sonar were not given,

but the whales were 2 27 kmfrom the range when they responded by moving away from the range,

while an animal 73 km from the range moved towards it. Even a study of northern bottlenose whales in

a habitat vith low ambient noise levels and little sonar use (Wensveen et al. 2019) found that behavioral
responses occurred out to about 27 km in satellite tagged whales, but did not occur in a whale at about

36 km. Finally, while it has been shown that beaked whedeluce their foraging activity while on Navy

ranges during Navy activities that include sonar (Moretti et al. 2014; Jacobson et al. 2022), two
CEFPAYOAEESQa 0SIF1TSR 6KFEESa GKIG ¢6SNB GF33a3SR 2y (K
multiple days of sonar use (Baird et al. 2021).

Although none of the studies above observed reactions in beaked whales to sources beyond about 35

km, Falcone et al. (2017) modeled apparent responses tepanigered sources out to 50 km and

responses to higipowered sources at distances as great as 100Htowever, the models were not

developed to estimate distances to response, and care needs to be taken when interpreting the results

in that context. Furthermore, most modeled responses occurred within 50 km.

There are no data available on the reaction distances of wild harbor porpoises to sonar glilk®nar
signals. However, movement patterns of harbor porpoises have been studied during pile driving to
install wind turbines in European waters (Déhne et &12 2014; Tougaard et al., 2009). These studies
have shown that harbor porpoises are displaced to within abot22@m of the activity area.

The data suggest that most beaked whales and harbor porpoises are unlikely to exhibit significant
behavioral reactions to highowered sonar and sondike signals beyond approximately 35 km;

therefore, the Navy will use 40 km as a cutoff distance forigeaspecies. Based on the sound source

and modeled sound propagation under certain environmental conditions, areas beyond 35 km can still
be exposed to levels above the plrcentprobability of response on the sensitive species BRF which is
133 dB re JuPa. Therefore, animals within the sensitive species behavioral group that are beyond 40 km
from the source and below 133 dB re 1 pPa are unlikely to incur significant behavioral reactions.

3.1.9.2 Odontocetes

As seen in Figu#, there were 101 instances from the data used to derive the behavioral response
functions where the received level, sourarimal distance, and animal's response were known. All
exposures were to Risso's dolphins, pilot whales, sperm whales, and killlswhhe3Sand BRS sonar
playback studies were largely conducted within about 8 km, so it is difficult to extrapolate to the
distance at which other odontocetes are not likely to respond, although significant behavioral reactions
were not observed beyond about 12 kilometers. During the final SOCAL BRS field seasons, researchers
were able to coordinate with Navy ships to expose two tagged Risso's dol@maragus griseydo
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actual midfrequency sonar. These distances were on the order of tens of kilometers, and no responses
were observed (Southall et al., 2014).
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Odontocete exposures to sonar or simulated sonar (n = 101) comparing received level to distance from data used to derive
the behavioral response functions where distance was also accurately recorded.
For exposures that caused a reaction, the distance and received level are those at which the reaction occurred.

For exposures that did not cause a significant behavioral reaction, the minimum distance and maximum received level are
shown.

Figure44. Odontocete exposures to sonar or simulated sonar

In addition to the distance and response data from all CEEs, the determinationaff digtances relied

upon the 3S3 sperm whale data from 2019 in which animals responded out to 12.3 km. The relationship
between range and received level were statisticalnalyzed using three different approaches. First, a
Generalized Additive Mixed Model (GAMM) was developed with a variety of covariates to predict the
fA]1StEAK2ZFRN2ZBAY IaY DA GBS aidlF iS¢ obCl 0TI KAOK Aa |
during a behavioral response. It was determined that the SEL max (per session), minimum distance (per
session), and an interaction term between the two variables (as well as the presence of blackfish and a
time-of-day variable) were the significant covagatselected in the model for that specific response.

NFA was found to significantly increase over baseline during exposures with higher SEL values and closer
ranges (over 120 dB SEL and less than 12 km), but beyond 20 km there was a low likelihood of that
behavior and only at high SEL values (Lam et al. 2021). Second, a Generalized Estimating Equation (GEE)
model was developed that incorporated all possible response categories for each session (e.g.,
avoidance, orientation, diving, foraging, vocal behawte,) andthen scored the total number of

responses over all possible categories. This score was then modeled against several variables and once
again the maximum SEL (per session), the minimum range (per session), and their interaction term were
selectedas significant. The conclusion from this analysis was that range drives the proportion and

severity of the response, such that a higher proportion of responses per session occurred at closer

ranges (Lam et al. 2021). Third, a tatoessor dose responserfation was fitted to data that included

the maximum SEL and minimum distance prior to the onset of the response, or the maximum SEL and
minimum distance in the session if there was no response. In thestressor dose response model,

moderate and high sevity responses were again predicted out to about 12 km (Wensveen et al. 2022).
The twadimensional response relationship of range and received level were compared to the one
dimensional response relationship of received level only, and it was foundri@antliusion of range

reduces animal disturbance at longer distances (von Benda Beckman and Wensveen 2022). These three
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analyses of the sperm whale data all demonstrate the importance of range as well as received level at
closedistances butlso provide good support that at longer distances significant behavioral responses
are unlikely.

The data suggest that odontocetes (excluding beaked whales and harbor porpoises) are unlikely to
exhibit significant behavioral reactions to higbwered sonar and sondike signals beyond
approximately 12 km; therefore, the Navy will use 15 km as a tdistance for odontocetes. Based on
the sound source and modeled sound propagation under certain environmental conditions, areas
beyond 15 km can still be exposed to levels above theesOentprobability of response on the
odontocete BRF which is 168 dB1 pPa RMS. Therefore, animals within the odontocete behavioral
group that are beyond 15 km from the souraedbelow 168 dB re 1 pPa are unlikely to incur significant
behavioral reactions.

3.1.9.3 Mysticetes

As seen in Figu45, there were 85 instances from the data used to derive the behavioral response
functions where the received level, sourarimal distance, and animal's response were known. All
exposures were to minke whales, fin whales, humpback whales, and blue whgteficgt behavioral
reactions were not observed beyond about 8 kilometers.
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Mysticete exposures to sonar or simulated sonar (n = 87) comparing received level (dB re p* 0 Jto distance from data used to
derive the behavioral response functions where distance was also accurately recorded.

For exposures that caused a reaction, the distance and received level are those at which the reaction occurred.
For exposures that did not cause a significant behavioral reaction, the minimum distance and maximum received level are shown.

Figure4b. Mysticete exposures to sonar or simulated sonar

Data from the SOCAL BRS study on blue and fin whales included exposures to both simulated sonar
within a few kilometers and sonar from real Navy ships at greater distances (tens of kilometers). None of
the fin whales responded, while four of the blue whatesponded. Three blue whales responded to the
simulated sonar within 1 km, while one blue whale responded to real Navy sonar at 8.1 km (Goldbogen
et al. 2013; Southall et al. 2000 During Phase | of LFA playbacks, no responses by either blue or fin
whales were observed; in one case a whale swam past the transmitting vessel in the direct path of the
playback at a range of 20B00 m. During Phase 2 of LFA playbacks, migrating gray whales avoided the
source by 5002000 m when it was placed near the tenof their migratory path; however, when the
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source was moved approximately 2 km farther offshore, the animals no longer altered their paths (Buck
& Tyack, 2000; Clark et al., 1999; Ellison et al., 2011). In addition, the Behavioural Response of
Australian Humpback whales to Seismic Surveys (BRsid8vas a CEE conducted to assess

behavioral responses of migrating humpback whales to seismic airguns (Dunlop et al. 2013, 2016, 2017).
Responses were found to be more likely when the source was within 3 km or above 140 dB re 1 pPa,
although responsewere variable (Dunlop et al. 2017). Similarly, Frankel and Stein (2020) observed
changes in migration behavior of gray whales exposed to a high frequency 25 kHz source. While the
whales were observed over 8 km (4 km north of the source to 4 km south sbtiree) significant

changes in movement behavior and distance to shore were only observed up to 1 km from the source.

In contrast, acousticaliracked minke whales at PMRF in Hawaii, likely on their breeding grounds, avoid
the main area of MFAS training activity on the range, moving north or west away from the activity at
higher travel speeds (Harris et al. 2019; Durbeichl. 2021). Avoidance distances were not explicitly
measured but estimates of the locations of tracks compared to the center of activity indicates that
minke whales may avoid sonar at 280 km during Navy activities that have multiple hjgtwered

sound sources. However, gannotbe determined if the whales physically avoided the area or simply
ceased vocalizing.

It is important to note that these are the distances within which behavioral responses have been
observed, which is decoupled from the acoustic habitat or communication space that these large whales
likely utilize. While their low frequency vocalizationaynbe detected across tens to hundreds of
kilometers, their observed behavioral responses to-lamd midfrequency active sonar seem to be

limited to within 10 km.

The data suggest that most mysticetes are unlikely to exhibit significant behavioral reactions-to high
powered sonar and sondike signals beyond approximately 8 km; therefore, the Navy will use 10 km as
a cutoff distance for mysticete Based on the sound source and modeled sound propagation under
certain environmental conditions, areas beyond 10 km can still be exposed to levels above the 50
percentprobability of response on the mysticete BRF which is 185 dB re 1 pPa. Therefore, animals
within the mystcete behavioral group that are beyond 10 km from the soamébelow 185 dB re 1

pPa are unlikely to incur significant behavioral reactions.

3.1.9.4 Pinnipeds

All studies of pinniped behavioral responses utilized in the Phase 4 risk functions were from captive
studies conducted at close range. Southall et al. (2007) report that pinnipeds do not exhibit strong
reactions to SPLs up to 140 dB re 1 pyPa from steatly onimpulsive) sources. In some cases,
pinnipeds tolerate impulsive exposures up to 180 dB re 1 puPa with limited avoidance noted (Southall et
al., 2007), and no avoidance noted at distances as close as 42 m (@abettsine 2002). There are

limited data on pinniped behavioral responses beyond about 3 km in the water.

The data suggest that most pinnipeds are unlikely to exhibit significant behavioral reactions-to high
powered sonar and sondike signals beyond approximately 3 km; therefore, the Navy will use 5 km as a
cutoff distance for pinniped. Based on the soundrse and modeled sound propagation under certain
environmental conditions, areas beyond 5 km can still be exposed to levels abovebecbt

probability of response on the pinniped BRF which isdB56e 1 pPa. Therefore, animals within the
pinniped bédavioral group that are beyond 5 km from the souer®l below 156 dB re 1 pyPa are unlikely

to incur significant behavioral reactions.
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3.2 IMPULSIVE SOUND SOURCES

3.2.1 Introduction

This section outlines the criteria used in Navy Phase 4 analysis to predict behavioral effects to marine
mammals from impulsive sound sources, including pile drivinguais, and explosives. 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, at long distams the rise time increases as the signal duration lengthens (similar to a "ringing"
sound), making the impulsive signal more similar to a-imopulsive signal (Hastie et al., 2019; Martin et

al., 2020). Behavioral reactions from explosive sounds are likely to be like reactions studied for other
impulsive sounds, such as those produced bguairs 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 mysticetes and odontocetes. Most data have come from seismic surveys that occur
overlong durations (e.g., on the order of days to weedsdtypically utilize large mukair gun arrays

that fire repeatedly, or from acoustic studies of pile driving activity that can detect a change in
distribution of animals over time. While seismic and pile driving data provide the best available science
for assessing behavioral responsesmpillsive sounds by marine mammals, it is likely that these
responses represent a worsaise scenario compared to responses to explosives used in Navy activities,
which would typically consist of single impulses or a cluster of impulses (i.e., acute sounds), rather than
long-duration, repeated impulses (i.e., potentially chronic sounds).

Compared to sonar, there are few direct observations of behavioral reactions from marine mammals
due to exposure to impulsive sounds. Like the behavioral response criteria for sonar andilsonar

signals, to contribute to marine mammal impulsive behaviogaponse criteria and thresholds, data

had to include (1) an observation or description of behavioral response (or demonstrated that there was
no response) to an impulsive sound source, and (2) report a received level metric. Studies omitting
either oneof these inclusion criteria were not included in the body of this literature review. This data
could eventually be used in the development of a future impulsive behavioral response risk function
when there is additional data to support that effolithesestudiesare shown in Appendii.

3.2.2 Behavioral Response Thresholds for Air ~ Guns

Existing National Marine Fisheries Service risk criteria are applied to the unique sounds generated by air
guns at 160 dB r& pPa The rms calculation for airguns is based on the duration defined by 90 percent

of the cumulative energy in the impulse. There have been many studies conducted on behavioral
responses of marine mammals to gitns and seismic surveys; however, the majority of these have

been opportunistic, and do not report received levels alwiitly specific behavioral responses.

However, the mst pertinent studies have been summarized below.

3.2.2.1 Opportunistic Behavioral Response Studies of Seismic Surveys

Koski and Johnson (1987) observed a mother and calf bowhead whale feeding at the onset of seismic
activity 17 km away with an estimated RL of 126 dB re 1 uPa. No behavioral responses were observed,
although after 30 min the pair swam away at a moderateespd hese authors also observed another
group of bowhead whales 24 km from a seismic ship that had shorter dives, longer periods at the
surface, and more blows during seismic activity than for other migrating whales; this response occurred
at estimated leels of 117 137 dB re 1 pPa. Ljungblad et al. (1988) also observed bowhead whales near
seismic activity, and found shetgrm behavioral changes when animals were less than 10 km from the
vessel, including tail slapping, startle responses, and avoidattvior. These responses occurred at

84



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

received levels of 142178 dB re 1 pPa. Similarly, Miller et al. (2005) found bowhead whales had
reduced sighting rates on feeding grounds during seismic activity and increased sighting distances from
the vessel and interpreted this as local avoidancthefsource at an estimated received level of about

170 dB re 1 yPa. However, during aerial surveys in the same study, avoidance was not observed, and
bowhead whales were sighted 5,20 km from seismic activity, with estimated received levels of(l30

150 dB re 1 pPa. Richardson et al. (1999) found avoidance by bowhead whales oqt30 & from

the seismic vessel; estimated received levels at 20 km wereg 126 dB re 1 pPa when propagation

was favorable, and 116117 dB re 1 pPa under more typigpabpagation conditions.

Humpback whales were also observed avoiding seismic survey activity at range8 kifrg although

some individual adult males approached the source at estimated maximum received levels of 179 dB re
1 pPa (McCauley et al. 2080 The most common avoidance behavior was to alter the speed or

direction of travel to maintain a standoff distance of abowg 8 km from the vessel, at estimated

received levels of 157164 dB re 1 pPa.

Sperm whales were monitored during exposure to distant 6 km away) seismic activity in Norway,
at maximum estimated received levels of 130 dB re 1 pPa with no observed avoidance or displacement
behavior or change in vocal activity during foraging betraimadsen et al. 2002).

Ringed seals were also monitored during seismic surveys in Alaska (Harris et al. 2001); sighting rates
were similar between seismic and nsrismic periods, and while the seals may have avoided the

seismic vessel within 150 m and more seals swam away aihgans were active, they were still found
within 250 m and did not leave the general area. Received levels were estimated to be greater than 180
dB re 1 pPa out to 1 km from the vessel, and wered 295 dB re 1 pPa within 150250 km.

Gray whales on feeding grounds 8fikhalirisland were observed before, during, and after seismic

surveys (Gailey et al. 2016), and individual animal behaviors were described along with the development
of models looking at what might drive behavioral changes. The models did not find a stroinetiat
between the behavior of the whales and the seismic activity overall; however, a few individuals were
observed to respond. One animal fast traveled towards the area of seismic activity before turning

inshore and away from the seismic activity; during the period of approach the received levels increased
from 143 to 151 dBe 1 uPas SEL. Another animal changed direction of travel toward the seismic

activity and increased travel speed at the onset of seismic activity, at received levels of about 127 to 139
dBre 1 uPas SEL.

These data could eventually be used in the development of a future impulsive behavioral response risk
function when there is sufficient data to support that effort.

3.2.2.2 Passive Acoustic Monitoring During Seismic Activity

Multiple studies have purposely or opportunistically recorded vocal activity of marine mammals during
seismic activity. Blue and fin whales were acoustically tracked during exposuregtmsin the North

Pacific Ocean; one whale that may have been actively approaching the seismic vessel called at 15 km
distance but stopped calling at 10 km where levels were estimated to be about 127 dB re 1 pPa.
Similarly, blue whales in the St. Lawrefitstuary were recorded during periodic sparker activity (Di lorio
and Clark 2009). These whales were found to vocalize more on days with activity and may have been
vocally compensating for the elevated ambient noise levels. The mean estimated SPL in the area at the
time was about 123 dB re 1 pPa. Dunn and Hernandez (2089jracked blue whales during a period of
seismic activity at received levels less than 145 dB re 1 pPa and distances greater than 15 km with no
observed change in heading or speed.

85



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

Bowhead whales were acoustically monitored in the Beaufort Sea during their migration and call rates

were compared before, during, and after periods of seismic activity (Blackwell et al. 2013). Fewer calls
GSNE RSGSOUSR FNRY IyANITX0ayRENEI KEI t DiaRAGB] g
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were 99¢ 108 dB re 1 yPa. Furthermore, call rates were initially found to increase at the onsegoha

pulses at cSEL values of 94 dB re PgRiaen started decreasing at 127 dB re 13sR&EL and stopped

after levels exceeded 160 dB re 1 pPaSEL (Blackwell et al. 2015), indicating different types of acoustic

behavioral responses at different received levels.

Harbor porpoise vocalizations were detected usiAgads (cetacean and porpoise detector) placed at
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compared for periods before, during, and after seis activity. The lowest amount of vocal activity was

detected at the sites closest to the seismic vessel at single shot SEL values of about 155 dBste 1 pPa

and activity levels increased with distance from the vessel, with vocalizations at 15 knmsktiada

levels.

Since a change in vocal activity without an associated visual observation does not fully inform the type
of behavioral response that may have occurred, and since received levels were estimated for general
areas but not specific animal locations, these daanot be used in the development of a behavioral

risk function for impulsive sound sources.

3.2.2.3 Controlled Exposure Field Studies Using Seismic Airguns

In some of the earliest controlled exposure field studies, Malme et al. (1984, 1985, 1988) exposed gray
and humpback whales to seismic arrays (or playbacks) during both migration and feeding activity. During
migration, gray whales changed course to avbiel sound source placed in their path out to distances of

3 km; the avoidance threshold of a singled@in was estimated to be 164 dB re 1 pPa, while the overall

50 percentavoidance threshold was estimated to be 170 dB re 1 pPa. During feeding behassatjan

of feeding was observed on some occasions, along with changes in direction or speed of movement, at
received levels of 148176 dB re 1 pPa and distances up to 4 km. While most gray whales returned to
the area and resumed feeding once the guin was stopped, one whale exposed at 154.5 dB re 1 pPa
continued moving out of the area. However, in another instance levels reached 165 dB re 1 pPa with no
response observed, and some whales remained feeding up to received levels of 176 dB re 1higa. In t
study, Malme et al. (1988) estimated the prcentprobability of an avoidance/cessation of feeding
response by gray whales to be 173 dB re 1 pPa. For foraging or resting humpback whales, no clear
avoidance behavior was observed at received levels up to 170 dB re 1 pPa (Malme et al. 1985), although
there was some startle behavior when the girn was first turned on.

McCauley et al. (20@) also conducted controlled agun exposures to migrating humpback whales with
a single aigun. Avoidance behavior was observed from 1.22 to 4.4 km (the vessel was not allowed to
get closer to the animals); whales at 5 km were not observed to change their behavior. Avoidance
occurred at about 140 dB re 1 pPa, with the 1.3 km distance at 148 @iiPa and startle responses at
112 dB re 1 pPa. Resting animals were more sensitive and avoided at greater ranges, @12 thn7,
whichalso corresponded to received levels of about 140 dB re 1 pPa.

More recently, the BRAHSS study was conducted to assess behavioral responses of migrating humpback
whales to seismic aguns in a controlled exposure study format. Dunlop et al. (2013, 2016, 2017) towed
both single and arrays of ajuns across the migratory path of humpback whales with and without ramp

up. They also used controls, with the gims towed but not active, to assess the impact of just the

survey vessel. When comparing received levels and behavioral responses usingpraerpus a

constant roise level of aiguns, humpback whales did not change their dive behavior but did deviate
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from their predicted heading and decreased their swim speeds (Dunlop et al., 2016). When looking at
the relationships between proximity, received level, and behavioral response, Dunlop et al. (2017) used
responses to two different aguns and found responses occurred more toward the smaller, closer
source than to the larger source at the same received level, demonstrating the importance of proximity.
Responses were found to be more likely when the source was within 3 km or above el dBa,

although esponses were variable, and some animals did not respond at those values while others
responded below them. In addition, responses were generally small,-srontcourse deviations of

only around 500 m (Dunlop et al. 2017).

Richardson et al. (1985, 1986) also conducted controlled exposures of a single &rbowhead

whales, along with exposures to more distant seismic activity. There were no detected responses to the
distant surveys at received levels of 10758 dB re 1 pPa. During the controlled exposures, the whales
began orienting away from the smee at about 7.5 km, although some continued feeding until the

vessel was 3 km away. All whales avoided the source at 2 km distance, with minimum received levels of
at least134 dB re 1 pPa. When a playback study was conducted, normal behavior was observed at
distances of & 5 km and received levels of 16833 dB re 1 pPa. In two cases, whales traveled away at
mediumfast speeds at received levels of 1:2434 dB re 1 pPand ranges of 0.2 to 4.5 km.

A controlled exposure study of gjun arrays was also conducted with sperm whales tagged with

acoustic DTAGs (Miller et al. 2009, Madsen et al. 2006). With exposures up to 162 dB re 1 yPa at
distances of 1.4 12.8 km away, all whales but one continued to conduct normal foraging dives and
demonstrated no avoidance behavior, although tag data may have suggested subtle changes in feeding
behavior. One whale that had been resting at the surface at the start of the experiment remained at the
surface for the dration of the exposure and only then conducted a foraging dive, which could be a

delay in foraging. This whale also had the closest approach and highest exposure level.

These datdTable25) could eventually be used in the development of a future impulsive behavioral
response risk function when there is sufficient data to support that effort.

Table25. Summary of received levels and distances for marine mammal behavioral responses to seismic
air guns in field studies.

Species RL range at Responsg Distance range a Tvoe of stud
P (SPL dB rms Responsgkm) yp y
Bowhead whale 117-170 2-45 boat and aerial survey
Gray whale 127-173 3-4 boat and shore
basedsurveys
Humpback whale " 140-179 1.2-8 boat and shore
basedsurveys
Sperm whale NA (130g 162) NA (4¢ 86) boat survey
Blue whale 123-127 10 boat survey
Harbor porpoise 155 (SEL) 15 boat survey
Phocid seals 195 0.15 boat survey

Koski and Johnson (1987);
(2013);

McCauley et al. (2000a);
Madsen et al. (2006);
Harris et al. 2001

Richardson et al. (1985, 1986);

Ljungblad et al. (1988);

Miller et al. (2005);
Malme et al. (1984; 1985; 1988);

Dunlop et al. (2013, 2016, 2017);
Di lorio and Clark (2009);

Madsen et al. 2002;
Dunn and Hernandez (2009);

Richardson et al. (1999);
Gailey et al. (2016);

Blackwell et al.

Miller et al. 2009;

Sarnoci Bska et

87
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3.2.2.4 Captive Animal Controlled Exposure Studies Using Seismic Air Guns

A few studies have also exposed captive animals to seisngarasr(or playbacks) either to explicitly

observe the behavioral response or opportunistically as a side effect. For example, Finneran et al. (2002)
conducted a TTS study on a bottlenose dolphin and a beluga whale, and in both cases noted the animals
were dten reluctant to return to the biteplate following an exposure; for the beluga this occurred after

the first exposure at 171 dB re 1 pPa, while for the bottlenose dolphin this behavior didaowt until a
received level of almost 207 dB re 1 pPa. In a fetbovetudy, Finneran et al. (2015) exposed multiple
bottlenose dolphins to aigun pulses, this time to measure hearing thresholds. Again, the dolphins did

not exhibit any behavioral reactions at received levels of ¢I87 dB re 1 pPa, and one did not change
behavior at the highest level of 188 dB re 1 pPa. The other two dolpbgenbexhibiting anticipatory
behavior, turning, or moving away from the sound source before thguairpulseoccurred and then

returning to the biteplate afterward. Similarly, Finneran et al. (2003) exposed California sea lions to a
pulsed aregap transducer (like an agun). Mild behavioral responses in one animal began at a received
level of 169 dBe 1 pPawhile at 165 dBe 1 pPahe other animal began evasive behavior such as lifting

its head out of the water or hauling out.

Sills et al. (2026) documented behavioral responses whélieidyingthe effect thatsingle andnultiple
seismic aigunshotshad onthe hearing obne male bearded seal. For all three experiments, the seal
only exhibited milddetectable responses for most exposures even up to single shebSER5 dB re 1

> t 2§, indicating that the seal did not move more than half his body, and always returned to continue
participation.

Reichmuth et al. (2016) also exposed spotted and ringed sealsdarairto measure TT&pd

opportunistically recorded behavioral responses as well. No behavioral responses were recorded in

control trials, but all subjects exhibited mild behavioral responses during most exposure trials. These
responses included moving the head from station owving a short distance (less than half a body

length or slightly more) from station but returning within the response window. These responses

occurred at signdevelsdzL) G2 wnc R. NB m >t oLISH] (2 LISIF{ LI

Lucke et al. (2009) exposed a harbor porpoise tguair stimuli to measure TTS, up to received levels of
199.7 dB peak to peak (ppe 1 pPaAbove 174 dB (ppg 1 uPahe animal consistently demonstrated
aversive behavior and avoidance of the pool area with the sound source.

All these studies exposed animals to very high received levelssaproximity with the purpose of
stimulating a TTS response, therefore they would not be suitable to use in the derivation of a behavioral
response function.

3.2.3 Behavioral Response Thresholds for Pile Driving

Existing NMFS risk criteria are applied to estimate behavioral effects from impact and vibratory pile
driving (Table26). Thermscalculation for impact pile driving is based on the duration defined by 90
percent of the cumulative energy in the impulse.

Table26. Pile Driving Level B Thresholds to Predict Behavioral Responses from Marine Mammals.

Underwater Vibratory Pile Driving Criter| Underwater Impact Pile Driving Criter,
Level B Disturbance Threshold Level B Disturbance Threshold

120dB re 1 pPams 160dB re 1 pPams

dB: decibel; dB re 1 pPa: decibel referenced to 1 micro pascal; rms: root mean square

Note: Root mean square for vibratory pile driving is calculated based on a representative time series long
enough to capture the variation in levelsd usually on the order of a few seconds.
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While there is an increasing body of work examining behavioral responses to pile driving activity, as
reviewed below, few studies record or report the information needed to derive a-desgonse type
metric. Therefore, the NMFS risk criteria will continade utilized in Phase 4.

3.2.3.1 Pile Driving During Wind Farm Construction

Several studies have been conducted to monitor marine mammals visually or acoustically, particularly
harbor porpoises, during the construction of offshore wind farms; unfortunately, most of these studies
only assessed behavioral and acoustic responsesiiahabt report actual received levels. Pile driving

for these wind farms can last for several weeks, and acoustic recorders have often been placed at
multiple distances extending from the area of constructior then recorded for similar periods of time
before, during, and after pile driving to determine the impact on marine mammals in the area. Received
levels could be estimated or modeled for these studies, but for the most part, were not reported.

3.2.3.1.1 Harbor Porpoises

Several studies were conducted related to the construction of the Nysted offshore wind farm in the

Baltic Sea (Henriksen et al. 2003; Tougaard et al. 2005; Carstensen et al. 2006). Three passive acoustic
loggers, IPODs, were deployed@4 km away from th foundation, with another set of three in a

GNBFSNBY OS¢ I NBI mMp 1Y [ bréhDaselineReribdibdforeNBEOBNARS R F 2 N.
as well as during the 18 months of construction. Harbor porpoise echolocation clicks would occur in

bouts whenporpoises were present in the area. There was an increase in bethaarperiods during

the construction phase from the baseline period; during the baseline period there were always less than

2 days (120 h) between bouts, but during construction click bouts were separated by up to a week

(3550 h), and once by 38 days. However, despite leaving the area when pile driving began, the animals
always returned after each operation was finished (Tougaard et al. 2005).

Similar results were found for harbor porpoises exposed to impact pile driving outside the Moray Firth,
Scotland (Thompson et al. 2010) and at the Horns Reef wind farm in the North Sea (Tougaard et al.
2003; Tougaard et al. 2009). SirODS were deployethree near the construction site and three at a
control location 25 km away near the coast. These recorded for six months in 2006, for two months
before, during, and after the pile driving activity, as well as for two months in the summers of 2005 and
2007 to compare numbers of detections over time. There were low levels of detections for bottlenose
dolphins at both sites, and low levels of harbor porpoises at the control site, making comparisons
between sites difficult. However, at the construction siigngficantly fewer harbor porpoise clicks were
recorded (as hours per day) during the two months of construction than during the same two months in
other years. During the pile driving activity, harbor porpoise behavior changed to more directional
travel,F YR f SRANBYRN2Yy It GNI gSté¢ O0F2NIIAAYy3I0 YR f233Ay
from the baseline period to the construction phase, but the daily frequency of clicks decreased about 50
percent however, this decrease could have also been attributable to interannual variation.

Brandt et al. (2011) also found similar responses by harbor porpoises in hearby Horns Reef Il, a second

wind farm developed in the North Sea. Noise measurements were made with an autonomous buoy

about 720 m from the pile and from a sHyased hydrophone 300 m from the pile. EightFODs were

also deployed in a transect line running from 2.5 to 21.2 km from the construction zone. In one test, 449
0f2sa 6SNBE NBO2NRSR 20SNJon YAYy® !'d THn YI GKS {1t
dB re 1> #&%s, and the Mweighted (weighted foharbor porpoisehearing) SEL was estimated at 170 dB
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{9 o1 a&a SadAyYl G %RrheatoustigattivitiRof haM® pavpoises was negatively

affected out to 17.8 km; at the closest point (2.5 km), acoustic activity was reduced ¢of28 after
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pile driving, and the duration of the effect declined with distance such that at 21.2 km there was no
negative effect. In fact, at that range there was an increase in acoustic activity for about 30 h after pile
driving, indicating the porpoises may havstjmoved further away from the noise during pile driving

but were not otherwise impacted. Brandt et al. (2016) provided a summary report of harbor porpoise
detections before, during, and after the construction of eight wind farms. They found that atleveds
above 170 dB re 1 pyPa there was go@@centreduction in harbor porpoise detections, but at noise

levels between 145 and 150 dB re 1 pPa there was onlyp@i2Z®ntreduction. In a GAM model of

distance as a proxy for noise levels, an effective range of 17 km was determined to be the distance out
to which porpoises avoided pile driving at a significant level.

Dahne et al. (2013) monitored for harbor porpoises visually via aerial line transect surveys as well as
acoustically using echolocation click loggers deployed from 1 to 50 km from the center of piling activity.
From the aerial surveys they found a strongiglance response out to 20 km, while the click detectors
found a decrease in vocal activity only out to 10.8 km. They estimated that the SEL at 10 km would be
about 146¢ 152 dB re 1 pPa

The opposite effect was observed by Scheidat et al. (2011) at another wind farm, Egmond Aan Zee, in
the Danish North Sea. TwePODs were deployed within the wind farm, over 260 m from the closest
pile, with six additional -PODs in two reference areas i north and south of the wind farm. In this
study, there were twice as many encounters,pgéZcentlonger durations of acoustic activity, and

reduced waiting times (3perceni during the operation than during the baseline period.

In addition, there were more clicks recorded, with longer encounter durations and less waiting time in
the impact zone than in the reference areas. These effects were hypothetically attributed to an increase

AY F22R S6AGKAY uKS umym FYNNVOBKRENDBSTF2ETREDIENDRY
STFSOGév 6{OKSARIFIG SiG Ftfd HAMMO D

Due to the lack of reported estimated or measured received levels plus finite behavioral responses,
none of these data can be used in the development of behavioral risk functions for impulsive.sounds

3.2.3.1.2 Other Odontocetes

Graham et al. (2017) used passive acoustic monitoring (PAM) devices to assess the activity and localize
the occurrence of bottlenose dolphins over different area and time scales with and without impact pile
driving. Noise recorders predicted the receivaedddband SEL 812 m from the piling site (133.4 dBre 1
uP&s). While there were fewer hours with bottlenose dolphin detections and reduced detection
durations within the pile driving area and increased detection durations outside the area, the effect
sizeswere small. However, the comparatively small response in the species could be due to a
substantially lower impact pile driving received level than reported in previous studies.

3.2.3.1.3 Pinnipeds

Edrén et al. (2010) and Teilmann et al. (2004) monitored seal behavior and abundance during the

construction and operation of the Nysted offshore wind farm 4 km northeast of the Rodsand seal

sanctuary, an important hawdut site for harbor sealdhoca vituling and gray seals (Halichoerus

grypus) Edrén et al. (2010) did not record sound levels but assumed source levels betwe&vY2 3

NE m >tlF 4 m Y GF1Sy FNRBY ¢2daAIFNR Sd Ffd 6unndg
previously been réuced by 1X 44 percentdue to an epidemic of phocine distemper virus. By 2003 the
population had recovered by about p&rcent and throughout the construction and operation of the

wind farm, the population continued to increase. Teilmann et al. (208ddnted no impact on the seal

populations, with a positive change in numbers from the preconstruction to construction data. Edrén et
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al. (2010) reported lower numbers observed in June during construction thameof the year before

or after construction, and lower numbers in the first September of operation than during construction.
No sudden reactions were observed for either species when pile driving activities began. Finally, pile
driving did lead to a decrease the probability of seals on land when acoustic deterrents were used (20
¢ 60 percentreduction), but an increase in the probability of hauling out when acoustic deterrgare

not used (25ercentincrease). However, all responses were shiertn, and were least noticeable

during the molting season, when seals are strongly dependent on land.

Skeate et al. (2012) and Nedwell et al. (2003) estimated the impact of pile driving on harbor and gray
seals near the Scroby Sands wind farm near Great Yarmouth, England. This wind farm was constructed
near a sandbank that is a major hault site for bothspecies of seal. Source levels were estimated at
HpT R. OLIXW NB m >tlt G M Y FYR HAH R. O6LILW NB ™
TL = 20 log(¥)0.003(D), where D is Distance (Skeate et al. 2012). The seasonal patterns of variation
abundance were consistent across years, with peaks for both species in late summer and fall, and
minimum sighting levels in winter. However, harbor seal numbers were higher in the two years before
construction, lowest during construction, and then clisebagain after construction showing some

recovery. In contrast, gray seal numbers were lowest before construction, and then highest during
construction and remained high after construction, indicating that a shift in species composition
occurred which magr may not have been related to the construction of the wind farm. Nedwell et al.
(2003) also recorded noise measurements at the North Hoyle offshore wind farm, 7.5 km north of North
Wales, in a water depth of @11 m.

There was an ail pIatform near this wind farm, with estimated source levels between 195.6 and 227.5 dB

NE m >t d m YI 6KAOK IRRSR (2 GKS oF O] 3aNRdzyR yz
NBEO2NRSR Fa mMdpy R. O0LILHD NBE m >tlF Fi wmhppyMIYRODOHYR.
3,905 m.

Russell et al. (2016) compared the behavior of tagged harbor seals around an operational wind farm to

that of a wind farm under construction and found the seals avoided the area of construction during pile

driving out to about 25 km, with a reduction ofage within the area up to 88ercentat received levels
0SG6SSYy mMcc FYR mMTy R. O6LILIW NB ™M >t ® ¢KA& RAA&LX
within 2 hours the animals returned to the area. In the operational wind farm, there was sgas®&in

animals using the area, possibly due to the aggregation of prey.

While these studies provided estimated source levels that could be used to estimate received levels, the
reported behavioral responses are at the population level over long temporal scales and therefore
cannot be used in the development of behavioral figkctions.

3.2.3.1.4 Pile Driving Exposures to Captive Animals

There were three harbor porpoises housed in an outdoor poolDauishharbor that were exposed to

pile driving noise during construction across the harbor, atd0®5 m distance (Lucke et al. 2011). Pile

driving activity occurred four days a week, with some longer breaks, over three months. When pile

driving began, the pgoises demonstrated strong avoidance reactions, swimming to the far side of their
enclosure rapidly, then logging at the surface for abnormally long periods. Over a piling sequ@hce of

blows, levels varied from 168181 dB(pp)NE ™M >t | T ZMh {pt RZ 2N BB MPHirg |

activity was halted, and a bubble curtain was installed around the porpoise enclosure. There was a slight
initial behavioral response to the bubble net as well, but then once pile driving resumed there were no

further behavioral responséds the noise. Outside of the bubble net, the maximum SPL was 18&ipjB

NE M >tF3 FYyR {9 F2NJ Ps,whieyhdde e ref tRedmax@mh 8PLwasp R. NB

91



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

166 dB(pp)NBE ™M >t I | YR { 9 Bs. This rapreseatpa niean 14MNdB daeereasd it SPL and
13 dB decrease in SEL using the bubble curtain.

Kastelein et al. (2013 exposed a harbor porpoise to playbacks of pile driving sounds from received
levels of 130 to 154 dB in 6 dB steps. The porpoise did not avoid the transducer area at any of the
received levels, but respiration rates increased at 136 dB re 1 pPa and abohviepegan jumping at

that level as well; although, the number of jumps was not significant until the 154 dB re 1 pPa received
level was reached. Similarly, Kastelein et al. (280&3posed the same harbor porpoise to a general
impulsive sound like the pile driving strike sound but with a much steeper rise time. During-ttee 60
90-min sessions with 20 to 30 impulsive sounds played back, the harbor porpoise startled at each
transmission with a strong tail swish, but then alwaysineed to their baseline behavior and did not

avoid the area around the transducer. They determined that the&@entlevel of these brief startle
responses was at 92 &85 MsSELL |

These studies report received levels and finite behavioral responses at the level of individual animals
and could be used in the development of behavioral risk functions in the future whendnere
additional data as well

3.2.3.1.5 Artic Oil Platform Construction

Two studies measured sound levels related to the construction and operation of Northstar Island, a

manYl RS 2Af aAatlyRé Ay GKS !'flailty .SlFdzZF2NI {SI &
covered in landast ice from November through July (Mion et al. 2003; Blackwell et al. 2004). Both

studies also monitored the distribution patterns and behavior of ringed sBaisoa hispidarelated to

the construction effort. Moulton et al. (2003) recorded maximum received levels of about 125 dB re 1

>t 4 opn Y YR yn R. N3 m >t 4 pZnnn Y FT2NJ OA0
Y YR mMmany R. NBE m >t G o 1Y F2NIAYLI OG LAES RNR
background levels at 24 km, while impact pile drivany with a pulse duration of 180 ms and repetition

rate of 50 pulses per minute, had the highest noise levels of all the recorded sounds, reaching

background levels at <5 km. The maximum energy of all recorded sounds, including pile driving,

trenching, icaoad construction, and trucks driving on the ice road, was below 100 Hz. Blackwell et al.
6Hnnnv NBO2NRSR dzyRSN¥B I GSNJ 42dzy R LINBaada2NE f S@St a
>t {9 F0d co YX gA0K ff y2ArasS tS@gSta tSaa GKIFy |
Blackwell et al. (2004) nor Moulton et al. (2003) observed a negative behavioral response by ringed seals
towards any construction noise, including pilevittg (except helicopters passing overhead (Blackwell et

al. 2®M4)), with the highest recorded densities of seals within 1 km of the development zone and seals
approaching as close as 46 m to the pipe driving activity.

These studies (Tab®) report measured received levels and behavioral observations and could be
included in the development of future behavioral risk functions when tle@esadditional data.
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Table27. Summary of received levels and distances for behavioral responses to pile driving in both field
and captive studies.

Species RLrange at response Distance range a Type of study
(SPL dB rms) ResponseE |

Harbor porpoise 139-184 2.5-20 passive acoustic monitoring
Harbor porpoise 136-168 NA captive study
Bottlenose dolphin 133.4(SEL) 0.8 passive acoustic monitoring
California sea lion 165-169 NA captive study
Ringed seal NA (108 145) NA(0.5¢ 1) monitoring
Harbor seal 163-166 4-25 monitoring
Gray seal 163 4 monitoring

Benhemma-Le Gall et al. (2021); Tougaard et al. (2003, 2005, 2009); Brandt et al. (2011; 2016); Da&hne et al. (2013);

Scheidat et al. (2011); Thompson et al. (2010);  Lucke et al. (2011);  Kastelein et al. (2013c);  Graham et al. (2017);
Finneran et al. (2003);  Moulton et al. (2003);  Blackwell et al. (2004);  Edrén et al. (2010);  Teilmann et al. (2004);
Skeate et al. (2012);  Russell et al. (2016).

3.2.4 Behavioral Response Thresholds of Explosives

If more than one explosive event occurs within any givein@4r period within a Navy training or

testing activity, criteria are applied to predict the number of animals that may haigniicant

behavioral reaction. For events with multiple explosions, the behavioral threshold used in this analysis is
5 dB less than the TTS onset threshold. This value is derived from observed onsets of behavioral
response by test subjects (bottlenose dolphins)idgmonimpulse TTS testing (Schlundt et al. 2000).

For single explosions at received sound levels below hearing loss thresholds, the most likely behavioral
response is a brief alerting or orienting response. Since no further sounds follow the initial brief
impulses, significant behavioral reactions woutd he expected to occuif a significant response were

to occur, the Navy assuméswvould occur within the range to auditosffects (AINJ and TTSpme

multiple explosive events, such as certain naval gunnery exercises, may be treated as a single event
because a few explosions occur closely spaced within a very short time (a few seconds).

Therearevery little experimental or observational data on behavioral responses by marine mammals to
explosives. One passive acoustic study recorded the use of seal bombs (deterrent devices) in Monterey
Bay by fishermen (Simonis et al. 2020) and estimated potafinces to impacts for harbor

porpoises. The authors estimated that SELs of IR0R . NJ52s cmuld=exteind as far out as @5118

km and could lead to behavioral responses. However, most of the energy in these sounds is below 250
Hz, and he energy above 1 kHz attenuates by 25 km, so it is very unlikely that harbor porpoises would
detect the sounds at great distances, much less respond to them
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4 SEA TURTLE AUDITORY AND BEHAVIORAL CRITERIA AND
THRESHOLDS

4.1 AUDITORY WEIGHTING FUNCTIONS AND EXPOSURE FUNCTIONS

Navy thresholds for predicting auditory effects of Aampulsive and impulsive sounds on marine
animals focus on defining the onsettemporary threshold shift{T$and the onset oauditory injury
(AINJ which includes, but is not limited to, permanent threshold s{ffT S)No studies have measured
TTS in sea turtles, but two studies have examined underwater TTS in freshwater turtles (Salas et al.,
2023, 2029). The onset of TTS was defined as the SEL at whiclexjmssure hearing thresholds were 6
dBabove the mean of measured typical (control) thresholds for each individual turtle. These onset
values for freshwater turtles were extrapolated to determine a TTS onset level famqmiisive sounds

in sea turtles. The onset of AINJ for Aorpulsive soutes was 20 dB above the TTS onset level
(unchanged from Phase 3). The detalils, rationale and steps of this process and the method for
determining impulsive noise TTS and AINJ onset levels are described in the sections below.

4.1.1 Composite Audiograms

A comparison between composite audiograms for freshwater turtles (FW) and sea turtles (ST) allowed
for FW TTS data to be applied to ST. Specifically, the lowest thresholds of hearing for FW and ST were
compared. Most turtle audiogram data have been obtairy auditoryevoked potential (AEP)
measurements, though some behavioral hearing data exist. Turtle hearing is restricted to below
approximately 2 kHz, and sea turtles have a relatively narrower frequency range of best hearing and
higher thresholds at thbest frequency compared to marine mammals. However, sea turtles are often
more sensitive to lower frequencies than many marine mammals. Freshwater turtles are generally more
sensitive to sound than sea turtles. In this analysis, all freshwater and skaaudiogram data were
considered.

4.1.1.1 Freshwater Turtle (FW)

All bestavailable freshwater turtle underwater audiogram data from the scientific literature were
evaluated. Data were available from seven species across five studies (FBgurkedsix individuals

from two studies [Regkared slidersTrachemys scripta elegans = 3 (Salas et al., 2G83Eastern

painted turtles,Chrysemys picta picta = 3 (Salas et al.024)] for which TTS data exist exhibited lower
hearing thresholds when compared with other FW hearing data (Figi)réBécause of the

approximatey 20 dB difference between the lowest thresholds for the subjects with TTS data (black
data points in Figure®) and the lowest thresholds measured in other studies (gray data points in Figure
46.), only data from subjects in the TTS studies were used in the FW composite audiogram. A composite
audiogram using all available freshwater turtle audiogram data would not have accurately represented
the relationship between the FW hearing thresholds andet TTS data. There are multiple possible
reasons for thedwer thresholds observed by Salas et al. (Z)2®24); including but not limited to the
methods used both to collect and to analyze hearing data. See Salas et ab)(&028detailed

description of how different methods affect resulting threshold values, and Salas et alaj2623
discussion of how the audiograms from redred sliders in that studgomparedto other studies
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- Each line shows an individual turtle subject or average audiogram from multiple subjects, and each symbol denotes
the study. Only data in black were used to generate the FW composite audiogram.

- Open square = Christensen-Dalsgaard et al. (2012), Trachemys scriptal o

- Open circle = Lester (2012) Malaclemys terrapin1 v
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Figure46. Freshwater turtle underwater audiogram data.

The audiograms of the six individdeshwaterturtles with TTS data were described by the function:

l all(;@o) w

where"Y is the signal level (in dB) at threshold for the frequeit®in kHz), andi , "Q, andw are fitting
parameters. The FW composite audiogram was fit using se@herdar regression (i.e., piecewise
linear regression).

The function is comprised of two line segments each fit by this equation, where the slope of the line
segmentd is negative ifQ "Qand positive ifQ "Q This allowed for the best fit of the FW audiogram
data and the most accurate determination of the lowest hearing threshold, which was imperative for
determining sea turtle TTS onset (s®ectiord.1.2.1 Extrapolation of ST onset levels from FW data,
below).
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Figure & shows the median included FW audiogram data (Salas et al.a2P@2!) and the fitted
composite audiogram function from E®)(The median was chosen to reduce the influence of outliers
and for consistency with how composite audiograms were generateshéosine mammals. Tab[28 lists
the best fit parameter values from E®) for the FW composite audiogram.
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Figure47. Freshwater turtle (FW) median audiogram data fit wiEq.9).

Table28. FW composite audiogram best fit parameters.

Eqg. @) parameters| Best fit value Units
| 500 Hz
« 69 dB
O -12 dB/decade
O 90 dB/decade

4.1.1.2 Sea Turtle (ST)

All bestavailable underwater sea turtle AEP and behavioral hearing threshold data from the scientific
literature were considered. The Phase 3 composite audiogram for sea turtles was comprised of the
median threshold value at each frequency for individdiadan 5 species (U.S. Department of the Navy,
2017). No new sea turtle audiogram data have been published since Phase 3, but the methodology for
deriving the ST composite audiogram was updated for Phase 4, and data from all individual turtles was
re-examired.

Data from six individuals that had been included in Phase 3 were excluded in the Phase 4 analysis. Data
from Chelonia myda€ (Bartol & Ketten, 2006) were excluded for exhibiting an abnormal audiogram
shape for the species, and data from five individuals were excluded for lacking a minimum of three
frequencies at which auditory sensitivity was measured (see &l his minimum number of data

points for each individual allowed a subjective determination as to whether the individual exhibited a
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normal audiogram shape and indications of masked or elevated thresholds. This is consistent with the
methods used for the inclusion of individual audiograms in marine mammals. Underwater audiogram
data from loggerhead sea turtles (Lavender et al., 2014) eemsidered but excluded in both Phase 3

and Phase 4 for exhibiting elevated thresholds and abnormal audiogram shapes. The resulting Phase 3
and Phase 4 ST composite audiograms are shown in FEQ(ag

Table29. Included individual sea turtle audiogram data.

. Individual Subjects
Study Species
Phase 3 Phase 4
Bartol and Ketten Chelonia mydas l, 2, D, C, X, 6 1, 2, D, 6
(2006) Lepidochelys kempii 1E, 1N 1E, 1N
Matrtin et al. (2012) Caretta caretta femaleo p female 31
Piniak etal.¢c tp @ Chelonia mydas R1, L2, R3, L3A, L43 R1, L2, R3,L3A, L4
o Dermochelys coriacea 11,12, 13, 14,15, 16, 17, 18 15, 16, 17, 18, 19, 20, 2
Piniak et al. (2012) 19, 20, 21
Eretmochelys imbricata 3,4,6,7,10 3,4,6,7,10

Both AEP and behavioral audiogram data was available for this subject, but only the behavioral data was used in both Phase

3 and Phase 4.
In Phase 3, Dow Piniak et al., (2012) was cited for the same Chelonia mydas subjects that were later published in a peer-
reviewed scientific journal and are now cited as Piniak et al., (2016).

Subject L4 was listed twice (L4 and L4A) in Phase 3, but L4 was a single subject for which two audiograms were measured,
and the average of the two audiograms was used in both Phase 3 and Phase 4.
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- Each line shows an individual turtle subject, and each symbol denotes the study.
- Each species is represented using a different color:
- Eretmochelys imbricata in gray (n=5)
- Caretta caretta in yellow (n=1)
- Chelonia mydas in green (n=9)
- Dermochelys coriacea in pink (n=7)
- Lepidochelys kempi in blue (n=2)

- All audiograms plotted here were included in the Phase 4 ST composite audiogram. See Table 29 for
additional information.

Figure48. Sea turtle (ST) underwater audiogram data.

Since the sea turtle audiogram data was sourced from multiple studies (Figr@ @mmon set of
frequency values was necessary. Therefore, frequency values for each individual turtle were
interpolated with frequencies spaced at 142tave intervals, encompassing frequencies up to 700 Hz
(inclusion of audiogram databove 700 Hdisrupted the composite audiogram curve fit). Threshold
values between sequential data points in each dataset were obtained at theotthfe frequencies by
linearlog interpolaion (linear thresholds, logarithmic frequencies, see Figure 3 in U.S. Department of
the Navy 2024). Then the median threshold value was calculated at each frequency and fit by the
function:

YQ Y ol i o o

0 - — LA

Ce =% o P

where"Y'Q is the threshold at frequenc¥Xin kHz), andYROROI, andé are fitting parameters.
Median threshold values were used to reduce the influence of outliers. In Phase 3, the ST median
threshold values were used to create a composite audiogram in place of a fitted curve; biEdhdte)
was fit to the median interpolated threshold dafsee Figure 9a). The resulting best fijtarameters are
provided in Tabl&0. This function was used instead of E).i{ecause it provided a more realistic U
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shaped composite audiogram shape, which was necessary for the derivation of the ST TTS exposure
function. The weighting functioifsee Figure 49h% based on the composite audiogram and is defined

as:
YQ @ o611 Cp — — PP

where”Y"Q is the threshold at frequenc¥Xin kHz), andVo, F, 2, A, andBare fitting parameters. All
fitting parameters are the same asTiable 30, except thato = 225.1 dB.
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(a) Composite audiogram. Data points representing the median of interpolated
thresholds from Figure 48 were fit with Eq. (10).
(b) Weighting function [Eq. (11)]

Figure49. Sea turtle (ST¢omposite audiogramand weighting function

Table30. ST composite audiogram best fit parameters.

Eg. (0) parameters| Best fit value | Units
Y -128.5 dB
0 4156 -
O 39,640 kHz
O 0.08069 kHz
6 1.944 -

Minimum threshold was 96.6 dB at 255 Hz

4.1.2 Non-impulsive TTS data and TTS and AINJ Onset Levels

No TTS data exist for sea turtles (ST). In Phase 3, ST TTS onseirfggutsine sound sources was set

to 200 dB SEL (weighted) based on data from fish (Halvorsen et al., 2013; Halvorsen et al., 2012), but in
Phase 4, this onset was determined by extdagtiog from TTS data in freshwater (FW) turtles. In both
Phase 3 and Phase 4, a 20 dB difference between TTS and AINJ onset was appliedioulsive

sounds. This section describes these steps in detail.

99



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

4.1.2.1 Extrapolation of ST Onset Levels from FW Data

Two studies measured TTS in freshwater turtles due to continuousiimomsive) broadband (50

1,000 Hz) noise exposufBalas et al., 20232024). Hearing thresholds (AEPs) weneasured after

noise exposure or after no noise (control). Thresholds were measured at five different time points after
the sound exposure, and the magnitude of TTS for an individual sound exposure was calculated as the
difference between the mean of a ssit of control thresholds for that individual turtle and the highest

of the five postexposure measurements.

TTS onset was determined by a linear interpolation of the data for each individual turtle to find the SEL
at which 6 dB of TTS occurréshlas et al., 20232024). Redeared sliders were tested at 400 Hz, but
easternpainted turtles were tested at both 400 Hz and 600 Hz. To avoid overrepresentation of the
easternpainted turtle species, and because all individual turtles exhibited lower onsets at the 600 Hz
hearingtest frequency, only the TTS onset data for the 600 Hz test frequency were used. Foethree r
eared sliders with individual onset TTS of 166, 146, and 16¢ #IBP&s SEL, and three eastern painted
turtles with individual onset TTS of 154, 151, and 158edB>P&s SEL, the mean unweighted TTS onset
level was 156 dB re3P&s.

To convert this unweighted TTS onset value to a weighted SEL, sound spectra of the exposures provided
by Salas et al. (203Band the best fit parameters from the FW composite audiogram function were

used (see Tablg0). The average difference between weighted (based on the composite audiogram) and
unweighted SELs from the sound spectra was determined and then added to the t&a dBas

average unweighted TTS onset SEL, which yielded a weightdthpatsive FW TTS onset of 150rdB

>Pas SEL. Sindbe minimum threshold of the ST composite audiogram function was 28 dB higher than
the FW minimum threshold value, this numeric difference was added to the weighted FW TTS onset

level (150 dBe 1>P&s SEL) to yield a weighted ST TTS onset level of 1#81d8&s SEL (see Table

31). This method is consistent with how TTS onset was estimated for the marine mammal groups that
lack TTS data (U.S. Department of the Navy, 2024)

Table31. Parameters used to estimate weighted nampulsive TTS onset level for ST.

Parameter Value
Unweighted average FW TTS onset level 156.3 dB SEL
Average difference between unweighted and weighted FW sound expog -5.8 dB SEL
Weighted FW TTS onset level 150.5 dB SEL
Minimum FW composite audiogram threshold 69.0 dB SPL
Minimum ST composite audiogram threshold 96.6 dB SPL
ST¢ FW minimum threshold difference 27.6 dB SPL
Weighted ST TTS onset level 178.1 dB SEL

10nset TTS values for individual turtles were: RES01 = 165.8, RES04 = 146.3, RESO05 = 164.2, EPT02 = 154.4,

EPTO3 = 151.4, EPT04 = 155.7.
Like other taxa, TTS susceptibility and recovery rates in freshwater turtles depended on the individual
subject, and recovery rate depended on the magnitude of the initial shift (Salas et ala, 2023).
Generally, reetared sliders recovered from TTS of greater than 20 dB after 81 minutes and took 41
minutes to recover from TTS less than 20 dB. Most TTS recovered within approximately 1 hour, but
some of the larger shifts (approximatelyc® dB) tookdnger than 1 hour to recover. The longest
observed ecovery time was betweetwo andfive days postexposure for a 40 dB TTS (Salas et al.,
2023). Considering the lack of PTS or other auditory injury data in turtles, the onset of auditory injury
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(AINJ) was set 20 dB above the TTS onset level, which equaled a weighted level ofel98FrHEs SEL.
This is the same relationship between onset TTS and onset AINJ (PTS) that was used in Phase 3 and is
supported by the difference in recovery time observed for shifts > 20 dB in freshwater turtles described

above.

The ST exposure functions shown in Fidite were generated by anchoring Ed), (the composite
audiogram function) to the TTS and AINJ onset levels (178 tiBP&s SEL and 198 dB 1>P&s SEL
respectively) at the best frequency of hearing (255 Hz, see M§uaed Table30). The exposure
function is identical to Eqg. 10, except that the paramélfigis replaced by, which is equal te47.14 dB
for the TTS exposure function, aft¥.14 dB for the AINJ exposure function.
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(a) Composite audiogram.
(b) Exposure functions for non-impulsive TTS (solid lines) and AINJ (dashed lines).
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Figure50. Phase 4 comparison to Phase 3 for sea turtles (ST).
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4.1.3 Impulsive TTS and AINJ Onset Levels

For impulsive sound sources, a dual metric (both SEL and peak SPL) was used. The TTS onset levels for
non-impulsive sources were used to derive impulsive noise onset levels for ST32)aldlke methods
were consistent with the Phase 3 approach, but values were updated to reflect Phase 4 analyses.

The Phase 3 analysis applied the average difference betweednaS&d noAmpulsive TTS onset and
SEtbased impulsive TTS onset that was found for marine mammals. In Phase 4, this differer@ was
dB and yielded a threshold of 169 dBlreP&sfor ST SEhased TTS onset. This results in a substantially
lower threshold than the> 186 dBe 1 >P&srecommended for sea turtles by Popper et al. (2014).
Popper et al. (2014) made no recommendations for peakh@Béd TTS thresholds for sea turtles.

In Phase 3 it was assumed that, given the high hearing thresholds of sea turtles relative to marine
mammals, the turtle peak Stlased threshold would likely be higher than marine mammals. Applying
the same assumption in Phase 4, the ST peak SPL TT®oimspulsive sounds was set to match the
highest marine mammal value, which is 224 dB rd>a for Phase 4.

Since data do not exist for AINJ due to impulsive sounds in turtles, the Phase 3 methods were retained
for Phase 4. The AINJ thresholds were 15 dB higher than tHeaS&dl TTS threshold, and 6 dB higher
than the peak SPL based TTS threshold (Southdll 8087a; Southall et al., 204,9U.S. Department of

the Navy, 2017). Impulse TTS and AINJ onset levels for Phase 4 are shown3a. Table

Table32. Phase 3 and Phase 4 TTS and AINJ onset levels for sonaimpaisive) and explosive
(impulsive) sound sources in sea turtles

Phase 3 Phase 4
TTS| AINJPTY) | TTS| AINJ
Norrimpulsive onset SElweighted) 200 220 178 | 198

Impulsive onset SEL (weighted) | 189 204 169 | 184
Impulsive onset Peak SPL 226 232 224 | 230

For weighted SEL onsets, units are dB re p * 0 As.
For impulsive peak SPL onsets units are dBrep ‘0 A

The weighted non-impulsive thresholds by themselves only indicate the TTS/AINJ threshold at the most
susceptible frequency (the exposure function shape is shown in Figure 50 part b).

Auditory injury (AINJ) was previously referred to as permanent threshold shift (PTS). The new
terminology acknowledges that auditory injury may occur without PTS.

4.2 BEHAVIORAL RESPONSE THRESHOLDS

Sea turtle behavioral responses to Navy relevant sound sources are poorly understood and limited data
exist. Coupled with limited hearing capabilities and an understanding of how sea turtles use sound, it is
challenging to derive acoustic and explosivedgbral response thresholds for sea turtles. Although the
results of one study have become available since Phase 3 (Kastelein et db), 28&3ing Phase 3
behavioral response thresholds were retained for Phase 4, and a threshold for exposure toemultipl
explosions consistent with existing methods (U.S. Department of the Navy, 2024) was applied. Values
are summarized in TabB8 and the derivation of thresholds is described below.
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Table33. Phase Behavioral response thresholder sea turtles

Source dB S!DL rms d_B SEL.
(unweighted) | (cumulative weighted)
Air guns 175 -
Pile driving 175 -
SondNJ K 175 -
Explosives - 164

Weighted cumulative SEL thresholds in dB re p* 0 AOand unweighted SPL rms thresholds
indBrep' 0 A

The root mean square and sound exposure level calculations are based on the duration
defined by the 5% and 95% points along the cumulative energy curve and captures 90% of
the cumulative energy in the impulse.

421 Air Guns

During two air gun exposure studies (McCauley et al., B0OOMara & Wilcox, 1990), sea turtles were
exposed to air gun shots over long durations (approximateélyhburs total of a traveling air gun and
20-36 hours total of a stationary air gun, respectively). McCauley et al. 2@B8erved erratic

swimming with caged sea turtles, possibly indicative of an agitated state, at received levels above 175
dB rep P APL rms. O'Hara & Wilcox (1990) did not measure levels at which sea turtles confined in a
large canal exhibited active avoidance, however, McCauley et al. §p@80mated this occurred at
received levels of 17576 dB rep 0 SPL rms. McCauley et al. (2Bpalso found that air gun signals
were better characterized using SEL and determined that the SPLs at which behavioral responses
occurred would have an SEL 31416 dB lower than the SPL. For an SPL of 175 tiBReg the

comparable SEL for a single air gun shot woultld®:6¢ 160.4 dBre 1 >P&s. DeRuiter and Doukara
(2012) observed diving behavior as an air gun array (sourcesle82 dBe 1 >Papeak, duty cycle

19.4 3§ passed an aggregation of sea turtles resting at the water surface at a distance of approximately
130 m. However, it was not possible to distinguish whether turtles dove in response to the air gun
sounds or the proximitgf the vessel and towed array. A summary of sea turtle behaviorpbrees to
seismic surveying or air gun noise is available in Table 1 of Nelms et al. (2016).

The existing Phase 3 sea turtle behavioral response criteria for air guns, developed with NMFS and based
on the findings from McCauley et al. (2@&)0was retained for Phase 4. A threshold of 175 dB>Pa

SPL rms is used to estimate sea turtle behavioral reactions to repeated air gun firing during Navy testing
activities. The root mean square and sound exposure level calculations for air guns are based on the
duration defined by thé and 95 percentpoints along the cumulative energy curve and captures

w 10 A O Aohthe@umulative energy in the impulse.

4.2.2 Pile Driving

Impact pile driving produces repetitive, impulsive sounds potentially over multiple minutes, similar to
repeated air gun shots. In the absence of observed sea turtle behavioral responses to pile driving
collected in situ with measured or modeled receiveddls, the existing Phase 3 sea turtle behavioral
response criteria for pile driving, developed with NMFS and based on exposure to air guns (McCauley et
al., 200®), was retained for Phase 4. The received sound level at which sea turtles are expected to
actively avoid air gun exposures, 175 dB rPaSPL rms (McCauley et al., 2BPB& expected to be the
received sound level at which sea turtles would actively avoid exposure to impact and vibratory pile
driving noise. The root mean square and sound exposure level calculations for pile driving is based on
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the duration defined by th& and95 percentpoints along the cumulative energy curve and capti@@s
percentof the cumulative energy in the impulse.

4.2.3 Sonar

The sea turtle composite audiogram and studies aefiéter hearing abilities indicate hearing detection
generally lies between 50 arid00 Hzwith maximum sensitivity between 100 and 400 Hz. In addition,
the qualitative sound exposure guidelines developed by Popper et al. (2014) estimated the risk to sea
turtles from lowfrequency sonar to be low, and mfckquency sonar to be neaxistent. Tlerefore, sea
turtles are only analyzed to behaviorally respond to fogguency sonar and other active acoustic
sources up to 2 kHz.

Studies of reptile responses to underwater Rompulsive sounds are limited. Lenhardt (1994) used very
low frequency vibrations{100 H} coupled to a shallow tank to elicit swimming behavior responses by
two loggerhead sea turtles. Watwood et al. (2016) tagged green sea turtles with acoustic transponders
and monitored them using acoustic telemetry arrays in Port Canaveral, Florida.r@eagsidency was
monitored before, during, and after exposure to nifdquency active sonar during a routine pigde
submarine sonar test. No significdohgterm displacement was demonstrated by the sea turtles in this
study.

Given less sensitive hearing thresholds and anatomical differences between sea turtle and marine
mammal hearing mechanisms, marine mammals are not a suitable surrogate for estimating sea turtle
behavioral response to sonar. Popper et al. (2014) proposaifith without specialized auditory
adaptations for higher frequency hearing may provide a better approximation for estimating sea turtle
behavioral responses to sonar due to similar hearing sensitivity and frequency ranges. However, given
the current linted understanding of how sea turtles use sound, it is unclear if they would behaviorally
respond to sound in a similar way as fish.

Kastelein et al. (2028 exposed two green and two hawksbill sea turtles to a wide variety of potential
acoustic deterrent signals 200 Hincluding Helicopter LornBange Active Sonar (HELRAS) down
sweeps 1.3¢ 1.44 kHx No behavioral responses were observed to the HERWStones, impulsive
sounds, or killer whale vocalizations, at levels of approximately 173 iBRaSPL. Behavioral

responses were observed to eighteen different sounds with various sptatiporal characteristics,

duty cycles ad received levels. Of those, four sound types with N&lgvant signal characteristics
(frequency modulated and upsweep), had an approximated received level below the 1&3 dBa

SPL threshold. However, no consistent relationship between signal level and behavioral response was
observed, and contextual factors appeared to explain some of these responses. The baseline behavioral
state of the turtle appeared to influence the likelibd of a response, with bottomesting turtles

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 soggeist

that the results of this study should be interpreted with caution, and do not necessitate any changes to
the criterion for sonar. HoweveKastelein et al. (2028 support that sea turtles are most likely to

respond to sounds in the.2 ¢ 1 kHzfrequency range, and that responses are contiegpendent.

In Phase 3 NMFS requested that the Navy apply the 175 @iBRaPa SPL rms level used for
nonexplosive impulsive sources (McCauley et al., Bp@@Destimate sea turtle behavioral response to
sonar and other active acoustic sources (up to 2 kHz). This threshold value is consistent with the
observation by Kastelein et al. (2083hat sea turtles did not respond to sonar at levels of

approximately 173 dB r&>PaSPL. In the absence of observed sea turtle behavioral responses to sonar
collected in situ wh measured or modeled received levels, the Navy will retain the Phase 3 threshold
for Phase 4.
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4.2.4 Explosives

No currently known studies have examined received levels at which sea turtles behaviorally respond to
explosions. Based on sea turtle hearing abilities, they are likely able to detect the low frequency
components of broadband impulsive noise from explosiorhe qualitative sound exposure guidelines
developed by Popper et al. (2014) estimated the risk to sea turtles from explosions to be high at near
and intermediate ranges (tens to hundreds of meters respectively), and low at far ranges (thousands of
meters).

In the absence of observed sea turtle behavioral responses to explosions collected in situ with measured
or modeled received levels, the threshold for behavioral disturbance to multiple explosions is set 5 dB
below the impulsive SEiased TTS threshold. i§lapproach is consistent with the derivation of the

marine mammal behavioral response threshold to multiple explosions (U.S. Department of the Navy,
2024). For Phase 4, the behavioral response threshold for sea turtles exposed to multiple explosions is
164 dB rel >Pas SEL. For a single explosion the behavioral response threshold is set to the impulsive
TTS onset threshold of 169 dBIreP&s SEL. This approach is consistent with the derivation of the
marine mammal behavioral response threshold to a single explosion (U.S. Department of the Navy,
2024). The root mean square and sound exposure level calculations for explosives are based on the
duration defined by thes and 95 percentpoints along the cumulative energy curve and capti@@s
percentof the cunulative energy in the impulse.
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5 EXPLOSIVE NON-AUDITORY INJURY CRITERIA

5.1 INTRODUCTION

This section describes the criteria for estimating +awdlitory physiological impacts on marine mammals
and sea turtles due to underwater explosions. These criteria follow a similar methodology as past Navy
explosive impact analyses (Finneran & Jenkins220.S. Department of the Navy, 2001, 2008, 2017).

The effects of underwater explosions on marine mammals and sea turtles depend on a variety of factors
including animal size and depth; charge size and depth; depth of the water column; and distance
between the animal and the charge. The gastaining orgas (lungs and gastrointestinal tract) are

most vulnerable to primary blast injury. Severe injuries to these organs are presumed to result in
mortality (e.g., severe lung damage may introduce air into the cardiopulmonary vascular system,
resulting in lethahkir emboli).

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 thafa cavity, distensible veins that can fill space as air
compresses, elastic lung tissue, and resilient tracheas with interlocking cartilaginous rings that provide
strength and flexibility (Ridgway, 1972). Older literature suggested complete lung callaptbs at
approximately 70 m for dolphins (Ridgway & Howard, 1979) are02® for phocid seals (Falke et al.,

1985; Kooyman et al., 1972). Follaw work by (Kooyman & Sinnett, 1982), in which pulmonary

shunting was studied in harbor seals and sea lisnggested 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 until depths 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 dive (McDonald & Ponganis, 2012) This is an important consideration for all divers which
can modulate lung volume and gas exchange prior to diigathe degree of inhalation and during

diving via exhalation (Fahlman et al., 2009). Indeed, there are noted differencesdivpreespiratory
behavior with some marine mammals exhibiting {olige exhalation to reduce the lung volurteg.,

phocid sea[Kooyman et al., 1973]

5.2 BACKGROUND

5.2.1 Available Data on Underwater Blast Injury to Marine Mammals and Sea Turtles

Data on blast injury to marine mammals and sea turtles is limited. Richardson et al. (1995) summarized
past exposures and evidence of mortality or injury to wild marine mammals; animal proximity to
explosions was generally not available, and the amountatd was overall insufficient to define injury
criteria.

Since Richardson et al.'s (1995) summary, there has been one documented incident of mortalities to
marine mammals after exposure to an explosion during Navy training. In 2011, threbdakgd

common dolphins were immediately killed by exposure &%/ kgnet explosive weight charge placed
on the seafloor in 48 fedtl5 m)of water during an underwater detonation training activity at the Silver
Strand Training Complex near San Diegof@Aadditional information, see Danil & St. Led§@011]). A
fourth longbeaked common dolphin was found-shore dead three days after the detonation with
injuries consistent with blast exposure. The dolphins were in a pod of abott3@@olphins that swam
into the mitigationzone preceding the detonation. The explosive device was set on adtiag fuse.
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Attempts to deter the animals' travel toward the detonation site were unsuccessful. Although the
animals were seen approaching the blast area, the actual locations of the injured animals relative to the
charge at the time of detonation are unknown. Uporcrapsy, all four animals were found to have
sustained typical mammalian primary blast injuries (Danil & St. Ledger, 2011).

Incidentalimpacts onsea turtles were documented for exposure to a single H#P0®40 kg) underwater

charge off Panama Citlloridain 1981. The charge was detonated at rdiebth in water 120 feet (37

m) deep. Although details are limited, the following were recorded: at a distance ef@Dft. (150200

m), a 400 Ib. (180 kg) sea turtle was killed; at 1200 ft. (370 m), 8@0(.(90-140 kg) sea turtle
SELISNASYOSR aYAYy2NE Ay 2 d30ERI (99140 Rg) dediturtie vas matjifred® 6 ¢ n n
(O'Keeffe & Young, 1984)

5.2.2 Human Diver Exposure Data

Data from human divers are informative as they provide subjective descriptions of sensations
experienced during blast exposures. Human divers were voluntarily exposed to underwater detonations
to develop safety standards for human divers. Human diver axpssand impacts are described in

Table34 and Table35.

Table34. Human diver blast exposure for 1.2 charge at 15t. depth, diver on bottom in 20 ft. water
depth Wright et al. 1950 (as cited in Cudahy & Parvin, 2001)

Range Described Sensation Peak Pressure Impulse
(ft. [m]) (psi [dB re 1 pPa]] (pstms [Pas])
120 (37) Loud bang. Slight pressure on torso but no discomfor 85 (235) 29 (200)

90-75 Bang on head but no discomfort to ears or torso. 120150 3545
(27-23) (238240) (240¢310)
50 (15) Intense bang. Blow on head and chest. 240 (244) 65 (450)
40 (12) | Severe blow on head and torso. Body violently shaken 300 (246) 76 (520)

no substernal pain.

35(11) Strong blow on head and torso. Brief paralysis of arni 350 (248) 88 (610)

and legs. Dull ache in chest. Brief stbrnal pain.

32 (10) | Violent blow on head. Brief paralysis of limbs. Stdrnal 450 (250) 110 (760)

pain lasting several hours. Shattering sensation but n
permanent injury.

Values were estimated by Wright et al.
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Table35. Human diver blast exposure for-b charge at 15t. depth, diver on bottom in 20 ft. water
depth (Wright et al. 195(as cited in Cudahy & Parvin, 2001

fé%ge Described Sensation Peak (Z;?)S sure [pISTr?;l?SaS)]
110 (34) Sound of intense bang. 16 (241) 75 (520)
100 (30) Intense bang. Mild blow on chest. 175 (242) 85 (590)
90 (27) Severe blow on chest. 195 (243) 95 (660)
22 o e e s oty anaken | aa0ean) | 105020
5@ o™ 0@ | 10
Violent blow. Temporary paralysis of limbSubsternal
70 pain lasting several hours. 260 115 (790)

Aural damage. Tongue lacerated.
Mask blown off. Mild concussion.

Values were estimated by Wright et al.

5.2.3 Available Data on Underwater Blast Injury to Terrestrial Mammals

Due to the scarcity of marine mammal data, development of explosive impact criteria relies on data
from exposures of terrestrial animals to controlled underwater blasts. In the early 1970s, the Lovelace
Foundation for Medical Education and Research coratliatseries 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. During the tests, sheep, dogs, and monkeys
were positoned at or near the water surface at 1, 2, and 10 ft. (0.3, 0.6, and 3 m) depths and at varying
distance from charges in a large pool. Animals at 10 ft. depth were attached to a pressurized underwater
breathing apparatus. Charges ranged from 0.5 to 8023 to 6.3 kg) of pentolite and/or trinitrotoluene
(TNT) placed at 10 ft. (3 m) depth. No deaths were observed from blast injuries. Mammals were
sacrificed two hours after exposure, and damage to the lungs and gastrointestinal (Gl) tract were
examined. Becific physiological observations for each test animal are documented in Richmond et al.
(1973)

Acoustic impulse was found to be the metric most related to degree of injury, and size of an animal's
gascontaining cavities was thought to play a role in blast injury susceptibility (Richmond et al., 1973;
Yelverton et al., 1973). The subject animalsevexposed near the water surface; therefore, depth
effects were not discernible in this data set. The resulting data were summarized in two reports
(Richmond et al., 1973; Yelverton et al., 1973). For these shallow exposures of dogs, sheep, and
monkeys (mases ranging from 3.4 to 50 kg) to underwater detonations, Richmond et al. (1973)
reported that:

1 Animpulse of 34 psis (230 P#) resulted in about 50 percent incidence of slight lung
hemorrhage. Below 20 psis (140 Pa) there were no instances of slight lung hemorrhage.

1 Some exposures at higher levels (up to 40npsi[280 Psas]) resulted in no observable lung
damage.

1 About half of the animals had gastrointestinal tract contusions (with slight ulceration, i.e.,
some perforation of the mucosal layer) at exposures e2%sims (170190 Pas).

1 Lung injuries were found to be slightly more prevalent than Gl tract injuries for the same
exposure level.
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Some limitations of this dataset are:

1 Subjects were held at shallow depths or at the surface.

9 Test animals were small compared to the range of marine mammal sizes.

1 Only injuries evident at sacrifice/necropsy at two hours after exposure were considered (i.e.,
longer term survival rates were not considered).

1 Lungs were expanded at depth because the animals were actively breathing air (unlike
breath-hold divers).

Additionally, some control animals connected to the underwater breathing apparatus but not exposed
to detonations exhibited lung damage or died. It is reasonable to assume that in some instances lung
damage observed in animals exposed to detonations mag baen caused or exacerbated by animal
handling procedures or the underwater life support system.

While the above study was conducted to assess safe ranges for human swimmers, it is the best available
data set for assessing naditory physiological impacts on marine mammals and sea turtles from
explosives. The lungs of marine mammals are grossliasimiproportion to overall body size as those

of terrestrial mammals, so the magnitude of lung damage in the tests may approximate the magnitude
of injury to marine mammals when scaled for body size. However, within the marine mammals,
(Piscitelli et al.2010) observed that mysticetes and deeper divers (e.g., Kogiidae, Physeteridae,
Ziphiidae) tend to have lung to body size ratios that are smaller and more similar to terrestrial animal
ratios than shallow diving odontocetes (e.g., Phocoenidae, Delplehitideasurements of some

shallower diving sea turtles (Hochscheid et al., 2007) and pinnipeds (Fahlman et al. 2014) show lung to
body size ratios that are similar to shallow diving odontocetes, whereas the lung to body mass ratio of
the deeper diving leatbrback sea turtle is smaller (Lutcavage et al., 1992). The use of test data with
smaller lung to body ratios results in a more conservative estimate of potential for damaging effects
(i.e., lower thresholds).

Yelverton & Richmond (1981) conducted probit analyses of the Lovelace Foundation injury data and
mortality data (i.e., defined as extensive lung injury discovered after animals were sacrificed and
necropsied, as no mortalities were observed in #a@ur obrvation period post exposure), relating
likelihood of injury to impulse. The probit analyses were used to develop regression equations for 50
percent mortality and one percent mortality relating impulse to body mass for shallow water exposures.

I TBAOAATCD4ITDOUD My Yipld PG

where: | = impulse threshold for effect (Fa
M =animal masgkg)

5.2.4 Relating Injury to Partial Impulse and Depth: the  Goertner Lung Injury Model

The regression equations developed by Yelverton & Richmond (1981) do not account for how an animal
could be affected with increasing depth. Goertner (1982) examined how lung cavity size would affect
susceptibility to blast injury by considering both anisiae and animal depth. Animal depth relates to

injury susceptibility in two ways: injury is related to the relative increase in explosive pressure over
hydrostatic pressure, and lung collapse with depth reduces the potential for air cavity oscillatory
damage. Goertner (1982) estimated the oscillation period of the lung air cavity based on animal size and
depth (i.e., hydrostatic pressure).
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5.2.4.1 Impulse Duration for Injury

Goertner (1982) assumed that the impulse necessary to cause lung damage is related to the amplitude
of lung oscillations and must be delivered over a specified time period. To account for long duration
positive pressures, such as could occur with broadgpirthe initial positive pressure pulse with shock
wave decay, the concept of "partial impulse" is applied, described by (Bowen et al., 1968) as the impulse
occurring over the time duration leading to maximum gasity compression. This duration is tlesder

of the duration of the initial positive pressure or 20 percent of the estimated lung resonance period (T).
To determine the lung resonance period, the lung is modeled as a spherical gas bubble. As such, the
oscillation period of the lung shortens Wwitncreasing hydrostatic pressure as the bubble (lung)

collapses. Ultimately, a depth is reached where sufficient impulse cannot be delivered during the
shortened period to result in an injurious effect. Because this model does not account for damping of
lung response by the surrounding tissues, it considers a maximum lung compressive response.

The derivation of the equation to estimate lung resonance period is described in Goertner (1982). When
all substitutions are made, the reduced equation is:

Y ¢c®0 — po

where:M = animal mass (kg)
prya = hydrostatic pressure (psipam b wD/144)
pam = atmospheric pressure (psi)
1 = specific weight of water (Ibf}
D = depth of animal (ft)

The steepront, highamplitude shock wave is the initial positive pressure amplitude used to calculate
impulse exposure for damaging effect. The shock wave caused by an explosion in deeper water may be
followed by several bubble pulses with lower peakgstgres (about ondifth the initial peak pressure

for the first followon pulse) and lacking the steep pressure front of the initial explosive pulse (Urick,
1983). These bubble pulses are not considered when analyzing injury potential due to peak pressure
impulse, as these values are inherently lower for bubble pulse exposure than for initial exposure.

The impulse exposure would be affected by the depth of the charge and the depth of the receiving
animal. 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 suctareflected tension wave arrival is reduced, resulting
in a steep negative pressure eoff of the initial direct path impulse exposure. Two animals at similar
distance from a charge, therefore, may experience the same peak pressure but different impulse
different depths.

5.2.4.2 Impulse Scaling for Animal Size and Depth

Goertner (1982) also developed a scaling parameter for imghased lung damage that relates impulse
associated with an observed effect to animal size and ambient pressure (hydrostatic and atmospheric).
Equation 2.9 in Goertner (1982) shows this relatiopss follows (note that water density in the
denominator is later dropped as a constant, so it is not shown here):
0
. pT
0 n 7

110



Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) November2025

where: | = impulse for onset of injury effect
Ao = lung (bubble) radius at depth, D

Air bubble size (as proxy for lung size) decreases with increasing hydrostatic pressure at depth per
Boyle's Law:

\ ¥

o o N dvy

0 Orave—. puU
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where: Aam = lung radius at the surface

Substitutingequationl5into Equationl4 and assuming that lung radius is proportional to the cube root
of body mass, the complete impulse scaling parameter is obtained:

O

N Y
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This scaling parameter is used to develop impbiased thresholds by substituting appropriate known
values from test data (designated by subscapiocumented in Richmond et al. (1973), as follows:

‘O ‘O
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Solving for impulsd)and substitutinglx s g N [ ‘Oresults in the generalized Goertner lung
injury scaling equation:
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5.3 CRITERIA AND THRESHOLDS FOR EXPLOSIVE INJURY AND MORTALITY

5.3.1 Impulse -based Threshold Equations

Injury data from the animal exposures to underwater detonations documented in Richmond et al.
(1973) are substituted intBquations18and19 to develop specific threshold equations for onset of

slight lung injury and onset of mortality. The reference test data sets are for the animals that exhibited
an effect (i.e., slight lung injury and extensive lung injury) at the lowest received imputseliovelace
experiments (see Tabkb). This lowest observed dose with an effect is used to develop the onset
threshold equations due to the limitations of the Lovelace data set and lack of data specific to any
marine mammals. There were numerous exposures in which animals received significantly higher
impulses without either slight lung hemorrhageextensive lung hemorrhage. In all cases, impulses at
the test animals were received over a duration that was less than 20 percent of the lung resonance
period.

Although no test animals died within two hours of blast exposure, lotgyen survival rates were not

studied. It is reasonable to assume for impact analysis that extensive lung hemorrhage is a level of injury
that would result in wild animal mortality.i§ht lung injuries, such as slight hemorrhage, are injuries

from which an animal would be expected to recover and survive.

The values for other environmental constants for the test and analysis conditions are shown iB7Table

Table36. Lowest experimental impulse exposures with injurious effects (Richmond et al., 1973)

Observed Effect| extensive lung hemorrhagq slight lung hemorrhage
Impulse, | 44.4 psims (306 Pa&) 22.8 psims (157 Pa&)

Animal Depth, D 2 ft. 10 ft.

Animal Mass, M 34 kg 42 kg

Table37. Environmental constants at the experiment site (Richmond et al., 1973)

Constant Value

Atmospheric pressure at test st ;5 12 psi

Atmospheric pressure at sea levgl,; v| 14.7 psi
Specific weight of fresh water 62.4 Ib./ft3

Specific weight of sea water, 64 Ib./ft.3

Tests were conducted in a freshwater man-made pond. The reported
atmospheric pressure at the test site was 12 psi.
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Use of the above values results in threshold equations for onset mortality and onset slight lung injury
(SLI) as follows:

7

. . 0 N
QDyasg T WU P o .} ¢
, . o T
Ovasi ve MO o ® t /@ ¢p
where: | = Impulse threshold (Pg
D=depth of animal (m)
M=animal mass (kg)

This duration is the lesser of the duration of the initial positive pressure or 20 percent of the estimated
lung resonance period (T) as discussed2M5L (Impulse Duration for Injury).

A comparison between the test exposure with the lowest impulse associated with severe lung injury
shown in Tabl&6 (M = 34 kg, | = 306 R and the one percent mortality impulse threshold predicted

by Equationl2 (the one percent mortality regression equation for the Lovelace shallow water explosive
exposures) for a 3kg animal (I = 354 P shows that the experimental measured impulse is lower than
the value predicted using the regression equation.

5.3.2 Peak Pressure Threshold

t SF{ LINBaadzaNBE O2y(iNRodziSa G2 GKS aONIO1¢ 2NJ dadiy
GUOKdzYL¥E F3a20AF0SR 6AGK NBOSAYSR AYLizZ aSe | A3IK LIS
tissue distortion. Older military reports documenting exposoféuman divers to blast exposure

generally describe peak pressure exposures around 100 psi (237 dB re 1 pPa peak) to feel like slight

pressure or stinging sensation on skin, with no enduring effects (Christian & Gaspin, 1974).

Goertner (1982) suggested a peak overpressure Gl tract injury criterion because the size of gas bubbles
in the Gl tracis variable, and their oscillation period could be short relative to primary blast wave
exposure. The potential for Gl tract injury, therefore, may not be adequately modeled by the single
oscillation bubble methodology used to estimate lung injury due touilsg Like impulse, however, high
instantaneous pressures may damage many parts of the body, but damage to the Gl tract is used as an
indicator of any peak pressuinduced injury due to its vulnerability.

Data from the Lovelace Foundation experiments show instances of Gl tract contusions after exposures
up to 1147 psi peak pressure, while exposures of up to 588 psi peak pressure resulted in many instances
of no observed Gl tract effects. As a vulnerableagagaining organ, the Gl tract is vulnerable to both

high peak pressure and high impulse, which may vary to exposure geometry. This likely explains the
range of effects seen at similar peak pressure exposure levels and shows the utility of dual itgjtiay cri

for explosives.

To account for injuries seen at lower exposures in the Lovelace data set, a peak pressure threshold of
104 psi (237 dB re 1 pPa peak) is used to estimate injury in addition to the impulse injury threshold.
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APPENDIX A. AUDIOGRAM DATA

Table Al. Audiogram datasets used for creating composite audiograms.

Group Species Study Animals Notes
Adult female
Koiak 1 kHz excluded (already in White
Awbrey 1988 ) 1978)
Subadult
male
Delphinapterus leucas Finneran 2005a| Beethoven
Johnson 1989 Female
_ MUK
Ridgway 2001
NOC
Edwina
White 1978 -
Kojak
Lagenor_hynchus Tremel 1998 Female
obliquidens
C
HF
D
Branstetter E
2017 F
Orcinus orca
G
H
Vigga
Szymanski 199¢ 99
Yaka
Pseudorca crassidens Thomas 1988 | I'a nui hahai
Sotalia fluviatilis Sauerland 1998 Paco
Stenella coeruleoalba Kastelein 2003 ScSH001
Finneran 2018 TYH
Tursiops truncatus Johnson 1967 Salty
Lemonds 2011 Itsi Bitsy
Inia geoffrensis Jacobs 1972 N/a
VHE Kastelein 2002a] PpSHO047
Phocoena phocoena Kastelein 2010 | Jerry (02)
Kastelein 20153 ID No. 04
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Table Al. Audiogram datasets used for creating composite audiograms. (Continued)

Group Species Study Animals Notes
] Pp05
VHF Phocoena phocoena Kastelein 2017a
Pp06
Buffet
Gaspard 2012
Hugh
_ Excluded data
S| Trichechus manatus Dundee below400 Hz (tactile
latirostris perception)
Gerstein 1999
Excluded data
Stormy below 400 Hz (tactile
perception)
Babushina 1991 N/a
Callorhinus ursinus Lori
Moore 1987
Tobe
Enhydra lutris nereis Ghoul 2014 Charlie
Eumetopias jubatus Mulsow 2010 Astro
OCA - SD Zoo Mean of 2 animals
Ursus maritimus Owen 2011 -
SeaWorld SD Mean of 3 animals
Moore 1987 Rocky
o Mulsow 2011 JFN
Zalophus californianus - -
Reichmuth 2013 Rio
Reichmuth 2017 Ronan
Babushina 1991 N/a
Callorhinus ursinus Lori
Moore 1987
Tobe
Enhydra lutris nereis Ghoul 2014 Charlie
o ] EjzH021
Eumetopias jubatus Kastelein 2005 -
EjZzH022
ocw
Odobe_nus rosmarus Kastelein 2002 OrZH 003
divergens (Igor)
Cunningham
2016 Ronan 50 kHz and above only
Zalophus californianus Kastak 1998 Rocky
] Fo1
Kastelein 2028
M02
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Table Al. Audiogram datasets usefibr creating composite audiograms. (Continued)

Group Species Study Animals Notes
Mulsow 2012 JFN
ocw Zalophus californianus Reichmuth 2012 Rio
Reichmuth 2013 | Ronan
) Amak
Phoca largha Sills 2014
Tunu
PCA
Phoca vitulina Reichmuth 2013 | Sprouts
Pusa hispida Sills 2015 Nayak
. ) Noatak
Erignathus barbatus Sills 2020a -
Siku
Mirounga angustirostris Kastak 1999 Burnyce
Neomonachus schauinslan Sills 2021 Kekoa
Pagophilus groenlandicus| Terhune 1972 Female
Cunningham 201¢ Tunu
Phoca largha ) Amak
PCW Sills 2014
Tunu
Cunningham 201¢ Sprouts | 80 kHz and above onl
SM.Pv. 01
o Kastelein 2009b
Phoca vitulina SM.Pv. 02
Reichmuth 2013 | Sprouts
Terhune 1988 N/a
Pusa hispida Sills 2015 Nayak
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Table A2. Audiogram datasets available but not used for composite audiogram creation.

Group Species Study Animals Notes
Delphinapterus leucas Finneran 2005a Turner Highfrequency hearing loss
Grampus griseus Nachtigall 1995 Hana Suspectgd broadband
hearing loss
A Broadband hearing loss
Branstetter 2017 p hearing |
Orcinus orca B Lowfrequency hearing loss
Hall 1972 Subadult Highfrequency hearing loss
male
Pseudorca crassidens Yuen 2005 Kina Highfrequency hearing loss
HF Sotalia fluviatilis Liebschner 2005 Paco Tested in air
_ CAS Thresholds ma_sked by ambient
Brill 2001 noise
HEP Highfrequency hearing loss
Tursiops truncatus Cook 2006 Ranier Broadband hearing loss
Finneran 2007 BLU Highfrequency hearing loss
Schlundt 2007 WEN Tested in air
Tursiops truncatus gilli Ljungblad 1982 | 12-y female Aberrant audiogram
Lipotesvexillifer Wang 1992 Qi Wi Highfrequency hearing loss
VHF
Phocoena phocoena Andersen 1970 N/a Elevated thres_h(_)Ids
near upper limit
i Buffet Represented in Gaspard 2012
S| Tnchec_hus r_nanatus Mann 2009 p : p
latirostris Hugh Represented in Gaspard 2012
OrzHo03 Thresholds appear masked
Odobenus rosmarus . (Igor)
divergens Kastelein 1996 OrZH003
' Thresholds appear masked
(Igor)
OCA : Represented in
Holt 2012 Rio Reichmuth 2013
Kastak 1998 Rocky Elevated thresholds
Schusterman Sam Abberant audiogram
1974 shape for species
Zalophus californianus Cunznérigham Ronan Data below 50 kHz excluded
Kastak 1998 Rio Data from R_emhmuth 2012 used
oCcwW instead
Kastak 2002 Newman Elevated thresholds
Schusterman
1972 Sam Elevated thresholds
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Table A2. Audiogram datasets available but not used for composite audiogram creat{@untinued)

Group Species Study Animals Notes
. Kastak 1998 Burnyce Monach|dthreshold§ very high re: other
Mirounga phocids
angustirostris i i .
g Kastak 1999 Burnyce Monachid threshold§ very high re: othe
phocids
Mirounga Reichmuth Burnvce Monachid thresholds very high re: othe
angustirostris 2013 y phocids
Neomgnachu§ Ruscher 2021 KE1S Monachid irair thresho.lds very high re:
schauinslandi other phocids
Represented in
PCA Kastak 1998 Sprouts Reichmuth 2013
o Mahl 1968 3c4 y Male Uncontrolled environment, elevated
Phoca vitulina thresholds
. SWCPV9614I Elevated thresholds
Wolski 2003 near 2 kHz
SWCPV9614l Elevated thresholds
Pusa caspica Babushina 1997 Adult female Elevated thresholds
Pusa hispida Sills 2015 Natchek Highfrequency hearing loss in
underwater measurements
Mwoqnga . Kastak 1998 Burnyce Represented in Kastak 1999
angustirostris
Monachus Elevated thresholds
schauinslandi Thomas 1990 Maka below 10 kHz
Cunningham Sprouts Data below 80 kHz represented in
2016 P Reichmuth 2013
Kastak 1998 Sprouts RR gplzese:;]tez%llr;
PCW Phoca vitulina eichmu
) SM.Pv. 01 Pure tone thresholds in Kastelein 2009
Kastelein 2009 - -
SM.Pv. 02 | Pure tone thresholds in Kastelein 2009
Mghl 1968 o TYyMale Elevated thresholds
Pusa caspica Babushina 1997 Adult female Elevated thresholds
Sills 2015 Natchek Highfrequency hearing loss
Pusa hispida Female Elevated thresholds
Terhune 1975
Male Elevated thresholds
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The thick, solid line is the composite audiogram based on data for all species.
The thick, dashed line is the composite audiogram based on the otariids only.

Figure Al. Comparison of Otariid, Mustelid, Odobenid, and Ursid psychophysical hearing thresholds measured
underwater (top) and inair (bottom).
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The thick, solid line is the composite audiogram based on the median of the individual threshold data.

The dotted line is the composite audiogram based on the median of the thresholds for each species; i.e., the median
threshold was first computed for each species, then the median of these data was computed.

Figure A2. Comparison of composite thresholds for groups with audiogram data.
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APPENDIX B. ESTIMATING MYSTICETE AUDIOGRAMS

B.1. BACKGROUND

Psychophysical and/or electrophysiological auditory threshold data exist for at least one species within
each hearing group, except for the mysticetes, for which auditory thresholds have not been directly
measured. For this reason, composite audiogramsrfpsticetes must be estimated.

Mathematical models based on anatomical data have been used to predict hearing curves for several
mysticete species (e.g., Cranford & Krysl, 2015; Ketten & Mountain, 2009). However, these predictions
are not directly used to derive the Phase 4 compositstingte audiograms because: (1) There are no
peer-reviewed publications that provide a complete description of the process by which anatomical
frequencyplace maps were integrated with middéar transfer functions to predict the audiograms

(e.g., Ketten &Mountain, 2009). (2) The fin whale model (Cranford & Krysl, 2015) does not include the
sensory receptors of the inner ear, therefore the upper cutoff of hearing and audiogram shape above
the region of best sensitivity cannot be predicted. Furthermore,ptedlicted audiogram does not

possess the typical shape one would expect for an individual with normal hearing based on
measurements from other mammals.

Vocalization data also cannot solely be used to estimate auditory thresholds and audible range, since
there are many examples of mammals that vocalize with energy below the frequency range where they
have best hearing sensitivity, and well below their upfrequency limit (UFL) of hearing (including

cattle, dogs, and humans, see Heffner & Heffner, 1992). However, it is generally expected that animals
have at least some degree of overlap between the auditory sensitivity curve and the predominant
frequenciegpresent in conspecific communication signals. Therefore, vocalization data can be used to
evaluate, at least at a general level, whether the composite audiogram is reasonable; i.e., to ensure that
the predicted thresholds make sense given what we knowaibaimal vocalization frequencies, source
levels, and communication range. Similarly, behavioral observations of animals reacting to sound
playbacks can be used to evaluate the proposed audiogram, but cannot be used to directly derive the
function, sincat is impossible to know if the animals detected the sound but simply did not react (i.e.,
the data do not permit absolute sensitivity to be determined).

The first direct measurements of the hearing abilities of mysticetere recently obtained by Houser et

al. (2024), who measured suptlareshold auditory brainstem responses (ABRs) in two minke whales.
Testing with broadband tonburst stimuli in one of the whales revealed that the UFL was between 45
and 90 kHz. Since only sughaeshold data were obtained, these data cannot be used to directly create
an audiogram; however, they do provide guidance on the audible frequency rawlgepacifically the

UFL 6 hearing.

Given the limited nature of the available data, Phase 4 mysticete audiograms were estimated not from
any one source but by synthesizing information from a variety of sources, including: minke whale supra
threshold ABR$Hpuser et al., 2024 cochlear frequencplace maps created from anatomical
measurements of basilar membrane dimensions (e.g., Ketten, 1994; Parks et ak), 288ling

relationships between mammalian intaural time differences and UFL (see Ketten, 2000); finite

element models of headelated and middlesar transfer functions (Cranford & Krysl, 2015; Tubelli et al.,
2012); modebased predictions of relative hearing sensitivity for the humpback whale (Houser et al.,
2001); measurements of the source levels and frequency content of migstioealizations (see review

by Tyack & Clark, 2000); and observations of mysticete reactions to sound playbacks (e.g., Boisseau et
al., 2021; Kvadsheim et al., 2017). These data were then supplemented with extrapolations from the
other marine mammal spees groups where necessary.
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B.2. MYSTICETE HEARING GROUPS

LY bl @e tKFIaS o lylfeasSaz ff YeadAaAoSiSa 6SNB LY |
TNBEIjdzSy o0& o[ CO OSil OSI (Hausetet 4. 20M4BdGingta rebvalydighi(¢5! . w R
90 kHz) UFL for minke whales now supports separating mysticetes into two hearing groups for Phase 4,
RSaAIAYy Il 8RR ol &F NG 268 08 6 + [ -fPequer@yS(iF) dBtSceafiss § LK MK GdfyZHs | K
mysticetes in such a way, and the categorization of the various species into the two group$s{Table

follows the recommendations of Southall et al. (2019a)

Table B1. Mysticete hearing groups.

Group Name Members

Balaenidae (right and bowhead whaleBubalaenapp.,Balaena
Very lowfrequency
cetaceans BalaenopteridaeBalaenoptera physalugin whale),
B. musculugblue whale)

VLF

BalaenopteridaeBalaenoptera acutorostratécommon minke
whale),

B. bonaerensiAntarctic minke whale),

B. borealigsei whale),

B. eden{Bryde's whale),

B. omuraiOmura's whale),

B. ricei(Rice's whale),

Megaptera novaeangliaghumpback whale)

LF | Low frequencicetaceans

Eschrichtiidae (gray whaldjschrichtius

Neobalenidae (pygmy right whal&}aperea

For Navy Phase 4, the VLF composite audiogram matches the original mysticete (LF) composite
audiogram from Phase 3. The Phase 4 LF composite audiogram was created by shifting the LF curve
upwards in frequency to account for new minke whale ABR détager et al.2024). The frequency

shift was based on the ratio of the UFL estimated for minke whales (64 kHz, the geometric mean of 45
and 90 kHz), and the original UFL estimated for mysticetes (30 kHz), or 64/30=2.13.

B.3. AUDIOGRAM FUNCTIONAL FORM AND REQUIRED PARAMETERS
Composite audiograms are defined by the equation
v v Bl i O Q .
(0] Cp _Q 6 P

where"Y'Q is the threshold at frequenc) and"YRORO, andé are constants. To understand the
roles of the parametersYROROM, andd, Eq. (Bl) may be viewed as the sum of three individual
terms:

"Y 0 nQ "O nQ n c

where
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" “Q o ‘I I ,‘O n
0 0 Cp 0 o
and
O “Q “Q n
o) T

Thefirst term, Y, controls the vertical position of the curve; i.€Y,shifts the audiogram up and down.

Thesecond termp "Q, controls the lowfrequency behavior of the audiogram. At low frequencies,
when™Q O, Eg. (B3) approaches

0Q ol o "
¢
whichcan also be written as
0Q o8I 1 ¢co o6l i CQ "
Equation B-6) has the formoto® @ 0 @where® |1 | CQi.e., Eq. (8) describes a linear

function of the logarithm of frequency. This means that, as frequency decreases;3qilB low-
frequency portion of the audiogram functierapproaches a linear function with the logarithm of
frequency andhas a slope of 6 A "Tdecade. As frequency increases towai@s) "Q asymptotically
approaches zero.

The third term,; O "Q, controls the higkrequency behavior of the audiogram. At low frequencies, when
"L "0, Eq. (B4) has a value of zero. A3ncreases,0 "Q exponentially grows. The paramet&

defines the frequency at which the thresholds begin to exponentially increase, while the dactor
controls the rate at which thresholds increase. Increadhyill move the uppercutoff frequency to the
right (to higher frequencies). Increasiagwill increase the "sharpness" of the hiffequency slope.
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Figure BL. Relationship between estimated threshold, T(f), (thick, gray line), nequency term, L(f), (solid
line), and highfrequency term, H(f), (dashed line).

B.4. ESTIMATING AUDIOGRAM PARAMETERS

To derive composite mysticete audiograms using Eq) (Bie values ofYROROM, andd must be
defined. The constarii is defined by assuming a value for the {owguency slope of the audiogram, in
A T decade. Most mammals for which thresholds have been measured have lowfrequencyBlopes
to T TA "Tdecade. However, finite element models of middle ear function in fin whales (Cranford &
Krysl, 2015) and minke whales (Tubelli et al., 2012) suggest lower slopes, a@fr ¢ 1A 'T decade,
respectively. We therefore conservatively assume that ¢ A 'T decade for both the VLF and LF

groups.
To define’O, we first define the variabléy as the maximum threshold tolerance within the frequency
region of best sensitivity (i.e., within the frequency range of best sensitivity, thresholds are Withih
of the lowest threshold). Further, 1éQ be the lower frequency bound of the region of best sensitivity.
When'Q QM "Q "V, and Eq. (B) can then be solved f60 as a function ofQA'Y, ando :

0 Qpmn’ p "X
Anatomically based models of mysticete hearing have resulted in various estimates for audible

frequency ranges and frequencies of best sensitivity. Houser et al. (2001) estimated best sensitivity in
humpback whales to occur in the range of 2 to 6 kHz, thitesholds within 3 dB of best sensitivity from

D p& to 7.8 kHz. For right whales, Parks et al. (2)@&timated the audible frequency range to be 10

Hz to 22 kHz. For minke whales, Tubelli et al. (2012) estimated the most sensitive hearing range, defined
as the region with thresholds within 40 dB of best sensitivity, to extend from 30 to 100 Hz uptdéo 7.5

25 kHz, depending on the specific model used.
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Cranford and Krysl (2015) predicted best sensitivity in fin whales to occur at 1.2 kHihrestiolds

withincg A "of best sensitivity fronD p to 1.5 kHz. Together, these model results broadly suggest best
sensitivity (thresholds withi o A "of the lowest threshold) fronD p to 8 kHz, and thresholds within

D 1t 1A "of best sensitivity as low &30 1t tinduptoD ¢ v E.( U

Based on this information, we assume VLF cetacean thresholds are within 3 dB of the lowest threshold
over a frequency range of 1 to 8 kHz, thereféYe oA "and™Q p E ( r¥sultingifiO 1@ pE ( U

for the VLF group [Eq.{B]. In other words, we defin® so that thresholds are o dB relative to the

lowest threshold when the frequency is within the region of best sensitivity (1 to 8 kHz). For the LF
group,’Qis shifted upwards by a factor @f #o Tr0r 2.13 (see below), resulting® 1@ Y & ( 10r

the LF group.

To define the highHrequency portion of the audiogram, the valuestofind"O must be estimated. To
estimated for both VLF and LF cetaceans, the median ofithalues from the composite audiograms

for the other inwater species groups is us@dF=1.66, VHF=24.5, SI=2.5, OCW=0.786, and PCW=1.79).
This results irBB= 1.79 for the VLF and LF cetaceans

Onceod is defined; O is adjusted to achieve a threshold value at the UFL that is 40 dB higher than the
lowest threshold. For VLF cetaceans, the UFL is estimated to be 30 kHz. This ré&3ult8.n3 kHz for

VLF cetaceans. For LF cetaceans, the UFL is estimated to be 64 kHz. This value was chosen since it is
midway between 45 and 90 kHz on a logarithmic scale, which is the way frequencies are mapped within
the mammalian inner ear. A UFL of 64 kekults inf'O  x&v ¥Hz for LF cetaceans.

Finally,”Y is adjusted to set the lowest threshold value from the composite audiogram to a specific SPL.
For Navy Phase 4 analyses, the lowest VLF and LF cetacean thresholds are matched to the mean
threshold of the iawater marine mammal species groups (HF, VHR@I, PCWnean =56 dB re 1

>t 0T  KAY&54BRfdebaihdthe VyF and LF groups.

The resulting composite audiograms are shown in Figt2eH®r comparison, predicted audiograms for

the fin whale (Cranford & Krysl, 2015), and humpback whale (Houser et al., 2001) are included. The VLF
cetacean composite audiogram has lowest threshold at 2.8 kHz, but the audiogram is fairly shallow in
the regim of best sensitivity and thresholds are within 3 dB of the lowest threshold Ba@® uo 8.5

kHz. Lowfrequency( D u Tt (1 YUthresholds are considerably lower than those predicted by Cranford

and Krysl (2015). Highequency thresholds are also substantially lower than those predicted for the fin
whale, with thresholds at 30 kHz only 40 dB above best hearing thresholds, a®ah40 kHz

approximately 70 dB above best threshold. The LF cetacean composite audiogram has lowest threshold
atD @ E (abd thresholds are within 3 dB of the lowest threshold frPDp& to 20 kHz. The resulting
composite audiograms appear reasonable considering the predominant frequencies present in
mysticete conspecific vocal communication signals. While some species (e.g., blue whales) produce
some extremely low (e.g., 10 Hrequency call components, the majority of mysticete calls occur in the
range of a few tens of Hz to a few kHz, overlapping reasonably well with the predicted auditory
sensitivity shown in the composite audiograms (witBimtto 30 dB of predicted best sensitivity). A

general pattern of some vocalizations containing energy shifted below the region of best hearing
sensitivity is weldocumented in other lowirequency species including many phocid seals (see Wartzok
and Ketten1999), Steller sea lions (Mulsow & Reichmuth, 2010), and some terrestrial mammals,
notably the Indian elephant (Heffner & Heffner, 1982, 1992).
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Figure B2. Comparison of (normalized) proposed VLF and LF cetacean composite audiograms to those
predicted by anatomical and finiteelement models.
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APPENDIX C. MARINE MAMMAL TTS GROWTH CURVES

Growth curves were obtained by fitting Eq. (6) to the TTS data as a function of SEL.

Onset TTS was defined as the SEL value from the fitted curve at TTS @ A "(shown with light gray dashed lines), for only
those datasets that bracketed 6 dB of TTS.

Onset AINJ was defined as the SEL value from the fitted curve ata TTS 1 7A ") for only those datasets with maximum
TTS ¢mA"

Solid lines are fit to the filled circles, dashed lines are fit to the open circles, and the dotted line is fit to the triangles.
See Table C-1 for explanation of the datasets in each panel. SEL units are dBre p* 0 AO

Figure GL. TTS growth data for HF cetaceans obtained using behavioral methods.
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