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EXECUTIVE SUMMARY

This document provides technical guidance for assessing the effects of underwater
anthropogenic (human-made) sound on the hearing of marine mammal species under the
jurisdiction of the National Marine Fisheries Service (NMFS) and was completed in
collaboration with the National Ocean Service (NOS), Office of National Marine
Sanctuaries. Specifically, it identifies the received levels, or acoustic thresholds, at which
individual marine mammals are predicted to experience changes in their hearing sensitivity
(either temporary or permanent) for acute, incidental exposure to underwater anthropogenic
sound sources. This is the first time NMFES has presented this information in a single,
comprehensive document. This Technical Guidance is intended for use by NMFS
analysts/managers and other relevant action proponents/stakeholders, including other
federal agencies, when seeking to determine whether and how their activities are expected to
result in potential impacts to marine mammal hearing via acoustic exposure. This document
outlines the development of NMFS’ acoustic thresholds and describes how they will be
updated in the future.

NMES has compiled, interpreted, and synthesized the scientific literature, including a recent
Technical Report by Dr. James Finneran (U.S. Navy-SPAWAR Systems Center Pacific (SSC-
PAC)) (Finneran 2016; Appendix A of this Technical Guidance), to produce acoustic
thresholds for onset of temporary (T'TS) and permanent threshold shifts (PTS) (Table ES2)
that update those currently in use by NMFES. Updates include a protocol for estimating PTS
onset acoustic thresholds for impulsive (e.g., airguns, impact pile drivers) and non-impulsive
(e.g., tactical sonar, vibratory pile drivers) sound sources, the formation of marine mammal
hearing groups (low- (LF), mid- (MF), and high- (HF) frequency cetaceans, and otariid (OW)
and phocid (PW) pinnipeds; Table ES1), and the incorporation of marine mammal auditory
weighting functions (Figures ES1 and ES2) into the derivation of PTS acoustic thresholds.
These acoustic thresholds are presented using dual metrics of cumulative sound exposure
level (SELcum) and peak sound level (PK) for impulsive sounds and SELcun for non-impulsive

sounds.

While the Technical Guidance’s acoustic thresholds are more complex than those used to
date in most cases by NMFS, they reflect the current state of scientific knowledge regarding
the characteristics of sound that have the potential to impact marine mammal hearing
sensitivity. Given the specific nature of these updates, it is not possible to generally or
directly compare the updated acoustic thresholds presented in this document with the
thresholds they will replace because outcomes will depend on project-specific specifications.
NMFS recognizes that the implementation of marine mammal weighting functions and the
SELe.m metric represent new factors for consideration, which may extend beyond the
capabilities of some action proponents. Thus, NMFS has developed alternative tools for
those who cannot fully incorporate these factors (See Appendix D and Technical Guidance’s
companion User Spreadsheet).

These updated PTS acoustic thresholds do not represent the entirety of a comprehensive
analysis of the effects of a proposed action, but rather serve as one tool (along with, e.g.,

1 . . .
Located at: http://www.nmfs.noaa.gcov/pr/acoustics/guidelines.htm.
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behavioral impact thresholds, auditory masking assessments, evaluations to help understand
the ultimate effects of any particular type of impact on an individual’s fitness, population
assessments, etc.) to help evaluate the effects of a proposed action and make the relevant
findings required by NOAA’s various statutes.

This Technical Guidance is classified as a Highly Influential Scientific Assessment (HISA) by
the President’s Office of Management and Budget (OMB). As such, independent peer
review was required prior to broad public dissemination by the Federal Government. Details
of the three peer reviews, associated with the Technical Guidance, are within this document

(Appendix C).

This document is organized so that the most pertinent information can be found easily in
the main body. Additional details are provided in the appendices. Section I introduces the
document. NMFS’ updated acoustic thresholds for onset of PTS for marine mammals
exposed to underwater sound are presented in Section II. NMFS’ plan for periodically
updating acoustic thresholds is presented in Section III. More details on the development of
acoustic thresholds, the peer review and public comment process, research
recommendations, alternative methodology, and a glossary of acoustic terms are found in the
appendices.

The following Tables and Figures summarize the three main aspects of the Technical
Guidance: 1) Marine mammal hearing groups (Table ES1), 2) Marine mammal auditory
weighting functions (Figures EST and ES2; Table ES2), and PTS onset acoustic thresholds
(Table ES3).
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Table ES1:  Marine mammal hearing groups.

Hearing Group

Generalized
Hearing Range*

Low-frequency (LF) cetaceans
(baleen whales)

7 Hz to 35 kHz

Mid-frequency (MF) cetaceans
(dolphins, toothed whales, beaked whales, bottlenose whales)

150 Hz to 160 kHz

High-frequency (HF) cetaceans
(true porpoises, Kogia, river dolphins, cephalorhynchid,
Lagenorhynchus cruciger & 1. australis)

275 Hz to 160 kHz

Phocid pinnipeds (PW) (underwater)

(true seals)

50 Hz to 86 kHz

Otariid pinnipeds (OW) (underwater)
(sea lions and fur seals)

60 Hz to 39 kHz

* Represents the generalized hearing range for the entire group as a composite (i.e., all species within the
group), where individual species’ hearing ranges are typically not as broad. Generalized hearing range chosen
based on ~65 dB threshold from normalized composite audiogram, with the exception for lower limits for

LF cetaceans (Southall et al. 2007) and PW pinniped (approximation).

Table ES2:  Summary of weighting and exposure function parameters.*

Hearing Group alb (k{iz) (kjgz) ( dg) ( dllg)
Low-frequency (LF) cetaceans 1.0[12] 0.2 19 1 0.13 [ 179
Mid-frequency (MF) cetaceans 1.6 | 2| 88 110 | 1.20 | 177
High-frequency (HF) cetaceans 1812 12 140 | 1.36 | 152
Phocid pinnipeds (PW) (underwater) 1.012] 1.9 30 | 0.75] 180
Ortariid pinnipeds (OW) (underwater) 201 2] 094 25 1 0.64 | 198

W(f)=C+1OIogw{ (I/fl)za 5 b}
L+ (F/f) [+ (/)]

* Equations associated with Technical Guidance’s weighting (W(f)) and exposure functions (E(f)):

E(f)=K-10log,, I {f'iﬁ}:“ —
\[1+ G/ AT+ 1))
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Table ES3: Summary of PTS onset acoustic thresholds.

PTS Onset Acoustic Thresholds”

(Received Level)

Hearing Group

Impulsive

Non-impulsive

Low-Frequency (LF)
Cetaceans

Cell 1
Lpk flat: 219 dB
LE,LF24h: 183 dB

Cell 2
LE,LF24h: 199 dB

Mid-Frequency (MF)
Cetaceans

Cell 3
Lpk flat: 230 dB
LE,MF,24h: 185 dB

Cell 4
LE,MF,24h: 198 dB

High-Frequency (HF)
Cetaceans

Cell 5
Lpkflat: 202 dB
LE,HF,24h: 155 dB

Cell 6
LE,HF 24h: 173 dB

Phocid Pinnipeds (PW)
(Underwater)

Cell 7
Lpkflat: 218 dB
LE,pw 24h: 185 dB

Cell 8
LE,Pw,24h: 201 dB

Otariid Pinnipeds (OW)
(Underwater)

Cell 9
Lpk flat: 232 dB
LE,0w,24h: 203 dB

Cell 10
LE,0w,24h: 219 dB

* Dual metric acoustic thresholds for impulsive sounds: Use whichever results in the largest isopleth for
calculating PTS onset. If a non-impulsive sound has the potential of exceeding the peak sound pressure level
thresholds associated with impulsive sounds, these thresholds should also be considered.

Note: Peak sound pressure (Ipx) has a reference value of 1 pPa, and cumulative sound exposure level (Lg)

has a reference value of 1uPaZ%s. In this Table, thresholds are abbreviated to reflect American National

Standards Institute standards (ANSI 2013). However, peak sound pressure is defined by ANSI as
incorporating frequency weighting, which is not the intent for this Technical Guidance. Hence, the subscript
“flat” is being included to indicate peak sound pressure should be flat weighted or unweighted within the
generalized hearing range. The subscript associated with cumulative sound exposure level thresholds indicates
the designated marine mammal auditory weighting function (LF, MF, and HF cetaceans, and PW and OW
pinnipeds) and that the recommended accumulation period is 24 hours. The cumulative sound exposure level
thresholds could be exceeded in a multitude of ways (i.e., varying exposure levels and durations, duty cycle).
When possible, it is valuable for action proponents to indicate the conditions under which these acoustic

thresholds will be exceeded.
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Figure ES1: Auditory weighting functions for low-frequency (LF), mid-frequency

(MF), and high-frequency (HF) cetaceans.
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Figure ES2: Underwater auditory weighting functions for otariid (OW) and phocid

(PW) pinnipeds.
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TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF
ANTHROPOGENIC SOUND ON MARINE MAMMAL HEARING

UNDERWATER ACOUSTIC THRESHOLDS FOR ONSET OF PERMANENT
AND TEMPORARY THRESHOLD SHIFTS

L INTRODUCTION

This document provides technical guidance” for assessing the effects of anthropogenic
(human-made) sound on the hearing of matine mammal species under the jurisdiction’ of
the National Marine Fisheries Service (NMFS) and was completed in collaboration® with the
National Ocean Service (NOS), Office of National Marine Sanctuaries. Specifically, it
identifies the received levels, ot acoustic thresholds, at which individual marine mammals are
predicted to experience changes in their hearing sensitivity for acute, incidental exposure to
all underwater anthropogenic sound sources. This Technical Guidance is intended for use by
NMES analysts/ managers and other relevant action proponents/stakeholders, including
other federal agencies, when seeking to determine whether and how their activities are
expected to result in impacts to marine mammal hearing via acoustic exposure. This
document outlines NMFS’ updated acoustic thresholds, describing in detail threshold
development (via Appendix A), and how they will be revised and updated in the future.

The acoustic thresholds presented in this document do not represent the entirety of an
effects analysis, but rather serve as one tool among others (e.g., behavioral impact
thresholds, auditory masking assessments, evaluations to help understand the effects of any
particular type of impact on an individual’s fitness, population assessments, etc.), to help
evaluate the effects of a proposed action and make findings required by NOAA’s various
statutes.

2 This Technical Guidance does not create or confer any rights for or on any person, or operate to bind the
public. An alternative approach that has undergone independent peer review may be proposed (by federal
agencies or prospective action proponents) and used if case-specific information/data indicate that the
alternative approach is likely to produce a more accurate estimate of auditory impact for the project being
evaluated; and if NMFS determines the approach satisfies the requirements of the applicable statutes and
regulations.

3 http://www.nmfs.noaa.gov/pr/species/mammals/. This document does not pertain to marine mammal
species under the U.S. Fish and Wildlife Service’s (USFWS) jurisdiction (e.g., walrus, polar bears, West Indian
manatees, sea otters). However, since marine mammal audiogram data are limited, a decision was made to
include all available datasets from in-water groups, including sirenian datasets (Gerstein et al. 1999; Mann et al.
2009), to derive composite audiogram parameters and threshold of best hearing for LF cetaceans (see
Appendix Aj). Additionally, audiogram data from a single Pacific walrus (Kastelein et al. 2002) and a single sea
otter (Ghoul and Reichmuth 2014) were included in the derivation of the composite audiogram for OW
pinnipeds.

* Draft versions of this document referred to it as a joint document by NOS and NMFS. However, this final

version more accurately identifies it as a NMFS-directed effort/document that was completed in association
with NOS.
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Note: This document does not directly address mitigation and monitoring measures’ that
may be associated with particular activities, nor does it set forth requirements to conduct
sound source verification studies.

This Technical Guidance is classified as a Highly Influential Scientific Assessment (HISA)®
by the President’s Office of Management and Budget (OMB); as such, independent peer
review was required before it could be disseminated more broadly by the Federal
Government. As such, the Technical Guidance underwent three independent peer reviews
(details provided in Appendix C). NMFES also sought informal input from key federal
agencies regarding various aspects of this document in early stages of its development.

11 NEED FOR TECHNICAL GUIDANCE AND UPDATED UNDERWATER ACOUSTIC
THRESHOLDS

Prior to this Technical Guidance, NMFES has primarily relied on two generic acoustic
thresholds for assessing auditory impacts (i.e., permanent threshold shift [PTS] onset) for
most underwater sound sources: one for cetaceans (RMS SPL 180 dB), and one for
pinnipeds (RMS SPL 190 dB). These generic thresholds were developed in the late 1990s
using the best information available (e.g., NOAA 1998; HESS 1999). Other sound sources,
like tactical sonar and underwater explosives, have relied on more recently developed
acoustic thresholds (e.g., Finneran and Jenkins 2012; NOAA 2014). Since the adoption of
these original generic thresholds, the understanding of the effects of noise on marine
mammal hearing has greatly advanced (e.g., Southall et al. 2007; Finneran 2015; Erbe et al.
2016) making it necessary to more comprehensively examine the current state of science and
the acoustic thresholds.

For this document, NMFS has compiled, interpreted, and synthesized the scientific literature
on the impacts of sound on marine mammal hearing, including the recent Finneran
Technical Report (Finneran 2016; Appendix A of this Technical Guidance), to produce
updated underwater acoustic thresholds for the onset of TTS and PTS. These acoustic
thresholds update those currently in use by NMES estimating PTS onset from all sources, as
well as those cutrently in use for estimating TTS’ onset from underwater detonations. The

> Mitigation and monitoring requirements associated with an MMPA authorization or ESA consultation or
permit are independent management decisions made in the context of the proposed activity and
comprehensive effects analysis, and are beyond the scope of the Technical Guidance. NMFS acknowledges
exclusion zones and monitoring zones often correspond to acoustic thresholds but that is not a legal
requirement, and the updated thresholds may make such a simple correlation more challenging. The Technical
Guidance can be used to inform the development of mitigation or monitoring.

© Its dissemination could have a potential impact of more than $500 million in any one year on either the
public or private sector; or that the dissemination is novel, controversial, or precedent-setting; or that it has
significant interagency interest (OMB 2005). The decision to designate the Technical Guidance as a HISA was
based on the latter part of OMB’s definition (i.e., precedent-setting).

" T'TS onset thresholds are found in Appendix A, Table A10.
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Technical Guidance’s acoustic thresholds are more complex reflecting the current state of
scientific knowledge regarding marine mammal hearing and the characteristics of sound that
have the potential to impact marine mammal hearing sensitivity.

This is the first time NMFES has presented this information in a single, comprehensive
document, which can be used by NMFS analysts/managers and other relevant action
proponents/stakeholders, including other federal agencies, when seeking to determine
whether and how their activities are expected to result in auditory impacts to marine
mammals via acoustic exposure.

1.1.1  Acoustic thresholds within the Context of an Effects Analysis

The Technical Guidance’s acoustic thresholds do not represent the entirety of an effects
analysis, but rather serve as one tool to help evaluate the effects of sound produced during a
proposed action on marine mammals and make findings required by NOAA’s various
statutes. In a regulatory context, NMFES uses acoustic thresholds to help assess and quantify
“take” and to conduct more comprehensive effects analyses under several statutes.

Specifically, the Technical Guidance will be used in conjunction with sound source
characteristics, environmental factors that influence sound propagation, anticipated marine
mammal occurrence and behavior near the activity, as well as other available activity-specific
factors, to estimate the number and types of takes of marine mammals. This document only
addresses acoustic thresholds for auditory impact (i.e., does not address or make
recommendations associated with sound propagation or marine mammal occurrence or

density).

1.2 ADDRESSING UNCERTAINTY AND DATA LIMITATIONS

Inherent data limitations occur in many instances when assessing acoustic effects on marine
mammal hearing. Data limitations, which make it difficult to account for uncertainty and
variability, are not unique to assessing the effects of anthropogenic sound on marine
mammals and are commonly encountered by resource managers (Ludwig et al. 1993; Francis
and Shotton 1997; Harwood and Stokes 2003; Punt and Donovan 2007). Southall et al.
(2007) and Finneran (2016) acknowledged the inherent data limitations when making
recommendations for criteria to assess the effects of noise on marine mammals, including
data available from a limited number of species, a limited number of individuals within a
species, and/or limited number of sound soutces. Both Finneran (2016) and Southall et al.
(2007) applied certain extrapolation procedures to estimate effects that had not been directly
measured but that could be reasonably approximated using existing information and
reasoned logic. The Technical Guidance articulates where NMFES has faced such uncertainty
and variability in the development of its acoustic thresholds.

1.2.1 Assessment Framework

NMES’ approach applies a set of assumptions to address uncertainty in predicting potential
auditory effects of sound on individual marine mammals. One of these assumptions includes

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL
HEARING (JULY 2016) Page 8



the use of “representative” or surrogate individuals/species for establishing PTS onset
acoustic thresholds for species where little to no data exists. The use of representative
individuals/species is done as a matter of practicality (i.e., it is unlikely that adequate data will
exist for the all marine mammal species found worldwide or that we will be able to account
for all sources of variability at an individual level) but is also scientifically based (i.e.,
taxonomy, hearing group). As new data become available for more species, this approach
can be reevaluated. NMFS recognizes that additional applicable data may become available
to better address many of these issues (e.g., uncertainty, surrogate species, etc.).® As these
new data become available, NMFS has an approach for updating this document (see Section
I1I).

1.2.2 Data Standards

In assessing potential acoustic effects on marine mammals, as with any such issue facing the
agency, standards for determining applicable data need to be articulated. Specifically, NOAA
has Information Quality Guidelines’ (IQG) for “ensuring and maximizing the quality,
objectivity, utility, and integrity of information disseminated by the agency” (with each of
these terms defined within the IQG). Further, the IQG stipulate that “To the degree that the
agency action is based on science, NMFS will use (a) the best available science and
supporting studies (including peer-reviewed science and supporting studies when available),
conducted in accordance with sound and objective scientific practices, and (b) data collected
by accepted methods or best available methods.”

The National Research Council (NRC 2004) provided basic guidelines for National Standard
2 (NS2) in section 301 of the Magnuson-Stevens Fishery Conservation and Management
Act, which states that “Conservation and management measures shall be based upon the
best scientific information available” (NOAA 2013). They recommended that data
underlying the decision-making and/or policy-setting process be: 1) relevant, 2) inclusive, 3)
objective, 4) transparent and open, 5) timely, 6) verified and validated, and 7) peer
reviewed." Although NRC’s guidelines (NRC 2004) wete not written specifically for matine
mammals and this particular issue, they do provide a means of articulating minimum data
standards. NMFS considered this in assessing acoustic effects on marine mammals. Use of
the NRC Guidelines does not preclude development of acoustic-specific data standards in
the future.

8 NIMFS is aware that the authors of Southall et al. (2007) are in the process of updating their original
publication and recognizes that when this updated publication becomes available, it may suggest alternative
means for predicting an auditory weighting function and acoustic thresholds for LF cetaceans. Accordingly,
NMFS may re-evaluate our methodology for LI cetaceans when this updated Southall et al. publication
becomes available.

9 . . . ..
http:/ /www.st.nmfs.noaa.cov/science-qualitv-assurance/national-standards/ns2 revisions.

10 NIMFS also requires Peer Review Plans for Highly Influential Scientific Assessments (HISA) and Influential
Scientific Information (ISI).
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II. NMES’ ACOUSTIC THRESHOLDS FOR ONSET OF PERMANENT
THRESHOLD SHIFTS IN MARINE MAMMALS

The Technical Guidance advances NMFES’ assessment ability based upon the compilation,
interpretation, and synthesis of the scientific literature. This document provides thresholds
for the onset of PTS based on characteristics defined at the acoustic source. No direct
measurements of marine mammal PTS have been published; PTS onset acoustic thresholds
have been extrapolated from marine mammal TTS measurements (i.e., using growth rates
from terrestrial and marine mammal data). PTS onset acoustic thresholds, for all sound
sources are divided into two broad categories: 1) impulsive and 2) non-impulsive. Acoustic
thresholds are also presented as dual metric acoustic thresholds using cumulative sound
exposure level (SELam) and peak sound pressure (PK) metrics for impulsive sounds. As dual
metrics, NMFES considers onset of PTS to have occurred when either one of the two metrics
is exceeded. For non-impulsive sounds, thresholds are provided using the SELc.m metric.
Additionally, to account for the fact that different species groups use and hear sound
differently, marine mammals are sub-divided into five broad hearing groups (i.e., LF, MF,
HF, PW, and OW) and acoustic thresholds in the SEL.» metric incorporate auditory
weighting functions.

2.1 MARINE MAMMAL HEARING GROUPS

Current data (via direct behavioral and electrophysiological measurements) and predictions
(based on inner ear morphology, modeling, behavior, vocalizations, or taxonomy) indicate
that not all marine mammal species have equal hearing capabilities, in terms of absolute
hearing sensitivity and the frequency band of hearing (Richardson et al. 1995; Wartzok and
Ketten 1999; Southall et al. 2007; Au and Hastings 2008). Hearing has been directly
measured in some odontocete and pinniped species'' (see reviews in Southall et al. 2007,
Erbe et al. 2016; Finneran 2016). Direct measurements of mysticete hearing are lacking.
Thus, hearing predictions for mysticetes are based on other methods including: anatomical
studies and modeling (Houser et al. 2001; Parks et al. 2007; Tubelli et al. 2012; Cranford and
Krysl 2015"); vocalizations'* (see reviews in Richardson et al. 1995; Wartzok and Ketten
1999; Au and Hastings 2008); taxonomy; and behavioral responses to sound (Dahlheim and
Ljungblad 1990; see review in Reichmuth 2007).

1 Hearing measurements both in air and underwater have been collected for pinniped species.

12 There was an unsuccessful attempt to directly measure hearing in a stranded gray whale calf by Ridgway and
Carder 2001.

13 Note: The modeling of Cranford and Krsyl (2015) predicts that the primary mechanism for hearing in LF
cetaceans is bone conduction. Additionally, this predictive model was based on the skull geometry of a
newborn fin whale.

1 Studies in other species indicate that perception of frequencies may be broader than frequencies produced
(e.g., Luther and Wiley 2009).
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To better reflect marine mammal hearing capabilities, Southall et al. (2007) recommended
that marine mammals be divided into hearing groups (Table 1). NMFS made the following
modifications to the hearing groups proposed in Southall et al. (2007)"*:

Division of pinnipeds into PW and OW hearing groups: NMFES subdivided

pinnipeds into their two families: Phocidae and Otariidae. Based on a review of the
literature, phocid species have consistently demonstrated an extended frequency
range of hearing compared to otariids, especially in the higher frequency range
(Hemili et al. 2000; Kastelein et al. 2009a; Reichmuth et al. 2013). Phocid ears are
anatomically distinct from otariid ears in that phocids have larger, more dense middle
ear ossicles, inflated auditory bulla, and larger sections of the inner ear (i.e., tympanic
membrane, oval window, and round window), which make them more adapted for
underwater hearing (Terhune and Ronald 1975; Schusterman and Moore 1978;
Kastak and Schusterman 1998; Hemili et al. 2006; Mulsow et al. 2011; Reichmuth et
al. 2013).

Recategorizatin of hourglass (Iagenorbynchus cruciger) and Peale’s (I. australis) dolphins

from MF cetacean to HF cetacean hearing group:'® Echolocation data (Kyhn et al.
2009; Kyhn et al. 2010; Tougaard and Kyhn. 2010) indicate that the hourglass and

Peale’s dolphin produce sounds (i.e., higher mean peak frequency) similar to other
narrow band high-frequency cetaceans, such as porpoises, Kogia, and Cephalorhynchus,
and are distinctly different from other Lagenorhynchus species. Genetic data also
suggest these two species are more closely related to Cephalorhynchus species (May-
Collado and Agnarsson 2006). Thus, based on this information, NMFES has decided
to move these two species from MF cetaceans to HF cetaceans.

15 NMFS considered dividing LF cetaceans into two separate groups (i.e., some species may have better low
frequency hearing than others, like blue and fin whales; Clark and Ellison 2004), but decided there was not
enough data to support such a division at this time. NMFS also considered separating sperm whales from
other MF cetaceans, but there are not enough data are available to stipulate exactly how this should be done.
Sperm whale placement within MF cetaceans is considered appropriate based on Ketten (2000), which
classified sperm whales as having Type I cochlea, similar to other MF cetaceans.

16 1n March 2016, NMFS also proposed moving the white-beaked dolphin (.. a/birestris) to the HF cetacean
hearing group. However, upon re-evaluation, it was decided this move was not fully supported (i.e., move not
supported to the level of that of the other two species in this family).

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL
HEARING (JULY 2016) Page 11



Table 1: Marine mammal hearing groups.

Generalized

Hearing Group Hearing Range*

Low-frequency (LF) cetaceans

(baleen whales) 7 Hz to 35 kHz

Mid-frequency (MF) cetaceans

(dolphins, toothed whales, beaked whales, bottlenose whales) 150 Hz to 160 kHz

High-frequency (HF) cetaceans
(true porpoises, Kogia, river dolphins, cephalorhynchid, 275 Hz to 160 kHz
Lagenorhynchus cruciger & 1. australis)

Phocid pinnipeds (PW) (underwater)

50 Hz to 86 kHz
(true seals)

Otariid pinnipeds (OW) (underwater)

(sea lions and fur seals) 60 Hz to 39 kHz

* Represents the generalized hearing range for the entire group as a composite (i.e., all species within the
group), where individual species’ hearing ranges are typically not as broad. Generalized hearing range chosen
based on ~65 dB threshold from normalized composite audiogram, with the exception for lower limits for
LF cetaceans (Southall et al. 2007) and PW pinniped (approximation).

NMFS’ modification results in marine mammal hearing groups being defined in this
Technical Guidance as depicted in Table 1. Table 1 defines a generalized hearing range each
hearing group. This generalized hearing range was determined based on the ~65 dB"
threshold from the normalized composite audiograms (Figure 4). For LF cetaceans and PW
pinnipeds, the ~65 dB threshold resulted in a lower bound that was considered too low to
be biologically plausible for these two groups. Instead, for LF cetaceans the lower frequency
limit from Southall et al. 2007 was used, while for PW pinnipeds 50 Hz was chosen as a
reasonable approximation for the lower frequency limit (relative to otariid pinnipeds)®.

2.1.1 Application of Marine Mammal Hearing Groups

The application of marine mammal hearing groups occurs throughout the Technical
Guidance in two ways. First, acoustic thresholds are divided by hearing group to
acknowledge that not all marine mammal species have identical hearing or susceptibility to
noise-induced hearing loss (NIHL). Outside the generalized hearing range, the risk of
auditory impacts from sounds is considered highly unlikely or very low'” (the exception

7 In humans, functional hearing range is typically defined as 60 dB above the hearing threshold at greatest

hearing sensitivity. To account for uncertainty associated with marine mammal hearing, NMFS based the
Technical Guidance’s generalized hearing range on 65 dB.

18 Understanding of low-frequency pinniped hearing is limited (i.e., few studies have direct measurements of
hearing below 100 Hz).

19" Animals are able to detect sounds beyond their generalized hearing range by non-auditory mechanisms.
However, typically, these sounds have to be extremely loud and would be considered uncomfortable (Wartzok
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would be if a sound above/below this range has the potential to cause physical injuty, i.e.,
lung or gastrointestinal tract injury from underwater explosives).

Second, marine mammal hearing groups are used in the establishment of marine mammal
auditory weighting functions discussed next.

2.2 MARINE MAMMAL AUDITORY WEIGHTING FUNCTIONS

The ability to hear sounds varies across a species’ hearing range. Most mammal audiograms
have a typical “U-shape,” with frequencies at the bottom of the “U” being those to which
the animal is more sensitive, in terms of hearing (i.e. the animal’s best hearing range; for
example audiogram, see Glossary, Figure FF1). Auditory weighting functions best reflect an
animal’s ability to hear a sound (and do not necessarily reflect how an animal will perceive
and behaviorally react to that sound). To reflect higher hearing sensitivity at particular
frequencies, sounds are often weighted. For example, A-weighting for humans deemphasize
frequencies below 1 kHz and above 6 kHz based on the inverse of the idealized (smoothed)
40-phon equal loudness hearing function across frequencies, standardized to 0 dB at 1 kHz
(e.g., Harris 1998). Other types of weighting functions for humans (e.g., B, C, D)
deemphasize different frequencies to different extremes (e.g., flattens equal-loudness
perception across wider frequencies with increasing received level; for example, C-weighting
is uniform from 50 Hz to 5 kHz; ANSI 2011).

Auditory weighting functions have been proposed for marine mammals, specifically
associated with PTS acoustic thresholds expressed in the SELam * metric, which take into
account what is known about marine mammal hearing (Southall et al. 2007; Erbe et al. 2010).
The Finneran Technical Report (Finneran 2016), recently developed updated marine
mammal auditory weighting functions that reflect new data on:

e Marine mammal hearing (e.g;, Sills et al. 2014; Sills et al. 2015; Cranford and Krysl,
2015; Kastelein et al. 2015¢)

e Marine mammal equal latency contours (e.g., Reichmuth 2013; Wensveen et al. 2014;
Mulsow et al. 2015

e Effects of noise on marine mammal hearing (e.g., Kastelein et al. 2012a; Kastelein et
al. 2012b; Finneran and Schlundt 2013; Kastelein et al. 2013a; Kastelein et al.
2013b; Popov et al. 2013; Kastelein et al. 2014a; Kastelein et al. 2014b; Popov et al.

and Ketten 1999). If a sound is on the edge of a hearing group’s generalized hearing range and there is the
potential for exposure to high sound pressute levels, then one should consider the potential for detection
beyond normal auditory pathways.

20 Auditory weighting functions are not to be applied to PTS or TTS onset acoustic thresholds expressed as
the PK metric (i.e., PK thresholds are flat or unweighted within the generalized hearing range). For more
information, please see Section 2.3.2.2.
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2014; Finneran et al. 2015; Kastelein et al., 2015a; Kastelein et al. 2015b; Popov et
al. 2015).

This recent update reflects a transition from auditory weighting functions that have
previously been more similar to human dB(C) functions (i.e., M-weighting from Southall et
al. 2007) to that more similar to human dB(A) functions. Updated marine mammal auditory
weighting functions also provide a more consistent approach/methodology for all hearing

groups.

Upon evaluation, NMFS determined that the proposed methodology in Finneran 2016
reflects the scientific literature and incorporated it directly into this Technical Guidance
(Appendix A) following an independent peer review (see Appendix C for details on peer
review and link to Peer Review Report).

2.2.1 Use of Auditory Weighting Functions in Assessing Susceptibility to Noise-
Induced Hearing Loss

Auditory weighting functions are used for human noise standards to assess the overall
hazard of noise on hearing. Specifically, human auditory weighting functions provide a
“rating that indicates the injurious effects of noise on human hearing” (OSHA 2013). Thus,
while these functions are based on regions of equal loudness and best hearing, in the context
of human risk assessments, as well as their use in the Technical Guidance, they are meant to
reflect the susceptibility of the ear to noise-induced threshold shifts (TSs). Regions of
enhanced susceptibility to noise may not perfectly mirror a species’ region of best hearing
(e.g., TTS measurements from bottlenose dolphin, belugas, and Yangtze finless porpoise
support this). Thus, within the Technical Guidance, auditory weighting functions are meant
to assess risk of NIHL and do not necessarily encompass the entire range of best hearing for
every species within the hearing group.

2.2.2 Marine Mammal Auditory Weighting Functions

Updated frequency-dependent marine mammal auditory weighting functions were derived
using data on hearing ability (composite audiograms), effects of noise on hearing, and data
on equal latency (Finneran 2016%). Separate functions were derived for each marine
mammal hearing group (Figures 1 and 2).

21 Wright 2015 provides a critique of this methodology. For NMFS’ response associated with this critique, see
the Federal Register notice associated with the finalized Technical Guidance, specifically the section responding
to public comments.
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Figure 1: Auditory weighting functions for low-frequency (LF), mid-frequency

(MF), and high-frequency (HF) cetaceans.
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Figure 2: Underwater auditory weighting functions for otariid (OW) and phocid

(PW) pinnipeds.

The overall shape of the auditory weighting functions is based on a generic band-pass filter
described by Equation 1:

(f/f)>
[+ (/)1 [+(f/1,)°]

W(f)=C +10|Oglo{ }dB Equation 1

where W) is the weighting function amplitude in decibels (dB) at a patticular frequency (ff
in kilohertz (kHz). The function shape is determined by the following weighting function

parameters:

e Low-frequency exponent (4): This parameter determines the rate at which the
weighting function amplitude declines with frequency at the lower frequencies. As
the frequency decreases, the change in amplitude becomes linear with the logarithm
of frequency with a slope of 20a dB/decade.

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL
HEARING (JULY 2016) Page 16



e High-frequency exponent (b): Rate at which the weighting function amplitude
declines with frequency at the upper frequencies. As the frequency increases, the
change in amplitude becomes linear with the logarithm of frequency with a slope of
20b dB/decade.

e Low-frequency cutoff (f7): This parameter defines the lower limit of the band-pass
filter (i.e., the lower frequency where weighting function amplitude begins to roll off
or decline from the flat, central portion of the function). This parameter is directly
dependent on the value of the low-frequency exponent (a).

e High-frequency cutoff (f2): This parameter defines the upper limit the band-pass
filter (i.e., the upper frequency where weighting function amplitude begins to roll off
or decline from the flat, central portion of the function). This parameter is directly
dependent on the value of the high-frequency exponent (b).

e Weighting function gain({): This parameter determines the vertical position of the
function and is adjusted to set the maximum amplitude of the weighting function to
0 dB.

Finneran (2016) illustrates the influence of each parameter value on the shape of the
weighting function (Appendix A, Figure A2).

In association with auditory weighting functions are exposure functions that illustrate how
auditory weighting functions relate to auditory acoustic thresholds. Exposure functions
(Equation 2) are the inversion of Equation 1:

E(f)=K —10log [ (fL A" | dB

b

G TR+ a2 T |

Equation 2

where E(f)is the acoustic exposure as a function of frequency (/) and the gain parameter
constant (K), which is adjusted to set the minimum value of the curve to the weighted
PTS/TTS onset auditory threshold. All other parameters are the same as those in Equation
1. Figure 3 illustrates how the various weighting parameters relate to one another in both the
auditory weighting and exposure functions.
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Figure 3: Illustration of function parameter in both auditory weighting functions

and exposure functions (from Finneran 2016). Reference to Equations
1 and 2 match those in the Technical Guidance.

Finneran (2016) (Appendix A, Figures A-22 and A-23) provides a comparison of these
updated auditory weighting functions with previously derived weighting functions (Finneran
and Jenkins 2012 used in Navy Phase 2 Analysis).

2.2.3 Derivation of Function Parameters

Numeric values associated with weighting function parameters were derived from available
data from audiograms (measured and predicted), equal latency contours, and marine
mammal TTS data using the following steps from Finneran (2016):

1. Derivation of marine mammal composite audiograms (original and normalized) for
each hearing group (Resulting normalized composite audiogram: Figure 4; Data
sources: Table 2).
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Figure 4: Resulting normalized composite audiograms for low-frequency (LF),
mid-frequency (MF), and high-frequency (HF) cetaceans and phocid
(PW) and otariid (OW) pinnipeds (from Finneran 2016). For resulting
original composite audiogram, see Appendix A, Figure A5.

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL
HEARING (JULY 2016) Page 19



Table 2: Summary of data available for deriving composite audiograms.’
Hearing Group SIPEREE (bl References
individuals)
Bel 9 White et al. 1978; Awbrey et al. 1988; Johnson et al.
cluga ( ) 1989; Ridgway et al. 2001; Finneran et al. 2005b
Bottlenose dolphin Johnson 1967; Ljungblad et al. 1982; Lemonds 1999;

Mid-Frequency (MF)
cetaceans

©)

Brill et al. 2001;Schlundt et al. 2008; Finneran et al.
2010a

False killer whale (1)

Thomas et al. 1988

Killer whale (2)

Szymanski et al. 1999

Risso’s dolphin (1)

Nachtigall et al. 1995

Pacific white-sided
dolphin (1)

Tremel et al. 1996

Striped dolphin (1)

Kastelein et al. 2003

Tucuxi (1)

Sauerland and Dehnhardt 1998

High-frequency (HF)
cetaceans

Amazon River

dolphin (1)

Jacobs and Hall 1972

Harbor porpoise (3)

Kastelein et al. 2010; Kastelein et al. 2015¢

Harbor seal (4)

Terhune 1988; Kastelein et al. 2009b; Reichmuth et
al. 2013

Phocid pinnipeds Northern elephant Kastak and Schusterman 1999
(underwater) seal (1)
Ringed seal (1) Sills et al. 2015
Spotted seal (2) Sills et al. 2014
California sea lion Mulsow et al. 2012; Reichmuth and Southall 2012;
) Reichmuth et al. 2013
Ortariid pmmpeds Northern fur seal Moorte and Schusterman 1987; Babushina et al. 1991
(underwater)

(3)

Steller sea lion (2)

Kastelein et al. 2005a

T Mote details on individual subjects are available in Appendix A (Table A2). Some datasets were excluded due
to subjects having high-frequency hearing loss or aberrant audiograms. These included subjects from: Mohl
1968; Andersen 1970; Hall and Johnson 1972; Terhune and Ronald 1972; Terhune and Ronald 1975; Thomas
et al. 1990; Wang et al. 1992; Babushina 1997; Kastak et al. 2002; Finneran et al. 2005 (Turner); Yuen et al.
2005; Finneran et al. 2007a; Sills et al. 2015 (Natchek). Decisions to exclude data were based on comparison of
the individual published audiograms and ambient noise characteristics to those for other individuals of the
same or closely related species. The most common reasons for excluding an individual’s data were abnormal
audiograms featuring high-frequency hearing loss (typically seen in older animals) or “notches” in the
audiogram, or data collected in the presence of relatively high ambient noise that resulted in elevated
thresholds. Excluding these data ensured that the composite audiograms were not artificially elevated, which
could result in unrealistically high acoustic thresholds.

* The otariid pinniped (underwater)hearing group’s composite audiogram contains data from a single Pacific
walrus (Odobenus rosmarus) from Kastelein et al. 2002 and a single sea otter (Enbydra lutris nereis) from Ghoul and
Reichmuth 2014, which are species under the jurisdiction of the USFWS. However, since marine mammal
audiogram data are limited, a decision was made to include all available datasets from in-water groups to derive
composite audiograms for this hearing group. For frequencies below 30 kHz, the difference in the composite
audiogram with and without these data are < 2 dB. For comparison, see Appendix A, Figure A4.
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In deriving marine mammal composite audiograms, NMFES established an informal
data hierarchy in terms of assessing these types of data. Specifically, audiograms
obtained via behavioral methodologies were determined to provide the most
representative (sensitive) presentation of hearing ability (Finneran et al. 2007a),
followed by auditory evoked potential (AEP) data,” and lastly by
mathematical/anatomical models for species where no data are available (i.e., LF
cetaceans). Thus, the highest quality data available for a specific hearing group were
used.”

For LF cetaceans, only two studies were available for consideration (i.e., predicted
audiogram for a humpback whale from Houser et al. 2001 and fin whale from
Cranford and Krysl 2015), which alone was not enough to derive a predicted
audiogram for this entire hearing group. Thus, an alternative approach was used to
derive a composite audiogram™ and associated weighting function for LF cetaceans
(i.e., composite audiogram parameters had to be predicted; For specifics, on this
process, see Appendix A).

2. 'The low-frequency exponent (d) was defined using the smaller of the low-frequency
slope from either the composite audiogram or the lower-frequency slope of the equal
latency contours (if available) and then divided by twenty (sg/20). This results in the
slope matching the shallower slope of the audiogram.

3. The high-frequency exponent (b) was set equal to two to match the previously
derived marine mammal auditory weighting functions from Finneran and Jenkins
(2012), since no new TTS measurements were available at higher frequencies and
equal latency data at these frequencies are considered highly variable.

4. Low- (f1) and high-frequency cutoffs (f2) were defined as the frequencies below and
above the frequency of best heating (fj) from original data, where the threshold

22 Despite not directly including AEP audiograms in the development of a hearing groups’ composite

audiogram, these date were evaluated to ensure species were placed within the appropriate hearing group and
to ensure a species where only AEP data are available were within the bounds of the composite audiogram for
that hearing group. Furthermore, AEP TTS data are presented within the Technical Guidance for comparative
putrposes alongside TTS data collected by behavioral methods illustrating that the AEP TTS data are within the
bounds (the majority of the time above) of those collected by behavioral methods.

2 Behavioral techniques for obtaining audiograms measure perception of sound by a receiver, while AEP
methods measure only neural activity (Jewett and Williston 1971) (i.e., two methodologies are not necessarily
equivalent). As a result, behavioral techniques consistently produce lower thresholds than those obtained by
AEPs (e.g., Szymanski et al. 1999; Yuen et al. 2005; Houser and Finneran 20006). Currently, there are no means
established for “correcting” AEP data so that it may be more comparable to those obtained via behavioral
methods (Heffner and Heffner 2003; Finneran 2015; Sisneros et al. 2016; Etbe et al. 2016).

2 During the third public comment period on the Technical Guidance in March 2016, ambient noise levels
from Clark and Ellison 2004 were offered by a group of subject matter experts as additional scientific support
to NMFS’ LF cetacean weighting function (for direct comparison to NOAA’s 2016 LF cetacean weighting
function see: https://www.regulations.gov/#!documentDetailiD=NOAA-NMFS-2013-0177-0155).
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values were A T"above the threshold at f5. These two parameters reflect the hearing
group’s most susceptible frequency range.

5. To determine A7 the exposure function amplitude was calculated for MF and HF
cetaceans examining A 7'values ranging from zero to 20 dB. Then, the K gain
parameter was adjusted to minimize the mean-squared error (MSE) between the
function amplitude (original and normalized composite audiograms) and MF and HF
cetacean TTS data. The value of A T resulting the lowest MSE was eleven for both
the normalized and original data. This value was used for other hearing groups.

6. Hearing groups where TTS data are available (i.e., MF and HF cetaceans and PW
and OW pinniped) were used to define K (Step 4 above). For LF cetaceans, where
data were not available, TTS onset was estimated by assuming the numeric difference
between auditory threshold (Figure 4, original data) and TTS onset at the frequency
of best hearing (fo) would be similar across hearing groups. For LF cetaceans
auditory threshold had to be predicted, since no data exist (For specifics on
methodology, see Appendix A, Table A7).

7. The weighting function parameter (€} was determined by substituting parameters 4,
b, f1, and fzin Equation 1 and setting the peak amplitude of the function to zero.

For each hearing group, the resulting numeric values associated with these parameters and
resulting weighted T'TS onset threshold for non-impulsive sources (SELam metric) are listed
in Table 3 and resulting weighting functions are depicted in Figures 1 and 2.

Table 3: Summary of weighting and exposure function parameters.
- fi £ C K Weighted TTS onset

Hearing Group a|b (kHz) | (kHz) | (dB) | (dB) threshold* (SELcun)
Low-frequency (LF) 10{2] 02 | 19 |013]179 179 dB
cetaceans
Mid-frequency (MF) 1.62] 88 | 110 |1.20 | 177 178 dB
cetaceans
High-frequency (HE) 13 1o | 15 | 140 | 136 | 152 153 dB
cetaceans
Phocid pinnipeds (PW) 10121 109 30 10751 180 181 dB
(underwater)
Otariid pinnipeds (OW) 20121 094 25 1 0.64 | 198 199 dB
(underwater) ] ' .

* Determined from minimum value of exposure function and the weighting function at its peak (i.e.,
mathematically equivalent to K+ C).
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Note: Appendix A, Figure A17 illustrates that the resulting exposure functions (and
subsequent weighting functions) are broader than the composite audiograms or audiogram
from an individual species. This is important to note because the weighting/exposure
functions are derived not just from data associated with the composite audiogram but also
account for available TTS onset data.

2.2.4 Application of Marine Mammal Auditory Weighting Functions for PTS Onset
Acoustic Thresholds

The application of marine mammal auditory weighting functions emphasizes the importance
of making measurements and characterizing sound sources in terms of their overlap with
biologically-important frequencies (e.g., frequencies used for environmental awareness,
communication or the detection of predators or prey), and not only the frequencies of
interest or concern for the completion of the sound-producing activity (i.e., context of sound
source).

If the frequencies produced by a sound source are outside a hearing group’s most susceptible
hearing range (where the weighting function amplitude is 0), sounds at those frequencies
must have a higher sound pressure level to produce a similar threshold shift (i.e., PTS onset)
as sounds with frequencies in the hearing group’s most susceptible hearing range. Because
auditory weighting functions take into account a hearing group’s differing susceptibility to
frequencies, the implementation of these functions typically results in smaller isopleths™ for
frequencies where the group is less susceptible. Additionally, if the sound source produces
frequencies completely outside the generalized hearing range of a given hearing group (i.e.,
has no harmonics/subharmonics that are capable of producing sound within the hearing
range of a hearing group), then the likelithood of the sound causing hearing loss is considered

low.*

Marine mammal auditory weighting functions should be used in conjunction with
corresponding SEL..m PTS onset acoustic thresholds. If the use of the full auditory
weighting function is not possible by an action proponent (i.e., consider weighting function
over multiple frequencies for broadband source), NMFES has provided an alternative tool
based on a simpler weighting function (See Appendix D).

25

Note: Acoustic thresholds associated with a hearing group do not change depending on how much a sound
may overlap a group’s most susceptible frequency range. Instead, weighting functions affect exposure
modeling/analysis via the resulting size of the isopleth (area) associated with the threshold based on how
susceptible that particular hearing group is to the sound being modeled. For example, a hearing group could
have different size isopleths associated with the same threshold, if one sound was within its most susceptible
frequency range and the other was not (i.e., sound in most susceptible hearing range will result in larger isopleth
compared to sound outside the most susceptible heating range).

26 The potential for sound to damage beyond the level the ear can perceive exists (Akay 1978), which is why
the acoustic thresholds also include the PK metric, which are flat or unweighted within the generalized hearing
range of a hearing group.
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Tougaard et al. (2015) reviewed the impacts of using auditory weighting functions and
various considerations when applying them during the data evaluation and implementation
stages (e.g., consequences of using too broad or too narrow of a filter) and suggested some
modifications (correction factors) to account for these considerations. However, there are no
data to support doing so (i.e., selection would be arbitrary). Moreover, various conservative
factors have been accounted for in the development of weighting functions and acoustic
thresholds: A 6 dB threshold shift was used to represent TTS onset; the methodology does
not incorporate exposures where TTS did not occur; and the potential for recovery is not
accounted for. Additionally, the means by which NMFS is applying auditory weighting
functions is supported and consistent with what has been done for humans (i.e., A-weighted
thresholds used in conjunction with A-weighting during implementation).

2.2.4.1 Measuring and Maintaining Full Spectrum for Future Analysis

Marine mammal auditory weighting functions should be applied after sound field
measurements”’ have been obtained (i.e., post-processing; auditory weighting functions
should not be applied beforehand), with the total spectrum of sound preserved for later
analysis (i.e., if weighting functions are updated or if there is interest in additional species,
then data can still be used). Additionally, it is important to consider measurements that
encompass the entire frequency band that a sound source may be capable of producing (i.e.,
sources often produce sounds, like harmonics/subharmonics, beyond the frequency/band
of interest; e.g., Deng et al. 2014; Hastie et al. 2014).

2.3 PTS ONSET ACOUSTIC THRESHOLDS

Awvailable data from humans and other terrestrial mammals indicate that a 40 dB threshold

shift approximates PTS onset (see Ward et al. 1958; Ward et al. 1959; Ward 1960; Kryter et
al. 1966; Miller 1974; Ahroon et al. 1996; Henderson et al. 2008). Southall et al. (2007) also

recommended this definition of PTS onset.

PTS onset acoustic thresholds for marine mammals have not been directly measured and
must be extrapolated from available TTS onset measurements. Thus, based on cetacean
measurements from TTS studies (see Southall et al. 2007; Finneran 2015; Finneran 2016
found in Appendix A of this Technical Guidance) a threshold shift of 6 dB is considered the
minimum threshold shift cleatly larger than any day-to-day or session-to-session variation®
in a subject’s normal hearing ability and is typically the minimum amount of threshold shift
that can be differentiated in most experimental conditions (Finneran et al. 2000; Schlundt et

27 Note: Sound field measurements refers to actual field measurements, which are not a requirement of this
Technical Guidance, and not to exposure modeling analyses, where it may be impractical due to data storage
and cataloging restraints.

28 Similarly, for humans, NIOSH (1998) regards the range of audiometric testing variability to be
approximately 5 dB.
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al. 2000; Finneran et al. 2002). Thus, NMFES has set the onset of TTS at the lowest level that
exceeds recorded variation (i.e., 6 dB).

There are different mechanisms (e.g., anatomical, neurophysiological) associated with TTS
vs. PTS onset, making the relationship between these types of TSs not completely direct.
Nevertheless, the only data available for marine mammals, currently and likely in the future,
will be from TTS studies (i.e., unlike for terrestrial mammals where direct measurements of
PTS exist). Thus, TTS represents the best information available from which PTS onset can
be estimated.

The acoustic thresholds presented in Table 4 update all NMES acoustic thresholds for PTS
onset. The acoustic thresholds consist of both an acoustic threshold and weighting function
for the SEL.m metric (weighting functions are considered not appropriate for PK metric).
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Table 4: Summary of PTS onset acoustic thresholds.

PTS Onset Thresholds”
(Received Level)
Hearing Group Impulsive Non-impulsive
Cell 1 Cell 2

Low-Frequency (LF)
Cetaceans

Lpk flat: 219 dB
LE,LF24h: 183 dB

LE,LF24h: 199 dB

Mid-Frequency (MF)
Cetaceans

Cell 3
Lpk flat: 230 dB
LE,MF,24h: 185 dB

Cell 4
LE,MF,24h: 198 dB

High-Frequency (HF)
Cetaceans

Cell 5
Lpkflat: 202 dB
LE,HF,24h: 155 dB

Cell 6
LE,HF 24h: 173 dB

Phocid Pinnipeds (PW)
(Underwater)

Cell 7
Lpkflat: 218 dB
LE,pw 24h: 185 dB

Cell 8
LE,Pw,24h: 201 dB

Otariid Pinnipeds (OW)
(Underwater)

Cell 9
Lpk flat: 232 dB
LE,0w,24h: 203 dB

Cell 10
LE,0w,24h: 219 dB

* Dual metric acoustic thresholds for impulsive sounds: Use whichever results in the largest isopleth for

calculating PTS onset. If a non-impulsive sound has the potential of exceeding the peak sound pressure level
thresholds associated with impulsive sounds, these thresholds should also be considered.

Note: Peak sound pressure (L) has a reference value of 1 uPa, and cumulative sound exposure level (Lg) has
a reference value of 1uPa%. In this Table, thresholds are abbreviated to reflect American National Standards
Institute standards (ANSI 2013). However, peak sound pressute is defined by ANSI as incorporating
frequency weighting, which is not the intent for this Technical Guidance. Hence, the subscript “flat” is being
included to indicate peak sound pressure should be flat weighted or unweighted within the generalized
hearing range. The subscript associated with cumulative sound exposure level thresholds indicates the
designated marine mammal auditory weighting function (LF, MF, and HF cetaceans, and PW and OW
pinnipeds) and that the recommended accumulation period is 24 hours. The cumulative sound exposure level
thresholds could be exceeded in a multitude of ways (i.e., varying exposure levels and durations, duty cycle).
When possible, it is valuable for action proponents to indicate the conditions under which these acoustic
thresholds will be exceeded.

NMES recognizes that the implementation of marine mammal weighting functions
represents a new factor for consideration that may exceed the capabilities of some action
proponents. Thus, NMFES has developed alternative tools for those who cannot fully apply
weighting functions associated with the SEL... metric (See Appendix D).

2.3.1 Impulsive and Non-Impulsive Acoustic Thresholds

This Technical Guidance divides sources into impulsive and non-impulsive based on
physical characteristics at the source, with impulsive sound having physical characteristics
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making them more injurious™ (e.g., high peak sound pressures and rapid rise times) than
non-impulsive sound sources (terrestrial mammal data: Buck et al. 1984; Dunn et al. 1991;
Hamernik et al. 1993; Clifford and Rogers 2009; marine mammal data: reviewed in Southall
et al. 2007 and Finneran 2016 that appears as Appendix A of this Technical Guidance).

The characteristics of the sound at a receiver, rather than at the source, are the relevant
consideration for determining potential impacts. However, understanding these physical
characteristics in a dynamic system with receivers moving over space and time is difficult.
Nevertheless, it is known that as sound propagates from the source the characteristics of
impulsive sounds that make them more injurious start to dissipate due to effects of
propagation (e.g., time dispersion/time spreading; Urick 1983; Sertlek et al. 2014).

For the purposes of this Technical Guidance,” sources are divided and defined as the
following:

e Impulsive: produce sounds that are typically transient, brief (less than 1 second),
broadband, and consist of high peak sound pressure with rapid rise time and rapid
decay (ANSI 1986; NIOSH 1998; ANSI 2005).

e Non-impulsive: produce sounds that can be broadband, narrowband or tonal, brief
or prolonged, continuous or intermittent) and typically do not have a high peak
sound pressure with rapid rise/decay time that impulsive sounds do (ANSI 1995;
NIOSH 1998).

Note: The term “impulsive” in this document relates specifically to NIHL and specifies the
physical characteristics of an impulsive sound source, which likely gives them a higher
potential to cause auditory TTS/PTS. This definition captures how these sound types may
be more likely to affect auditory physiology and is not meant to reflect categorizations
associated with behavioral disturbance.

2.3.2 Metrics
2.3.2.1 Cumulative Sound Exposure Level (SELcun) Metric

The SELum metric takes into account both received level and duration of exposure (ANSI
2013), both factors that contribute to NIHL. Often this metric is normalized to a single
sound exposure of one second. NMFS intends for the SEL.m metric to account for the
accumulated exposure (i.e., SELwm cumulative exposure over the duration of the activity within
a 24-h period).

29 Exposure to impulsive sounds more often lead to mechanical damage of the inner ear, as well as more
complex patterns of hearing recovery (e.g., Henderson and Hamernik 1986; Hamernik and Hsueh 1991).

3V If there is a source where it is unclear how it should be defined, consider the most applicable definition and
consult with NMFES.
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The recommended application of the SEL.., metric is for individual activities/soutces. It is
not intended for accumulating sound exposure from multiple activities occurring within the
same area or over the same time or to estimate the impacts of those exposures to an animal
occurring over various spatial or temporal scales. Current data available for deriving acoustic
thresholds using this metric are based on exposure to only a single source and may not be
appropriate for situations where exposure to multiple sources is occurring. As more data
become available, the use of this metric can be re-evaluated, in terms of appropriateness, for
application of exposure from multiple activities occurring in space and time.

Equal Enetgy Hypothesis

One assumption made when applying the SEL..» metric is the equal energy hypothesis
(EEH), where it is assumed that sounds of equal SEL..m produce an equal risk for hearing
loss (i.e., if the SELcm of two sources are similar, a sound from a lower level source with a
longer exposure duration may have similar risks to a shorter duration exposure from a higher
level source). As has been shown to be the case with humans and terrestrial mammals
(Henderson et al. 1991), the EEH does not always accurately describe all exposure situations
for marine mammals due the inherent complexity of predicting TSs (e.g., Kastak et al. 2007;
Mooney et al. 2009a; Mooney et al. 2009b; Finneran et al. 2010a; Finneran et al. 2010b;
Finneran and Schlundt 2010; Kastelein et al. 2012b; Kastelein et al. 2013b; Kastelein et al.
2014a; Popov et al. 2014).

Factors like sound level (e.g., overall level, sensation level, or level above background),
duration, duty cycle (intermittent versus continuous exposure; potential recovery between
intermittent periods), number of transient components (short duration and high amplitude),
and/or frequency (especially in relation to hearing sensitivity) often are also important
factors associated with TSs (e.g., Buck et al. 1984; Clark et al. 1987; Ward 1991; Lataye and
Campo 1996). This is especially the case for exposure to impulsive sound sources (Danielson
etal. 1991; Henderson et al. 1991; Hamernik et al. 2003), which is why acoustic thresholds in
this Technical Guidance are also expressed as a PK metric (see next section). However, in
many cases the EEH approach functions reasonably well as a first-order approximation,
especially for higher-level, short-duration sound exposures such as those that are most likely
to result in TTS in marine mammals’' (Finneran 2015). Additionally, no currently supported
alternative method to accumulate exposure is available. If alternative methods become
available, they can be evaluated and considered when the Technical Guidance is updated.

Recommended Accumulation Period
To apply the SEL.m metric, accumulation time must be specified. Generally, it is predicted

that most receivers will minimize the amount of time they remain in the closest ranges to a
sound soutce/activity. Exposutes at the closest point of approach are the primary exposures

1 When possible, it is valuable for action proponents to indicate the exposure conditions under which these
acoustic thresholds are likely to be exceeded.
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contributing to a receiver’s accumulated level (Gedamke et al. 2011). Additionally, several
important factors determine the likelihood and duration a receiver is expected to be in close
proximity to a sound source (i.e., overlap in space and time between the source and receiver).
For example, accumulation time for fast moving (relative to the receiver) mobile sources is
driven primarily by the characteristics of source (i.e., speed, duty cycle). Conversely, for
stationary sources, accumulation time is driven primarily by the characteristics of the receiver
(i.e., swim speed and whether transient or resident to the area where the activity is
occurring). NMFES recommends a baseline accumulation period of 24 hours, but
acknowledges that there may be specific exposure situations where this accumulation period
requires adjustment (e.g., if activity lasts less than 24 hours or for situations where receivers
are predicted to experience unusually long exposure durations™).

After sound exposure ceases or between successive sound exposures, the potential for
recovery from hearing loss exists, with PTS resulting in incomplete recovery and TTS
resulting in complete recovery. Predicting recovery from sound exposure can be quite
complicated. Currently, recovery in wild marine mammals cannot be accurately quantified.
However, Finneran et al. (2010a) and Finneran and Schlundt (2013) proposed a model that
approximates recovery in bottlenose dolphins and whose applicability to other species and
other exposure conditions has yet to be determined. In the development of the Technical
Guidance’s acoustic thresholds, NMFES assumes for intermittent, repeated exposure that
there is no recovery between subsequent exposures, although it has been demonstrated in
terrestrial mammals (Clark et al. 1987; Ward 1991) and more recently in a marine mammal
studies (Finneran et al. 2010b; Kastelein et al. 2014a; Kastelein et al. 2015b), that there is a
reduction in damage and hearing loss with intermittent exposures.

Existing NMFES acoustic thresholds have only accounted for proximity of the sound source
to the receiver, but acoustic thresholds in this Technical Guidance (i.e., expressed as SELcum)
now take into account the duration, as well as level of exposure. NMFES recognizes that
accounting for duration of exposure, although supported by the scientific literature, adds a
new factor, as far as application of this metric to real-world activities and that not all action
proponents may have the ability to easily apply this additional component.

NMES does not provide specifications necessary to perform exposure modeling and relies
on the action proponent to determine the model that best represents their activity. However,
NMES acknowledges that different action proponents may have different capabilities and
levels of modeling sophistication. NMFES has provided a simple means of approximating
exposure for applicants that are unable to apply various factors into their model (See
Appendix D).

32 For example, where a resident population could be found in a small and/or confined area (Ferguson et al.
2015) and/or exposed to a long-duration activity with a large sound source, or where a continuous stationery
activity is nearby an area where marine mammals congregate, like a pinniped pupping beach.
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2.3.2.2 Peak Sound Pressure Level (PK) Metric™

Sound exposure containing transient components (e.g., short duration and high amplitude;
impulsive sounds) can create a greater risk of causing direct mechanical fatigue to the inner
ear (as opposed to strictly metabolic) compared to sounds that are strictly non-impulsive
(Henderson and Hamernik 1986; Levine et al. 1998; Henderson et al. 2008). Often the risk
of damage from these transients does not depend on the duration of exposure. This is the
concept of “critical level,” where damage switches from being primarily metabolic to more
mechanical and short duration of impulse can be less than the ear’s integration time, leading
to the potential to damage beyond the level the ear can perceive (Akay 1978).

Human noise standards recognize and provide separate acoustic thresholds for impulsive
sound sources using the PK metric (Occupational Safety and Health Administration
(OSHA) 29 CFR 1910.95; Starck et al. 2003). Thus, SELcm is not an appropriate metric to
capture all the effects of impulsive sounds (i.e., often violates EEH; NIOSH 1998), which is
why instantaneous PK level has also been chosen as part of NMFS’ dual metric acoustic
thresholds for impulsive sounds.’ Auditory weighting is not considered appropriate with the
PK metric, as direct mechanical damage associated with sounds having high peak sound
pressures typically does not strictly reflect the frequencies an individual species hears best
(Ward 1962; Saunders et al. 1985; ANSI 1986; DOD 2004; OSHA 29 CFR 1910.95). Thus,
this Technical Guidance is recommends that the PK thresholds be considered
unweighted/flat-weighted within the entire frequency band of a hearing group.

2.3.2.3 Comparison Among Metrics

NMES’ existing acoustic thresholds were expressed as root-mean-square sound pressure
level (RMS SPL), which is a different metric from the PK and SELcm that are being
recommended for the PTS onset acoustic thresholds in this Technical Guidance. Thus,
NMES recommends caution when comparing prior acoustic thresholds to those presented in
this document (i.e., metrics are not directly comparable). For example, a RMS SPL threshold
of 180 dB is not equal to a PK threshold of 180 dB. Further, the SEL.. metric incorporates
exposure duration and is an energy level with a different reference value (re: 1pPa’s). Thus,
it is not directly comparable to other metrics that describe sound pressure levels (re: 1 pPa)™.

33 . .
Note: Peak sound pressure level should not be confused with maxinum root mean square sound pressure
level.

* For non-impulsive sounds, the SELum threshold will likely to result in the largest isopleth, compared to the

PK threshold. Thus, for the majority of non-impulsive sounds, the consideration of the PK threshold is
unnecessary. However, if a non-impulsive sound has the potential of exceeding the PK threshold associated
with impulsive sounds, these thresholds should be considered (i.e., dual metrics).

Recently, publications on how to estimate PK from SEL for seismic airguns and offshore impact pile drivers
may be useful to applicants (Galindo-Romero et al. 2015; Lippert et al. 2015).

35 - - : - - - :
For more information and illustrations on metrics, see Discovery of Sound in the Sea:

http://www.dosits.org/science /advancedtopics/signallevels/.
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2.3.3 Development of PTS Onset Acoustic Thresholds

The development of the PTS onset acoustic thresholds consisted of the following procedure
described in Finneran 2016 (Appendix A™):

1. Identification of available data on marine mammal hearing and noise-induced
hearing loss (e.g., Southall et al. 2007; Finneran 2015; Finneran 2016 references listed
in available reports/publications).

2. Methodology to derive marine mammal auditory weighting functions (described in
more detail in Section 2.2.3 and Appendix A).

3. Evaluation and summary of currently available published data (32 studies found in
Table 5) on hearing loss associated with sound exposure in marine mammals.
e Because no published measurements exist on PTS in marine mammals, TTS
onset measurements and associated acoustic thresholds were evaluated and
summarized to extrapolate to PTS onset acoustic thresholds.

e Studies divided into the following categories:
O Temporal Characteristics: Impulsive and Non-impulsive

O Marine Mammal Hearing Groups: LF Cetaceans, MF Cetaceans, HF
Cetaceans, PW Pinnipeds, and OW Pinniped

36 Wright 2015 provides a critique of this methodology. For NMFES’ response to this critique, see the Federal

Register notice associated with the finalized Technical Guidance, specifically the section responding to public
comments.
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Table 5:

Available underwater marine mammal threshold shift studies.

References in
Chronologic Order”

Sound Source
(Sound Source Category)

Sound-Exposed

Species (number of
individuals”’)

Kastak et al. 1999

Octave-band noise (non-impulsive)

California sea lion (1), northern
elephant seal (1), & harbor seal (1)

Finneran et al. 2000

Explosion simulator (impulsive)*

Bottlenose dolphin (2) & beluga (1)

Schlundt et al. 2000

Tones (non-impulsive)

Bottlenose dolphin (5) & beluga (2)

Finneran et al. 2002

Seismic watergun (impulsive)

Bottlenose dolphin (1) & beluga (1)

Finneran et al. 2003

Arc-gap transducer (impulsive)*

California sea lion (2)

Nachtigall et al. 2003

Octave-band noise (non-impulsive)

Bottlenose dolphin (1)

Nachtigall et al. 2004

Octave-band noise (non-impulsive)

Bottlenose dolphin (1)

Finneran et al. 2005a

Tones (non-impulsive)

Bottlenose dolphin (2)

Kastak et al. 2005

Octave-band noise (non-impulsive)

California sea lion (1), northern
elephant seal (1), & harbor seal (1)

Finneran et al. 2007a

Tones (non-impulsive)

Bottlenose dolphin (1)

Lucke et al. 2009

Single airgun (impulsive)

Harbor porpoise (1)

Mooney et al. 2009a

Octave-band noise (non-impulsive)

Bottlenose dolphin (1)

Mooney et al. 2009b

Mid-frequency sonat (non-impulsive)

Bottlenose dolphin (1)

Finneran et al. 2010a

Tones (non-impulsive)

Bottlenose dolphin (2)

Finneran et al. 2010b

Tones (non-impulsive)

Bottlenose dolphin (1)

Finneran and Schlundt
2010

Tones (non-impulsive)

Bottlenose dolphin (1)

Popov et al. 2011a

Half-octave band noise (non-
impulsive)

Yangtze finless porpoise (2)

Popov et al. 2011b

Half-octave band noise (non-
impulsive)

Beluga (1)

Kastelein et al. 2012a

Octave-band noise (non-impulsive)

Harbor seal (2)

Kastelein et al. 2012b

Octave-band noise (non-impulsive)

Harbor porpoise (1)

Finneran and Schlundt
2013

Tones (non-impulsive)

Bottlenose dolphin (2)

Popov et al. 2013

Half-octave band noise (non-
impulsive)

Beluga (2)

Kastelein et al. 2013a

Octave-band noise (non-impulsive)

Harbor seal (1)

Kastelein et al. 2013b

Tone (non-impulsive)

Harbor porpoise (1)

Popov et al. 2014

Half-octave band noise (non-
impulsive)

Beluga (2)

Kastelein et al. 2014a

1-2 kHz sonar (non-impulsive)

Harbor porpoise (1)

Kastelein et al. 2014b

0.5 kHz tone (non-impulsive)

Harbor porpoise (1)

Kastelein et al. 2015a

Impact pile driving (impulsive)

Harbor porpoise (1)

Kastelein et al. 2015b

6-7 kHz sweeps (non-impulsive)

Harbor porpoise (1)

Finneran et al. 2015*

Single airgun producing shots
(impulsive)*

Bottlenose dolphin (3)

Popov et al. 2015

Half-octave band noise (non-
impulsive)

Beluga (1)

Kastelein et al. 2016*

Impact pile driving (impulsive)

Harbor porpoise (2)

+Peer reviewed studies available and evaluated as of 31 May 2016.
“Note: Some individuals have been used in multiple studies.
*No incidents of temporary threshold shift were recorded in study.
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4. Determination of TTS onset threshold by individual (RLs, in both PK and SELcum
metrics) based on methodology from Finneran 2016 for impulsive and non-
impulsive sounds (Full detail in Appendix A).

e Non-impulsive sounds:
0 Only TTS data from behavioral studies were used, since studies using
AEP methodology typically result in larger thresholds shifts (e.g., up
to 10 dB difference, Finneran et al. 2007a) and are considered to be
non-representative (as illustrated in Appendix A, Figure A9)

O'TTS onset derived on a per individual basis by combining available
data to create single TTS growth curve (e.g., dB TTS/dB noise) by
frequency as a function of SELcum,

O'TTS onset was defined as the SEL cum value from the growth curve
interpolated at a value of TTS = 6 dB. Only datasets where data were
available with a threshold shift (TS) above and below 6 dB were used
to define TTS onset (i.e., extrapolation was not performed on
datasets not meeting this criterion).

O Interpolation was used to estimate SEL c.m necessary to induce 6 dB
of TTS by hearing group (Appendix A, Figures A10-A13). Note:
Appendix A, Figures A18-A20 illustrate available marine mammal
TTS data in relation to the composite audiogram and exposure
function.

0O Finally, weighted thresholds for TTS onset were determined by the
minimum value of the exposure function (Equation 2), which is
mathematically equivalent to K+ C (Table 0).

Table 6: TTS onset auditory acoustic thresholds for non-impulsive sounds.
Weighted TTS
. K c onset acoustic
H G
s e (@B) | (dB) threshold
(SEL cum)
Low-frequency (LF) cetaceans 179 1 0.13 179 dB
Mid-frequency (MF) cetaceans 177 | 1.20 178 dB
High-frequency (HF) cetaceans | 152 | 1.36 153 dB
Phocid pinnipeds (underwater) 180 | 0.75 181 dB
Otariid pinnipeds (underwater) 198 | 0.64 199 dB

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL
HEARING (JULY 2016) Page 33



e Impulsive sounds:

O Available TTS data for impulsive sources were weighted based on

weighting functions for the appropriate hearing group (MF and HF
cetaceans only from two studies: Finneran et al. 2002; Lucke et al.
2009).

O For hearing groups, where impulsive TTS onset data did not exist

(LF cetaceans and PW and OW pinnipeds), Finneran (2015) derived
impulsive TTS onset acoustic thresholds using the relationship
between non-impulsive TTS onset thresholds and impulsive TTS
onset thresholds for MF and HF cetaceans (i.e., similar to what was
presented in Southall et al. 2007). Using the mean/median of these
data resulted in an 11 dB relationship, which was used as a surrogate

for the other hearing groups (i.e., non-impulsive TTS threshold was
11 dB higher than impulsive TTS threshold).

O A similar approach was investigated for the PK threshold, resulting in

a 45 dB relationship, which was considered unrealistic (approaching
cavitation level of water; Southall et al. 2007). Upon further
consideration, the auditory system’s dynamic range was determined a
more appropriate methodology for estimating PK sound pressure
acoustic thresholds.”

The dynamic range methodology assumes that the PK TTS onset
acoustic threshold for MF and HF cetaceans defines the upper end of
those hearing groups’ dynamic range (i.e., PK threshold: 224 dB for
MF cetaceans and PK threshold: 196 dB for HF cetaceans), with the
threshold of audibility detived from the frequency of best hearing (f0)
from the composite audiogram (i.e., 54 dB for MF cetaceans and 48
dB for HF cetaceans) defining the lower end of the groups’ dynamic
range.

This results in a dynamic range of 170 dB for MF cetaceans and 148
dB for HF cetaceans. The median/mean dynamic range from these
two hearing groups (i.e., 159 dB) is used as the surrogate dynamic
range for LF cetaceans (best hearing at fo= 54 dB; Resulting in a PK
TTS threshold of 213 dB); PW pinnipeds (best hearing at fo=53 dB;
Resulting in a PK TTS threshold of 212 dB); and OW pinnipeds
(best hearing at fo=67 dB; Resulting in a PK TTS threshold of 226
dB).

37 Dynamic range is used in human noise standards to define the PK acoustic threshold for impulsive sounds
(e.g., 140 dB from OSHA 29 CFR 1910.95). For the purposes of this Technical Guidance, the intent is to relate
the threshold of audibility and TTS onset level, not the threshold of pain, as dynamic range is typically defined

(Yost 2007).
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5. Extrapolation for PTS onset threshold (in both PK and SEL metrics) based on data
from humans and terrestrial mammals, with the assumption that the mechanisms
associated with noise-induced TS in marine mammals is similar, if not identical, to
that recorded in terrestrial mammals.

e Non-impulsive sounds:

O PTS onset acoustic thresholds were estimated using TTS growth rates

based on those marine mammal studies where 20 dB or more of a TS
was induced. This was done to estimate more accurately PTS onset,
since using growth rates based on smaller TSs are often shallower
than compared to those inducing greater TSs (See Appendix A,
Figures A10-A13).

O PTS onset was derived using the same methodology as TTS onset,

with PTS onset defined as the SEL..m value from the fitted curve at a
TTS of 40 dB.

0 Offset between TTS and PTS onset acoustic thresholds were

examined and ranged from 13 to 37 dB (mean/median: 25/25 dB for
cetacean data). Thus, based on these data, a conservative 20 dB offset
was chosen to estimate PTS onset thresholds from TTS onset
thresholds for non-impulsive sources (i.e., 20 dB was added to K'to
determine PTS onset, assuming the shape of the PTS exposure
function is identical to the TTS exposure function for that hearing

group).

e Impulsive sounds: Based on limited available marine mammal impulsive data,

the relationships previously derived in Southall et al. (2007), which relied
upon terrestrial mammal growth rates (Henderson and Hamernik 1982;
Henderson and Hamernik 1986; Price and Wansack 1989; Levine et al. 1998;
Henderson et al. 2008), was used to predict PTS onset:

O Resulting in an approximate 15 dB difference between TTS and PTS

onset acoustic thresholds in the SEL.., metric.

0 Southall et al. (2007) recommended a 6 dB of TTS/dB of noise

growth rate for PK acoustic thresholds. This recommendation was
based on several factors, including ensuring that the PK acoustic
threshold did not unrealistically exceed the cavitation threshold of
water. Resulting in an approximate 6 dB difference between TTS and
PTS onset thresholds in the PK metric.
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III. UPDATING OF ACOUSTIC TECHNICAL GUIDANCE AND ACOUSTIC
THRESHOLDS

Research on the effects of anthropogenic sound on marine mammals has increased
dramatically in the last decade and will likely continue to increase in the future. As such, the
Technical Guidance will be reviewed periodically and updated as appropriate to reflect the
compilation, interpretation, and synthesis of the scientific literature.

NMFS’ initial approach for updating current acoustic thresholds for protected marine
species consisted of providing acoustic thresholds for underwater PTS onset for marine
mammals via this document. As more data become available, acoustic thresholds may be
established for additional protected marine species, such as sea turtles and marine fishes. As
with this document, public review and outside peer review will be integral to the process.

31 PROCEDURE AND TIMELINE FOR UPDATING THE TECHNICAL GUIDANCE

NMES will continue to monitor and evaluate new data as they become available and
periodically convene staff from our various offices, regions, and science centers to update
the Technical Guidance as appropriate (anticipating updates to occur on a three to five year
cycle). In addition to evaluating new, relevant scientific studies, NMFS will also periodically
re-examine basic concepts and definitions (e.g., hearing groups, PTS, TTS, weighting
functions), appropriate metrics, temporal and spatial considerations, and other relevant
topics. Updates will be posted at http://www.nmfs.noaa.gov/pr/acoustics/guidelines.htm

Since the methodology for deriving composite audiograms and associated marine mammal
auditory weighting functions, as well as TTS thresholds is data driven, any new information
that becomes available has the potential to cause some amount of change for that specific
hearing group but also other hearing groups, if they rely on surrogate data. It may not be
feasible to make changes every time a new data point becomes available. Instead, NMFS will
periodically examine new data to date and consider the impacts of those studies on the
Technical Guidance to determine what revisions/updates may be appropriate. At the same
time, there may be special circumstances that merit evaluation of data on a more accelerated

timeline (e.g., LF cetacean data that could result in significant changes to the current
Technical Guidance).
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APPENDIX A: FINNERAN TECHNICAL REPORT

The entire Finneran Technical Report (Finneran 2010), regarding methodology for deriving
auditory weighting functions and acoustic thresholds for marine mammal species under
NMES’ jurisdiction, is included for reference in Appendix A. Its contents have not been
modified by NMFS, other than adding “A” before figures and tables to denote Appendix A
and be consistent with the other appendices in the Technical Guidance.

Note: Literature cited in this section are included at the end of this Appendix (i.e., not all
references found in this Appendix are included in the Literature Cited for the Technical
Guidance). Additionally, terminology, symbols, and abbreviations used in this appendix may
not match those used elsewhere in the Technical Guidance.

Since the final Finneran Technical Report was received an additional TTS study became

available (Kastelein et al. 2016). Information regarding this study is added as a footnote by
NMES.
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Auditory weighting functions and
TTS/PTS exposure functions for
marine mammals exposed

to underwater noise

J. J. Finneran
SSC Pacific

SSC Pacific
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EXECUTIVE SUMMARY

The US Navy’s Tactical Training Theater Assessment and Planning (TAP) Program
addresses environmental challenges that affect Navy training ranges and operating areas.
As part of the TAP process, acoustic effects analyses are conducted to estimate the
potential effects of Navy activities that introduce high-levels of sound or explosive
energy into the marine environment. Acoustic effects analyses begin with mathematical
modeling to 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, criteria and thresholds are
applied to estimate the specific effects that animals exposed to Navy-generated sound
may experience.

This document describes the rationale and steps used to define proposed numeric
thresholds for predicting auditory effects on marine mammals exposed to active sonars,
other (non-impulsive) active acoustic sources, explosives, pile driving, and air guns for
Phase 3 of the TAP Program. Since the derivation of TAP Phase 2 acoustic criteria and
thresholds, important new data have been obtained related to the effects of noise on
marine mammal hearing. Therefore, for Phase 3, new criteria and thresholds for the onset
of temporary and permanent hearing loss have been developed, following a consistent
approach for all species of interest and utilizing all relevant, available data. The effects of
noise frequency on hearing loss are incorporated by using auditory weighting functions to
emphasize noise at frequencies where a species is more sensitive to noise and de-
emphasize noise at frequencies where susceptibility is low.

Marine mammals were divided into six groups for analysis: low-frequency cetaceans
(group LF: mysticetes), mid-frequency cetaceans (group MF: delphinids, beaked whales,
sperm whales), high-frequency cetaceans (group HF: porpoises, river dolphins), sirenians
(group SI: manatees), phocids in water (group PW: true seals), and otariids and other
non-phocid marine carnivores in water (group OW: sea lions, walruses, otters, polar
bears).

For each group, a frequency-dependent weighting function and numeric thresholds for the
onset of temporary threshold shift (TTS) and permanent threshold shift (PTS) were
derived from available data describing hearing abilities of and effects of noise on marine
mammals. The resulting weighting function amplitudes are illustrated in Figure AE-1;
Table AE-1 summarizes the parameters necessary to calculate the weighting function
amplitudes. For Navy Phase 3 analyses, the onset of TTS is defined asa TTS of 6 dB
measured approximately 4 min after exposure. PTS is assumed to occur from exposures
resulting in 40 dB or more of TTS measured approximately 4 min after exposure.
Exposures just sufficient to cause TTS or PTS are denoted as “TTS onset” or “PTS
onset” exposures.
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Figure AE-1. Navy Phase 3 weighting functions for all species groups. Parameters
required to generate the functions are provided in Table AE-1.

Table AE-1. Summary of weighting function parameters and TTS/PTS thresholds. SEL
thresholds are in dB re 1 yPa’s and peak SPL thresholds are in dB re 1 yPa.

Non-impulsive Impulse
2a
W)= C+10kg;, ({ifl) = TTS PTS TTS PTS
[“(f /1) ] [”(f 14) ] threshold | threshold threshold threshold
Gt a b fi f C tSEL tSEL .SEL peal'<SPL .SEL peal.<SPL
(kHz) (kHz) (dB) |(weighted)|(weighted)|(weighted)|(unweighted) |(weighted)| (unweighted)

LF 1 2 0.20 19 0.13 179 199 168 213 183 219
MF 1.6 2 8.8 110 1.20 178 198 170 224 185 230
HF 1.8 2 12 140 1.36 153 173 140 196 155 202

Sl 1.8 2 43 25 2.62 186 206 175 220 190 226
ow 2 2 0.94 25 0.64 199 219 188 226 203 232
PW 1 2 1.9 30 0.75 181 201 170 212 185 218

To compare the Phase 3 weighting functions and TTS/PTS thresholds to those used in
TAP Phase 2 analyses, both the weighting function shape and the weighted threshold
values must be taken into account; the weighted thresholds by themselves only indicate
the TTS/PTS threshold at the most susceptible frequency (based on the relevant
weighting function). In contrast, the TTS/PTS exposure functions incorporate both the
shape of the weighting function and the weighted threshold value, they provide the best
means of comparing the frequency-dependent TTS/PTS thresholds for Phase 2 and 3.
Figures AE-2 and AE-3 compare the TTS/PTS exposure functions for non-impulsive
sounds (e.g., sonars) and impulsive sounds (e.g., explosions), respectively, used in TAP
Phase 2 and Phase 3.
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Figure AE-2. TTS and PTS exposure functions for sonars and other (non-impulsive)
active acoustic sources. Heavy solid lines — Navy Phase 3 TTS
exposure functions (Table AE-1). Thin solid lines — Navy Phase 3
PTS exposure functions (Table AE-1). Dashed lines — Navy Phase 2
TTS exposure functions. Short dashed lines — Navy Phase 2 PTS
exposure functions.
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Figure AE-3. TTS and PTS exposure functions for explosives, impact pile driving,
air guns, and other impulsive sources. Heavy solid lines — Navy
Phase 3 TTS exposure functions (Table AE-1). Thin solid lines —
Navy Phase 3 PTS exposure functions (Table AE-1). Dashed lines —
Navy Phase 2 TTS exposure functions. Short dashed lines — Navy
Phase 2 PTS exposure functions.

The most significant differences between the Phase 2 and Phase 3 functions include: (1)
Thresholds at low frequencies are generally higher for Phase 3 compared to Phase 2. This
is because the Phase 2 weighting functions utilized the “M-weighting” functions at lower
frequencies, where no TTS existed at that time. Since derivation of the Phase 2 weighting
functions, additional data have been collected to support the use of new functions more
similar to human auditory weighting functions. (2) Impulsive TTS/PTS thresholds near
the region of best hearing sensitivity are lower for Phase 3 compared to Phase 2.
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I INTRODUCTION

1.1 OVERVIEW

The US Navy’s Tactical Training Theater Assessment and Planning (TAP) Program
addresses environmental challenges that affect Navy training ranges and operating areas.
As part of the TAP process, acoustic effects analyses are conducted to estimate the
potential effects of Navy training and testing activities that introduce high-levels of sound
or explosive energy into the marine environment. Acoustic effects analyses begin with
mathematical modeling to predict the sound transmission patterns from Navy sources.
These data are then coupled with marine species distribution and abundance data to
determine sound levels likely to be received by various marine species. Finally, criteria
and thresholds are applied to estimate the specific effects that animals exposed to Navy-
generated sound may experience.

This document describes the rationale and steps used to define proposed numeric
thresholds for predicting auditory effects on marine mammals exposed to underwater
sound from active sonars, other (non-impulsive) active acoustic sources, explosives, pile
driving, and air guns for Phase 3 of the TAP Program. The weighted threshold values and
auditory weighting function shapes are summarized in Section 12.

1.2 IMPULSE VS. NON-IMPULSIVE NOISE

When analyzing the auditory effects of noise exposure, it is often helpful to broadly
categorize noise as either impulse noise — noise with high peak sound pressure, short
duration, fast rise-time, and broad frequency content — or non-impulsive (i.e., steady-
state) noise. When considering auditory effects, sonars, other coherent active sources, and
vibratory pile driving are considered to be non-impulsive sources, while explosives,
impact pile driving, and air guns are treated as impulsive sources. Note that the terms
non-impulsive or steady-state do not necessarily imply long duration signals, only that
the acoustic signal has sufficient duration to overcome starting transients and reach a
steady-state condition. For harmonic signals, sounds with duration greater than
approximately 5 to 10 cycles are generally considered to be steady-state.

1.3 NOISE-INDUCED THRESHOLD SHIFTS

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 noise-induced
threshold shift (NITS). If the hearing threshold eventually returns to normal, the 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). TTS and PTS data have been used to guide the development of safe exposure
guidelines for people working in noisy environments. Similarly, TTS and PTS criteria
and thresholds form the cornerstone of Navy analyses to predict auditory effects in
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marine mammals incidentally exposed to intense underwater sound during naval
activities.

14 AUDITORY WEIGHTING FUNCTIONS

Animals are not equally sensitive to noise at all frequencies. To capture the frequency-
dependent nature of the effects of noise, auditory weighting functions are used. Auditory
weighting functions are mathematical functions used to emphasize frequencies where
animals are more susceptible to noise exposure and de-emphasize frequencies where
animals are less susceptible. The functions may be thought of as frequency-dependent
filters that are applied to a noise exposure before a single, weighted SPL or sound
exposure level (SEL) is calculated. The filter shapes are normally “band-pass” in nature;
i.e., the function amplitude resembles an inverted “U” when plotted versus frequency.
The weighting function amplitude is approximately flat within a limited range of
frequencies, called the “pass-band,” and declines at frequencies below and above the
pass-band.

Auditory weighting functions for humans were based on equal loudness contours —
curves that show the combinations of SPL and frequency that result in a sensation of
equal loudness in a human listener. Equal loudness contours are in turn created from data
collected during loudness comparison tasks. Analogous tasks are difficult to perform with
non-verbal animals; as a result, equal loudness contours are available for only a single
marine mammal (a dolphin) across a limited range of frequencies (2.5 to 113 kHz)
(Finneran and Schlundt, 2011). In lieu of performing loudness comparison tests, reaction
times to tones can be measured, under the assumption that reaction time is correlated with
subjective loudness (Stebbins, 1966; Pfingst et al., 1975). From the reaction time vs. SPL
data, curves of equal response latency can be created and used as proxies for equal
loudness contours.

Just as human damage risk criteria use auditory weighting functions to capture the
frequency-dependent aspects of noise, US Navy acoustic impact analyses use weighting
functions to capture the frequency-dependency of TTS and PTS in marine mammals.

1.5 TAP PHASE 3 WEIGHTING FUNCTIONS AND TTS/PTS THRESHOLDS

Navy weighting functions for TAP Phase 2 (Finneran and Jenkins, 2012) were based on
the “M-weighting” curves defined by Southall et al. (2007), with additional high-
frequency emphasis for cetaceans based on equal loudness contours for a bottlenose
dolphin (Finneran and Schlundt, 2011). Phase 2 TTS/PTS thresholds also relied heavily
on the recommendations of Southall et al. (2007), with modifications based on
preliminary data for the effects of exposure frequency on dolphin TTS (Finneran, 2010;
Finneran and Schlundt, 2010) and limited TTS data for harbor porpoises (Lucke et al.,
2009; Kastelein et al., 2011).
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Since the derivation of TAP Phase 2 acoustic criteria and thresholds, new data have been
obtained regarding marine mammal hearing (e.g., Dow Piniak et al., 2012; Martin et al.,
2012; Ghoul and Reichmuth, 2014; Sills et al., 2014; Sills et al., 2015), marine mammal
equal latency contours (e.g., Reichmuth, 2013; Wensveen et al., 2014; Mulsow et al.,
2015), and the effects of noise on marine mammal hearing (e.g., Kastelein et al., 2012b;
Kastelein et al., 2012a; Finneran and Schlundt, 2013; Kastelein et al., 2013a; Kastelein et
al., 2013b; Popov et al., 2013; Kastelein et al., 2014b; Kastelein et al., 2014a; Popov et
al., 2014; Finneran et al., 2015; Kastelein et al., 2015c; Kastelein et al., 2015b; Popov et
al., 2015). As a result, new weighting functions and TTS/PTS thresholds have been
developed for Phase 3. The new criteria and thresholds are based on all relevant data and
feature a consistent approach for all species of interest.

Marine mammals were divided into six groups for analysis. For each group, a frequency-
dependent weighting function and numeric thresholds for the onset of TTS and PTS were
derived from available data describing hearing abilities and effects of noise on marine
mammals. Measured or predicted auditory 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 are available, the weighting function parameters were
adjusted to provide the best fit to the experimental data. The same methods were then
applied to other groups for which TTS data did not exist.
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Il WEIGHTING FUNCTIONS AND EXPOSURE FUNCTIONS

The shapes of the Phase 3 auditory weighting functions are based on a generic band-pass
filter described by

2a
(/7 4)
271 2
[l+(f/f1) ] [1+(f/f2) ]
where W( ) is the weighting function amplitude (in dB) at the frequency f (in kHz). The

shape of the filter is defined by the parameters C, f1, f2, a, and b (Figs. Al and A2, left
panels):

W(f)=C+10log,, (Al)

b H

C weighting function gain (dB). The value of C defines the vertical position of
the curve. Changing the value of C shifts the function up/down. The value of
C is often chosen to set the maximum amplitude of W to 0 dB (i.e., the value
of C does not necessarily equal the peak amplitude of the curve).

f1 low-frequency cutoff (kHz). The value of f; defines the lower limit of the filter
pass-band; i.e., the lower frequency at which the weighting function amplitude
begins to decline or “roll-off” from the flat, central portion of the curve. The
specific amplitude at f; depends on the value of a. Decreasing f; will enlarge
the pass-band of the function (the flat, central portion of the curve).

f  high-frequency cutoff (kHz). The value of f, defines the upper limit of the
filter pass-band; i.e., the upper frequency at which the weighting function
amplitude begins to roll-off from the flat, central portion of the curve. The
amplitude at f> depends on the value of b. Increasing f, will enlarge the pass-
band of the function.

a low-frequency exponent (dimensionless). The value of a defines 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 20a
dB/decade. Larger values of a result in lower amplitudes at f1 and steeper
rolloffs at frequencies below fi.

b high-frequency exponent (dimensionless). The value of b defines 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 of -
20b dB/decade. Larger values of b result in lower amplitudes at f, and steeper
rolloffs at frequencies above fs.
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Ifa=2and b =2, Eq. (Al) is equivalent to the functions used to define Navy Phase 2
Type | and EQL weighting functions, M-weighting functions, and the human C-
weighting function (American National Standards Institute (ANSI), 2001; Southall et al.,
2007; Finneran and Jenkins, 2012). The change from fixed to variable exponents for
Phase 3 was done to allow the low- and high-frequency rolloffs to match available
experimental data. During implementation, the weighting function defined by Eq. (A1) is
used in conjunction with a weighted threshold for TTS or PTS expressed in units of SEL.

Eq. (1) - weighting function ~ Eq. (2) - exposure function

amplitude (dB)

frequency

Figure Al.  Examples of (left) weighting function amplitude described by Eq. (A1)
and (right) exposure function described by Eq. (A2). The parameters £
and £ specify the extent of the filter pass-band, while the exponents 2
and b control the rate of amplitude change below £ and above £,
respectively. As the frequency decreases below £ or above £, the
amplitude approaches linear-log behavior with a slope magnitude of
202 or 205 dB/decade, respectively. The constants C and Kdetermine
the vertical positions of the curves.
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Eq. (1) - weighting function Eq. (2) - exposure function

amplitude (dB)

frequency

Figure A2.  Influence of parameter values on the resulting shapes of the weighting
functions (left) and exposure functions (right). The arrows indicate the
direction of change when the designated parameter is increased.
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For developing and visualizing the effects of the various weighting functions, it is helpful
to invert Eq. (Al), yielding

(715)"
[1+(f/f1)2]a[l+(f/f2)2]

where E( f) is the acoustic exposure as a function of frequency f, the parameters f, f2, a,
and b are identical to those in Eq. (Al), and K is a constant. The function described by
Eq. (A2) has a “U-shape” similar to an audiogram or equal loudness/latency contour
(Figs. Al and A2, right panels). If K is adjusted to set the minimum value of E( f) to
match the weighted threshold for the onset of TTS or PTS, Eq. (A2) reveals the manner
in which the exposure necessary to cause TTS or PTS varies with frequency. Equation
(A2) therefore allows the frequency-weighted threshold values to be directly compared to
TTS data. The function defined by Eq. (A2) is referred to as an exposure function, since
the curve defines the acoustic exposure that equates to TTS or PTS as a function of
frequency. To illustrate the relationship between weighting and exposure functions, Fig.
A3 shows the Navy Phase 2 weighting function [Eq. (A1), left panel] and TTS exposure
function [Eq. (A2), right panel] for mid-frequency cetaceans exposed to sonars.

E(f)=K—10log,, (A2)

weighting function ™ exposure function
[a']
(1] -
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Figure A3.  (left panel) Navy Phase 2 weighting function for the mid-frequency cetacean
group. This function was used in conjunction with a weighted TTS threshold
of 178 dB re 1 pPa?s. For narrowband signals, the effective, weighted T'TS
threshold at a particular frequency is calculated by adding the weighting
function amplitude at that frequency to the weighted TTS threshold (178 dB
re 1 pPa?s). To visualize the frequency-dependent nature of the TTS
threshold, the weighting function is inverted and the minimum value set
equal to the weighted TTS threshold. This is illustrated in the right panel,
which shows the SEL required for T'TS onset as a function of frequency. The
advantage of this representation is that it may be directly compared to TTS
onset data at different exposure frequencies.
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The relationships between Egs. (Al) and (A2) may be highlighted by defining the
function X(f) as

2a
/
X(f)=10log (f afl) . (A3)
2 2
[1+(f/f1) ] [1+(f/f2) ]

The peak value of X( f) depends on the specific values of fy, f2, a, and b and will not
necessarily equal zero. Substituting Eq. (A3) into Egs. (Al) and (A2) results in

W(f)=C+X(f) (A4)
and

E(f)=K-X(f) (A5)

respectively. The maximum of the weighting function and the minimum of the exposure
function occur at the same frequency, denoted f,. The constant C is defined so the
weighting function maximum value is 0 dB; i.e., W( ) =0, so

W(f)=0=C+X(f,) (A6)

The constant K is defined so that the minimum of the exposure function [i.e., the value of
E(f) when f=1,] equals the weighted TTS or PTS threshold, Twgt, SO

E(fp)=ngI=K—X(ﬁ). (A7)
Adding Egs. (A6) and (A7) results in
ngt =C+K. (A8)

The constants C, K, and the weighted threshold are therefore not independent and any one
of these parameters can be calculated if the other two are known.
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. METHODOLOGY TO DERIVE FUNCTION PARAMETERS

Weighting and exposure functions are defined by selecting appropriate values for the
parameters C, K, fi, f2, a, and b in Egs. (Al) and (A2). Ideally, these parameters would be
based on experimental data describing the manner in which the onset of TTS or PTS
varied as a function of exposure frequency. In other words, a weighting function for TTS
should ideally be based on TTS data obtained using a range of exposure frequencies,
species, and individual subjects within each species group. However, at present, there are
only limited data for the frequency-dependency of TTS in marine mammals. Therefore,
weighting and exposure function derivations relied upon auditory threshold
measurements (audiograms), equal latency contours, anatomical data, and TTS data when
available.

Although the weighting function shapes are heavily influenced by the shape of the
auditory sensitivity curve, the two are not identical. Essentially, the auditory sensitivity
curves are adjusted to match the existing TTS data in the frequency region near best
sensitivity (step 4 below). This results in “compression” of the auditory sensitivity curve
in the region near best sensitivity to allow the weighting function shape to match the TTS
data, which show less change with frequency compared to hearing sensitivity curves in
the frequency region near best sensitivity.

Weighting and exposure function derivation consisted of the following steps:

1. Marine mammals were divided into six groups based on auditory,
ecological, and phylogenetic relationships among species.

2. For each species group, a representative, composite audiogram (a graph
of hearing threshold vs. frequency) was estimated.

3. The exponent a was defined using the smaller of the low-frequency
slope from the composite audiogram or the low-frequency slope of equal
latency contours. The exponent b was set equal to two.

4. The frequencies f1 and f, were defined as the frequencies at which the
composite threshold values are AT-dB above the lowest threshold value.
The value of AT was chosen to minimize the mean-squared error between
Eg. (2) and the non-impulsive TTS data for the mid- and high-frequency
cetacean groups.

5. For species groups for which TTS onset data exist, K was adjusted to
minimize the squared error between Eq. (A2) and the steady-state (non-
impulsive) TTS onset data. For other species, K was defined to provide the
best estimate for TTS onset at a representative frequency. The minimum
value of the TTS exposure function (which is not necessarily equal to K)
was then defined as the weighted TTS threshold.

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL
HEARING (JULY 2016) Page 51



6. The constant C was defined to set the peak amplitude of the function
defined by Eq. (Al) to zero. This is mathematically equivalent to setting C
equal to the difference between the weighted threshold and K [see Eg.
(A8)].

7. The weighted threshold for PTS was derived for each group by adding a
constant value (20 dB) to the weighted TTS thresholds. The constant was
based on estimates of the difference in exposure levels between TTS onset
and PTS onset (i.e., 40 dB of TTS) obtained from the marine mammal
TTS growth curves.

8. For the mid- and high-frequency cetaceans, weighted TTS and PTS
thresholds for explosives and other impulsive sources were obtained from
the available impulse TTS data. For other groups, the weighted SEL
thresholds were estimated using the relationship between the steady-state
TTS weighted threshold and the impulse TTS weighted threshold for the
mid- and high-frequency cetaceans. Peak SPL thresholds were estimated
using the relationship between hearing thresholds and the impulse TTS
peak SPL thresholds for the mid- and high-frequency cetaceans.

The remainder of this document addresses these steps in detail.
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IV. MARINE MAMMAL SPECIES GROUPS

Marine mammals were divided into six groups (Table Al), with the same weighting
function and TTS/PTS 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 use sound), as has been
done previously (e.g., Ketten, 2000; Southall et al., 2007; Finneran and Jenkins, 2012).

4.1 LOW-FREQUENCY (LF) CETACEANS

The LF cetacean group contains all of the mysticetes (baleen whales). Although there
have been no direct measurements of hearing sensitivity in any mysticete, an audible
frequency range of approximately 10 Hz to 30 kHz has been estimated from observed
vocalization frequencies, observed reactions to playback of sounds, and anatomical
analyses of the auditory system. A natural division may exist within the mysticetes, with
some species (e.g., blue, fin) having better low-frequency sensitivity and others (e.g.,
humpback, minke) having better sensitivity to higher frequencies; however, at present
there is insufficient knowledge to justify separating species into multiple groups.
Therefore, a single species group is used for all mysticetes.

4.2 MID-FREQUENCY (MF) CETACEANS

The MF cetacean group contains most delphinid species (e.g., bottlenose dolphin,
common dolphin, killer whale, pilot whale), beaked whales, and sperm whales (but not
pygmy and dwarf sperm whales of the genus Kogia, which are treated as high-frequency
species). Hearing sensitivity has been directly measured for a number of species within
this group using psychophysical (behavioral) or auditory evoked potential (AEP)
measurements.

4.3 HIGH-FREQUENCY (HF) CETACEANS

The HF 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
measurements. High-frequency cetaceans generally possess a higher upper-frequency
limit and better sensitivity at high frequencies compared to the mid-frequency cetacean
species.

4.4 SIRENIANS

The sirenian group contains manatees and dugongs. Behavioral and AEP threshold
measurements for manatees have revealed lower upper cutoff frequencies and
sensitivities compared to the mid-frequency cetaceans.
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4.5 PHOCIDS

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. Underwater hearing thresholds exist for some Northern Hemisphere species in this

group.

4.6 OTARIIDS AND OTHER NON-PHOCID MARINE CARNIVORES

This group contains all eared seals (fur seals and sea lions), walruses, sea otters, and polar
bears. The division of marine carnivores by placing phocids in one group and all others
into a second group was made after considering auditory anatomy and measured
audiograms for the various species and noting the similarities between the non-phocid
audiograms (Fig. A4). Underwater hearing thresholds exist for some Northern
Hemisphere species in this group.
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Figure A4.  Comparison of Otariid, Mustelid, and Odobenid psychophysical
hearing thresholds measured underwater. 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.
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Table Al. Species group designations for Navy Phase 3 auditory weighting functions.

Code

Name

Members

LF

Low-frequency
cetaceans

Family Balaenidae (right and bowhead whales)
Family Balaenopteridae (rorquals)

Family Eschrichtiidae (gray whale)

Family Neobalaenidae (pygmy right whale)

MF

Mid-frequency
cetaceans

Family Ziphiidae (beaked whales)
Family Physeteridae (Sperm whale)
Family Monodontidae (Irrawaddy dolphin, beluga, narwhal)

Subfamily Delphininae (white-beaked/white-sided/
Risso’s/bottlenose/spotted/spinner/striped/common dolphins)

Subfamily Orcininae (melon-headed whales, false/pygmy killer whale, killer whale,
pilot whales)

Subfamily Stenoninae (rough-toothed/humpback dolphins)
Genus Lissodelphis (right whale dolphins)

Lagenorhynchus albirostris (white-beaked dolphin)
Lagenorhynchus acutus (Atlantic white-sided dolphin)
Lagenorhynchus obliquidens (Pacific white-sided dolphin)

Lagenorhynchus obscurus (dusky dolphin)

HF

High-frequency
cetaceans

Family Phocoenidae (porpoises)

Family Platanistidae (Indus/Ganges river dolphins)

Family Iniidae (Amazon river dolphins)

Family Pontoporiidae (Baiji/ La Plata river dolphins)

Family Kogiidae (Pygmy/dwarf sperm whales)

Genus Cephalorhynchus (Commersen’s, Chilean, Heaviside’s, Hector’s dolphins)
Lagenorhynchus australis (Peale’s or black-chinned dolphin)

Lagenorhynchus cruciger (hourglass dolphin)

S|

Sirenians

Family Trichechidae (manatees)

Family Dugongidae (dugongs)

ow

Otariids and other
non-phocid marine
carnivores (water)

Family Otariidae (eared seals and sea lions)
Family Odobenidae (walrus)
Enhydra lutris (sea otter)

Ursus maritimus (polar bear)

PW

Phocids (water)

Family Phocidae (true seals)
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V. COMPOSITE AUDIOGRAMS

Composite audiograms for each species group were determined by first 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.
To derive the composite audiograms, the following rules were applied:

1. For species groups with three or more behavioral audiograms (all
groups except LF cetaceans), only behavioral (no AEP) data were used.
Mammalian AEP thresholds are typically elevated from behavioral
thresholds in a frequency-dependent manner, with increasing discrepancy
between AEP and behavioral thresholds at the lower frequencies where
there is a loss of phase synchrony in the neurological responses and a
concomitant increase in measured AEP thresholds. The frequency-
dependent relationship between the AEP and behavioral data is
problematic for defining the audiogram slope at low frequencies, since the
AEP data will systematically over-estimate thresholds and therefore over-
estimate the low-frequency slope of the audiogram. As a result of this rule,
behavioral data were used for all marine mammal groups.

For the low-frequency cetaceans, for which no behavioral or AEP
threshold data exist, hearing thresholds were estimated by synthesizing
information from anatomical measurements, mathematical models of
hearing, and animal vocalization frequencies (see Appendix Al).

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, data at overlapping frequencies were averaged.

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

4. Linear interpolation was performed within the threshold data for each

individual to estimate a threshold value at each unique frequency present
in any of the data for that species group. This was necessary to calculate

descriptive statistics at each frequency without excluding data from any

individual subject.

5. Composite audiograms were determined using both the original
threshold values from each individual (in dB re 1 pPa) and normalized
thresholds obtained by subtracting the lowest threshold value for that
subject.

Table A2 lists the individual references for the data ultimately used to construct the
composite audiograms (for all species groups except the LF cetaceans). From these data,
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the median (50th percentile) threshold value was calculated at each frequency and fit by
the function

TU)=T;,+Alogw(l+?] +{%} : (A9)

where T( f) is the threshold at frequency f, and To, F1, F2, A, and B are fitting parameters.
The median value was used to reduce the influence of outliers. The particular form of Eq.
(A9) was chosen to provide linear-log rolloff with variable slope at low frequencies and a
steep rise at high frequencies. The form is similar to that used by Popov et al. (2007) to
describe dolphin audiograms; the primary difference between the two is the inclusion of
two frequency parameters in Eq. (A9), which allows a more shallow slope in the region
of best sensitivity. Equation (A9) was fit to the median threshold data using nonlinear
regression (National Instruments LabVIEW 2015). The resulting fitting parameters and
goodness of fit values (R?) are provided in Tables 3 and 4 for the original and normalized
data, respectively. Equation (A9) was 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 hearing (see Appendix
Al for details).

Figures A5 and A6 show the original and normalized threshold data, respectively, as well
as the composite audiograms based on the fitted curve. The composite audiograms for
each species group are compared in Fig. A6. To allow comparison with other audiograms
based on the original threshold data, the lowest threshold for the low-frequency cetaceans
was estimated to be 54 dB re 1 puPa, based on the median of the thresholds for the other
in-water species groups (MF, HF, SI, OW, PW). From the composite audiograms, the
frequency of lowest threshold, fo, and the slope at the lower frequencies, so, were
calculated (Table A5). For the species with composite audiograms based on experimental
data (i.e., all except LF cetaceans), audiogram slopes were calculated across a frequency
range of one decade beginning with the lowest frequency present for each group. The
low-frequency slope for LF cetaceans was not based on a curve-fit but explicitly defined
during audiogram derivation (see Appendix Al).

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL
HEARING (JULY 2016) Page 57



Table A2. References, species, and individual subjects used to derive the composite
audiograms.
Group Reference Species Subjects

MF (Finneran et al., 2005b) Delphinapterus leucas Beethoven
(Szymanski et al., 1999) Orcinus orca Yaka, Vigga
(Nachtigall et al., 1995) Grampus griseus N/a
(Kastelein et al., 2003) Stenella coeruleoalba Meyen
(Lemonds, 1999) Tursiops truncatus Itsi Bitsy
(Brill et al., 2001) Tursiops truncatus CAS
(Ljungblad et al., 1982) Tursiops truncatus 12-y male
(Johnson, 1967) Tursiops truncatus Salty
(Sauerland and Dehnhardt, 1998) | Sotalia fluviatilis Paco
(Johnson et al., 1989) Delphinapterus leucas 2-y female
(White et al., 1978) Delphinapterus leucas Edwina, Kojak
(Awbrey et al., 1988) Delphinapterus leucas Kojak, female, male
(Thomas et al., 1988) Pseudorca crassidens I'a nui hahai
(Finneran et al., 2010b) Tursiops truncatus TYH
(Schlundt et al., 2008) Tursiops truncatus WEN
(Ridgway et al., 2001) Delphinapterus leucas MUK, NOC
(Tremel et al., 1998) Lagenorhynchus obliquidens female

HF (Jacobs and Hall, 1972) Inia geoffrensis male
(Kastelein et al., 2002a)"" Phocoena phocoena PpSHO47
(Kastelein et al., 2010) Phocoena phocoena Jerry
(Kastelein et al., 2015a) Phocoena phocoena ID No. 04

Sl (Gaspard et al., 2012) Trichechus manatus Buffet, Hugh
(Gerstein et al., 1999) Trichechus manatus Stormy, Dundee

oW (Moore and Schusterman, 1987) Callorhinus ursinus Lori, Tobe
(Babushina et al., 1991) Callorhinus ursinus N/a
(Kastelein et al., 2002b) Odobenus rosmarus Igor
(Mulsow et al., 2012) Zalophus californianus JFN
(Reichmuth and Southall, 2012) Zalophus californianus Rio, Sam
(Reichmuth et al., 2013) Zalophus californianus Ronan
(Kastelein et al., 2005) Eumetopias jubatus EjZH021, EjZH022
(Ghoul and Reichmuth, 2014) Enhydra lutris nereis Charlie

PW (Kastak and Schusterman, 1999) Mirounga angustirostris Burnyce
(Terhune, 1988) Phoca vitulina N/a
(Reichmuth et al., 2013) Phoca vitulina Sprouts
(Kastelein et al., 2009) Phoca vitulina 01, 02
(Sills et al., 2014) Phoca largha Amak, Tunu
(Sills et al., 2015) Pusa hispida Nayak

** Corrected thresholds from Kastelein et al. (2010) were used.
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Table A3. Composite audiogram parameters values for use in Eq. (A9). For all groups
except LF cetaceans, values represent the best-fit parameters from fitting
Eq. (A9) to experimental threshold data. For the low-frequency cetaceans,
parameter values for Eq. (A9) were estimated as described in Appendix Al.
Group | To (dB) | F1(kH2) F2 (kHz) A B R?
LF 53.19 0.412 9.4 20 3.2 -
MF 46.2 25.9 47.8 35.5 3.56 0.977
HF 46.4 7.57 126 423 17.1 0.968
S| -40.4 3990 3.8 37.3 1.7 0.982
ow 63.1 3.06 11.8 30.1 3.23 0.939
PW 43.7 10.2 3.97 20.1 1.41 0.907
Table A4. Normalized composite audiogram parameters values for use in Eq. (A9).
For all groups except LF cetaceans, values represent the best-fit
parameters after fitting Eq. (A9) to normalized threshold data. For the low-
frequency cetaceans, parameter values for Eq. (A9) were estimated as
described in Appendix Al.
Group | To(dB) | Fi(kHz) | F2(kHz) A B R?
LF -0.81 0.412 9.4 20 3.2 -
MF 3.61 12.7 64.4 31.8 4.5 0.960
HF 2.48 9.68 126 40.1 17 0.969
S| -109 5590 2.62 38.1 1.53 0.963
ow 2.36 0.366 12.8 73.5 3.4 0.958
PW -39.6 368 2.21 20.5 1.23 0.907
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Figure A5.  Thresholds and composite audiograms for the six species groups.

Thin lines represent the threshold data from individual animals. Thick
lines represent either the predicted threshold curve (LF cetaceans) or
the best fit of Eq. (A9) to experimental data (all other groups).
Derivation of the LF cetacean curve is described in Appendix Al. The
minimum threshold for the LF cetaceans was estimated to be 54 dB re
1 pPa, based on the median of the lowest thresholds for the other

groups.
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Figure A6.  Normalized thresholds and composite audiograms for the six species
groups. Thin lines represent the threshold data from individual
animals. Thick lines represent either the predicted threshold curve (LF
cetaceans) or the best fit of Eq. (A9) to experimental data (all other
groups). Thresholds were normalized by subtracting the lowest value
for each individual data set (i.e., within-subject). Composite
audiograms were then derived from the individually normalized
thresholds (i.e., the composite audiograms were not normalized and
may have a minimum value # 0). Derivation of the LF cetacean curve
is described in Appendix Al.
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Composite audiograms for the various species groups, derived with the

original data (upper) and normalized data (lower). The gray lines in
the upper left panel represent ambient noise spectral density levels
(referenced to the left ordinate, in dB re 1 pPa’/Hz) corresponding to
the limits of prevailing noise and various sea-state conditions, from 0.5
to 6 (National Research Council (NRC), 2003).

TECHNICAL GUIDANCE FOR ASSESSING THE EFFECTS OF ANTHROPOGENIC SOUND ON MARINE MAMMAL

HEARING (JULY 2016)

Page 62



Table A5. Frequency of best hearing (fo) and the magnitude of the low-frequency
slope (so) derived from composite audiograms and equal latency contours.
For the species with composite audiograms based on experimental data
(i.e., all except LF cetaceans), audiogram slopes were calculated across a

frequency range of one decade beginning with the lowest frequency

present for each group. The low-frequency slope for LF cetaceans was not
based on a curve-fit but explicitly defined during audiogram derivation (see
Appendix Al). Equal latency slopes were calculated from the available

equal latency contours (Fig. A8).

Original data Normalized data Equal latency
composite audiogram composite audiogram curves
ety fo So fo So So
(kHz) (dB/decade) (kHz) (dB/decade) (dB/decade)
LF 5.6 20 5.6 20 —
MF 55 35 58 31 31
HF 105 37 105 36 50
S| 16 36 12 37 —
oW 12 27 10 39 —
PW 8.6 19 13 20 —
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VI. EQUAL LOUDNESS DATA

Finneran and Schlundt (2011) conducted a subjective loudness comparison task with a
bottlenose dolphin and used the resulting data to derive equal loudness contours and
auditory weighting functions. The weighting functions agreed closely with dolphin TTS
data over the frequency range 3 to 56 kHz (Finneran and Schlundt, 2013); however, the
loudness data only exist for frequencies between 2.5 kHz and 113 kHz and cannot be

used to estimate the shapes of loudness contours and weighting functions at lower
frequencies.
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VIl. EQUAL LATENCY DATA

Reaction times to acoustic tones have been measured in several marine mammal species
and used to derive equal latency contours and weighting functions (Fig. A8, Wensveen et
al., 2014; Mulsow et al., 2015). Unlike the dolphin equal loudness data, the latency data
extend to frequencies below 1 kHz and may be used to estimate the slopes of auditory
weighting functions at lower frequencies.

200

Phocoena phocoena { } Tursiops truncatus

180

—_ -
= O
o o

SPL (dB re 1 pPa)
S

100 - .
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60 | reshol 1t |
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frequency (kHz)
Figure A8.  Underwater marine mammal equal latency contours are available for

Phocoena phocoena (Wensveen et al., 2014) and Tursiops truncatus
(Mulsow et al., 2015). The slopes for the contours at low frequencies
were obtained from the literature (Phocoena phocoena) or calculated
from the best linear-log fits to the lower frequency data. The slope of
the contour passing through an SPL approximately 40 dB above the
threshold at £ was selected as the most appropriate based on: (1)
human A-weighting, (2) observations that the relationship between
equal latency and loudness can break down at higher sensation levels,
and (3) for many data sets the slopes increase at higher SPLs rather
than decrease as expected. The resulting slopes are listed in Table A5.
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VIlIl. TTS DATA
8.1 NON-IMPULSIVE (STEADY-STATE) EXPOSURES — TTS

For weighting function derivation, the most critical data required are TTS onset exposure
levels as a function of exposure frequency. These values can be estimated from published
literature by examining TTS as a function of SEL for various frequencies.

To estimate TTS onset values, only TTS data from psychophysical (behavioral) hearing
tests were used. Studies have shown differences between the amount of TTS from
behavioral threshold measurements and that determined using AEP thresholds (Fig. A9).
TTS determined from AEP thresholds is typically larger than that determined behaviorally,
and AEP-measured TTS of up to ~ 10 dB has been observed with no corresponding change
in behavioral thresholds (e.g., Finneran et al., 2007). Although these data suggest that AEP
amplitudes and thresholds provide more sensitive indicators (than behavioral thresholds) of
the auditory effects of noise, Navy acoustic impact analyses use TTS both as an indicator of
the disruption of behavioral patterns that are mediated by the sense of hearing and to predict
when the onset of PTS is likely to occur. Navy analyses assume that exposures resulting in a
NITS > 40 dB measured a few minutes after exposure will result in some amount of residual
PTS. This is based on relationships observed in early human TTS studies utilizing
psychophysical threshold measurements. To date, there have been no reports of PTS in a
marine mammal whose initial behavioral threshold shift was 40 dB or less; however,
behavioral shifts of 35 to 40 dB have required multiple days to recover, suggesting that these
exposures are near those capable of resulting in PTS. In contrast, studies utilizing AEP
measurements in marine mammals have reported TTSs of 45 dB that recovered in 40 min
and 60 dB that recovered in < 24 h, suggesting that these exposures were not near those
capable of resulting in PTS (Popov et al., 2013).
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Figure A9.  TTS measured using behavioral and AEP methods do not necessarily
agree, with marine mammal studies reporting larger TTS obtained
using AEP methods. For the data above, thresholds were determined
using both techniques before and after the same noise exposure.
Hearing thresholds were measured at 30 kHz. Behavioral thresholds
utilized FM tones with 10% bandwidth. AEP thresholds were based on
AM tones with a modulation frequency of 1.05 kHz. Noise exposures
consisted of (a) a single, 20-kHz tone with duration of 64 s and SPL of
185 dB re 1 pPa (SEL = 203 dB re 1 pPa’s) and (b) three 16-s tones at 20
kHz, with mean SPL = 193 dB re 1 pPa (cumulative SEL = 210 dB re 1
pPa’s). Data from Finneran et al. (2007).

To determine TTS onset for each subject, the amount of TTS observed after exposures
with different SPLs and durations 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, since SEL is related to the energy of the sound and this
approach assumes exposures with equal SEL result in equal effects, regardless of the
duration or duty cycle of the sound. It is well-known that the equal energy rule will 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 continuously present with
the same total SEL (Ward, 1997). For continuous exposures with the same SEL but
different durations, the exposure with the longer duration will also tend to produce more
TTS (e.g., Kastak et al., 2007; Mooney et al., 2009; Finneran et al., 2010b). Despite these
limitations, however, the equal energy rule is still a useful concept, since 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 to be combined in a
meaningful way, has physical significance, and is correlated with most TTS growth data
reasonably well — in some cases even across relatively large ranges of exposure duration
(see Finneran, 2015). The use of cumulative SEL for Navy sources will always over-
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estimate the effects of intermittent or interrupted sources, and the majority of Navy
sources feature durations shorter than the exposure durations typically utilized in marine
mammal TTS studies, therefore the use of (cumulative) SEL will tend to over-estimate
the effects of many Navy sound sources.

Marine mammal studies have shown that the amount of TTS 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 become steeper and
approach linear relationships with the noise SEL. Accordingly, TTS growth data were fit
with the function

1(L)=m,log, [ 1+10¢™"° ], (A10)

where t is the amount of TTS, L is the SEL, and m1 and m; are fitting parameters. This
particular function has an increasing slope when L < m. and approaches a linear
relationship for L > my (Maslen, 1981). The linear portion of the curve has a slope of
m1/10 and an x-intercept of my. After fitting Eq. (10) to the TTS growth data,
interpolation was used to estimate the SEL necessary to induce 6 dB of TTS — defined
as the “onset of TTS” for Navy acoustic impact analyses. The value of 6 dB has been
historically used to distinguish non-trivial amounts of TTS from fluctuations in threshold
measurements that typically occur across test sessions. Extrapolation was not performed
when estimating TTS onset; this means only data sets with exposures producing TTS both
above and below 6 dB were used.

Figures A10 to A13 show all behavioral and AEP TTS data to which growth curves
defined by Eq. (A10) could be fit. The TTS onset exposure values, growth rates, and
references to these data are provided in Table A6.

8.2 NON-IMPULSIVE (STEADY-STATE) EXPOSURES — PTS

Since no studies have been designed to intentionally induce PTS in m