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EXECUTIVE SUMMARY

This document provides guidance for assessing the effects of anthropogenic sound on marine
mammal species under the jurisdiction of the National Marine Fisheries Service (NMFS) and the
National Ocean Service (NOS) (hereafter referred to collectively as the National Oceanic and
Atmospheric Administration (NOAA)). Specifically, it identifies the received levels, or thresholds,
above which individual marine mammals are predicted to experience changes in their hearing
sensitivity (either temporary or permanent) for all underwater anthropogenic sound sources. This
is the first time NOAA has presented this information in a single, comprehensive document. This
guidance is intended to be used by NOAA analysts and managers and other relevant user groups
and stakeholders, including other federal agencies, when seeking to determine whether and how
their activities are expected to result in particular types of impacts to marine mammals via
acoustic exposure. This document outlines NOAA'’s updated acoustic threshold levels and
describes in detail how the thresholds were developed and how they will be updated in the future.

NOAA has compiled, interpreted, and synthesized the best available science to produce updated
acoustic threshold levels for the onset of both temporary (TTS) and permanent hearing threshold
shifts (PTS). These thresholds replace those currently in use by NOAA. Updates include a
protocol for estimating PTS and TTS onset levels for impulsive (e.g., airguns, impact pile drivers)
and non-impulsive (e.g., sonar, vibratory pile drivers) sound sources, the formation of marine
mammal functional hearing groups (low-, mid-, and high-frequency cetaceans, and otariid and
phocid pinnipeds), and the incorporation of marine mammal auditory weighting functions into the
calculation of thresholds. These acoustic threshold levels are presented using the dual metrics of
cumulative sound exposure level and peak sound pressure level. This document addresses how
to combine multiple datasets, as well as how to determine appropriate surrogates when data are
not available. While the updated acoustic thresholds are more complex than those previously
used by NOAA, they accurately 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 directly compare the updated
thresholds presented in this document with the thresholds previously used by NOAA.

Although NOAA has updated the acoustic threshold levels from those previously used, and these
changes may necessitate new methodologies for calculating impacts, the application of the
thresholds in the regulatory context under applicable statutes (Marine Mammal Protection Act,
Endangered Species Act, and National Marine Sanctuaries Act) remains consistent with past
NOAA practice. It is important to note that these updated acoustic threshold levels do not
represent the entirety of an impact assessment, but rather serve as one tool (in addition to
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 on marine mammals and
make findings required by our various statutes.

This acoustic guidance is classified as a Highly Influential Scientific Assessment by the Office of
Management and Budget. As such, independent peer review is required prior to broad public
dissemination by the Federal Government. Details of the peer review can be found within this
document, and at the following website: http://www.nmfs.noaa.gov/pr/acoustics/.

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 | provides an introduction to the
document and a description of how NOAA addressed uncertainty and data limitations in the
development of this guidance. NOAA's updated acoustic threshold levels for onset of PTS and
TTS for marine mammals exposed to underwater sound are presented in Section Il. Section Il
describes how acoustic threshold levels are interpreted under NOAA's statutes. NOAA’s plan for
periodically updating acoustic threshold levels is presented in Section IV. More details on the
marine mammal auditory weighting functions, the development of acoustic threshold levels, the
peer review process, and a glossary of acoustic terms can be found in the appendices.


http://www.nmfs.noaa.gov/pr/acoustics/

OCoO~NO U~ WN P

National Oceanic and Atmospheric Administration
DRAFT Guidance for Assessing the Effects
of Anthropogenic Sound on Marine Mammals

Acoustic Threshold Levels for Onset of Permanent and
Temporary Threshold Shifts

l. INTRODUCTION

This document provides guidance for assessing the effects of anthropogenic sound on marine
mammal species under the jurisdiction of the National Marine Fisheries Service (NMFS) and the
National Ocean Service (NOS) (hereafter referred to collectively as the National Oceanic and
Atmospheric Administration (NOAA)). Specifically, it identifies the received levels, or thresholds,
above which individual marine mammals are predicted to experience changes in their hearing
sensitivity (either temporary or permanent) for all underwater anthropogenic sound sources. This
guidance is intended to be used by NOAA analysts and managers and other relevant user groups
and stakeholders, including other federal agencies, when seeking to determine whether and how
their activities are expected to result in particular types of impacts to marine mammals via
acoustic exposure. This document outlines NOAA'’s updated acoustic threshold levels and
describes in detail how the thresholds were developed and how they will be revised and updated
in the future.

The updated acoustic threshold levels presented do not represent the entirety of an impact
assessment, but rather serve as one tool (in addition to 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 on marine mammals and make findings required by our various statutes. This
document does not provide acoustic threshold levels for non-auditory injury (i.e., lung injury or
gastrointestinal tract injury), or exposure to airborne sounds for pinnipeds, and does not address
mitigation measures that may be associated with particular acitivities.

This document had been classified as a Highly Influential Scientific Assessments (HISA)" by the
Office of Management and Budget (OMB); as such, independent peer review was required before
it could be disseminated more broadly by the Federal Government. NOAA also sought informal
input from key federal agencies regarding various aspects of this document.

1.1 Addressing Uncertainty and Data Limitations

NOAA acknowledges the inherent data limitations that occur in many instances when assessing
acoustic effects on marine mammals. 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) acknowledged the inherent data limitations when assessing acoustic effects on marine
mammals (e.g., data available from a limited number of species, a limited number of individuals
within a species, and/or limited number of sound sources). They 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. NOAA acknowledges these

! 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).
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limitations, as well as the need for using the best available science to make decisions in cases
where data are lacking. Where NOAA has faced such uncertainty and variability in the
development of its proposed acoustic threshold levels, we have articulated our extrapolation
methodology. As such, the contents of this document include the development of an assessment
framework, including data standards and extrapolation procedures, used to date, to address data
limitations.

1.2.1 Assessment Framework

NOAA's approach applies a set of assumptions to develop a framework that addresses
uncertainty in predicting potential effects of sound on individual marine mammals. One of these
assumptions includes the use of “representative” or surrogate individuals/species for establishing
TTS and PTS onset acoustic threshold levels for species where little to no data exist. 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 125° 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, functional hearing group). As new data become available for more species, this
approach will be reevaluated.

These procedures and assumptions (further described in Appendix B), along with our stipulated
data standards (see Appendix B, Section lll), are intended to ensure that data are assessed and
such procedures are subsequently modified in a consistent manner. NOAA recognizes that
additional applicable data may become available to allow us to better address many of these
issues. As these new data become available, NOAA has an approach for updating our acoustic
threshold levels (see Section IV).

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 1QG). Furthermore, the IQG stipulate that “To the degree that the agency action is based on
science, NOAA 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 on National Standard 2
(NS2)* under the Magnuson-Stevens Fishery Conservation and Management Act, section 301,
which stated “Conservation and management measures shall be based upon the best scientific
information available.” 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)

2 Current number of marine mammal species worldwide recognized by NMFS Office of Protected Resources (see
http://www.nmfs.noaa.gov/pr/species/)

3 . . . .
http://www.st.nmfs.noaa.gov/science-quality-assurance/national-standards/ns2_revisions

4 NOAA is currently proposing revisions to NS2 to provide guidance on the use of best scientific information available
(NOAA 2013).

° NOAA also requires Peer Review Plans for Highly Influential Scientific Assessments (HISA) and Influential Scientific
Information (ISI).
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were not written specifically for marine mammals and this particular issue, they do provide a
means of articulating minimum data standards. NOAA is taking this into account in assessing
acoustic effects on marine mammals. Use of the NRC Guidelines does not preclude development
of acoustic-specific data standards in the future.

I. NOAA'’'S ACOUSTIC THRESHOLD LEVELS FOR ONSET OF PERMANENT
AND TEMPORARY THRESHOLD SHIFTS IN MARINE MAMMALS

This document advances NOAA’s assessment ability based upon the best available science. As
described in detail in this section, this includes both quantitative and qualitative approaches
based on the best available science. Quantitative assessment consists of two parts: 1) an
acoustic threshold level and 2) an associated weighting function (when appropriate) based upon
measured and approximated marine mammal equal loudness contours. Additionally, qualitative
considerations that illustrate general trends associated with noise-induced hearing loss are
provided and may be useful within a larger assessment, even though they cannot be applied
guantitatively.

This document provides acoustic threshold levels for the onset of PTS and TTS based on
characteristics defined at the source and not the receiver. No direct data on marine mammal PTS
exist; PTS onset thresholds have been extrapolated from marine mammal TTS data. PTS and
TTS onset acoustic threshold levels, for all sound sources, are divided into two broad categories:
1) impulsive and 2) non-impulsive. Acoustic threshold levels are also presented as dual acoustic
threshold levels using cumulative sound exposure level (SEL.,m) and peak pressure (dBpeak)
metrics. As dual metrics, NOAA considers onset of PTS or TTS to have occurred when either one
of the two metrics is exceeded. Additionally, to account for the fact that different species groups
use and hear sound differently, acoustic threshold levels are sub-divided into five broad functional
hearing groups (i.e., low-, mid-, and high-frequency cetaceans and phocid and otariid pinnipeds).
Where appropriate, the PTS and TTS onset acoustic threshold levels include marine mammal
auditory weighting functions.

2.1 Marine Mammal Functional Hearing Groups

Current data (via direct measurements [behavioral and electrophysiological]) and predictions
(based on inner ear morphology, behavior, vocalizations, or taxonomy) indicate that not all marine
mammal individuals/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 a multitude
of odontocete and pinniped species® (see review in Southall et al. 2007). Direct measurements of
mysticete hearing are lacking (e.g., there was an unsuccessful attempt to directly measure
hearing in a stranded gray whale calf by Ridgway and Carder 2001). Thus, hearing predictions for
mysticetes are based on other methods (e.g., anatomical studies: Houser et al. 2001; Parks et al.
2007; 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).

To more accurately reflect marine mammal hearing capabilities, Southall et al. (2007)
recommended that marine mammals be divided into functional hearing groups based on

6 Both in air and underwater for pinniped species.

! 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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measured or estimated functional hearing ranges. NOAA modified the functional hearing groups
proposed by Southall et al. (2007)2 as follows (Table 1):

Extension of upper end of low-frequency cetacean hearing range: NOAA extended
slightly the estimated upper end of the hearing range for low-frequency cetaceans, from
22 to 30 kHz, based on data from Watkins et al. (1986) for numerous mysticete species
(variety of mysticete species responding to sounds up to 28 kHz), Au et al. (2006) for
humpback whales (songs having harmonics that extend beyond 24 kHz), Lucifredi and
Stein (2007) for gray whales (reported potentially responding to sounds beyond 22 kHz),
and an unpublished report (Ketten and Mountain 2009) and data (Tubelli et al. 2012) for
minke whales (predicted hearing range of up to 30 kHz based on inner ear anatomy).
These new data indicate that some mysticetes can hear above 22 kHz. As more data
become available, these estimated hearing ranges may require future modification.

Table 1: Marine mammal functional hearing groups.
Functional Hearing Group Functional Hearing Range*
Low-frequency (LF) cetaceans” (baleen whales) 7 Hz to 30 kHz
Mid-frequency (MF) cetaceans (dolphins, toothed whales, 150 Hz to 160 kHz

beaked whales, bottlenose whales)

High-frequency (HF) cetaceans

(true porpoises, Kogia, river dolphins, cephalorhynchid, 200 Hz to 180 kHz
Lagenorhynchus cruciger and L. australis)

Phocid pinnipeds (true seals) 75 Hz to 100 kHz
Otariid pinnipeds (sea lions and fur seals) 100 Hz to 40 kHz

* Represents frequency band of hearing for entire group as a composite (i.e., all species within the group),
where individual species’ hearing ranges are typically not as broad.

+ Estimated hearing range for low-frequency cetaceans is based on behavioral studies, recorded
vocalizations, and inner ear morphology measurements. No direct measurements of hearing ability have been
successfully completed.

Division of pinnipeds into phocids and otariids: NOAA 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 (Hemila et al. 2006; Kastelein et al.
2009; Reichmuth et al. 2013). This is believed to be because phocid ears are
anatomically distinct from otariid ears in that phocids have larger, more dense middle ear
ossicles, inflated auditory bulla, and larger portions 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; Kastak and Schusterman 1998; Hemila
et al. 2006; Mulsow et al. 2011; Reichmuth et al. 2013).

Addition of hourglass (Lagenorhynchus cruciger) and Peale’s (L. australis) dolphins to
high-frequency functional hearing group: Recent echolocation data (Kyhn et al. 2009;
Kyhn et al. 2010; Tougaard et al. 2010) indicate that these two species 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 other Cephalorhynchus species (May-Collado and Agnarsson
2006). Thus, NOAA has decided to move these two species from the mid-frequency

8 NOAA considered separating sperm whales from other MF cetaceans, but there are currently not enough data to
stipulate exactly how this should be done.
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functional hearing group (MF cetaceans) to the high-frequency functional hearing group
(HF cetaceans).

2.2 Marine Mammal Auditory Weighting Functions

The ability to hear sounds varies across a species functional 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)®. To
reflect this higher sensitivity at particular frequencies, sounds are often weighted (e.g., A-
weighting for humans where frequencies below 1 kHz and above 6 kHz are deemphasized; e.g.,
Fletcher and Munson 1933; Suzuki and Takeshima 2004). There are other types of weightings for
humans, as well (e.g., B, C, D) that deemphasize different frequencies to different extremes.

Auditory weighting functions have recently been proposed for marine mammals, specifically
associated with PTS and TTS acoustic threshold levels expressed in the cumulative sound
exposure level metric (SELcum)lO, which take into account what is known about marine mammal
hearing (Southall et al. 2007; Finneran and Jenkins 2012). Finneran and Jenkins (2012)™*
developed auditory weighting functions specifically for cetaceans, including extrapolation
procedures when no data were available. These auditory weighting functions reflect frequencies
within which functional hearing groups are most sensitive to sound in terms of hearing and
vulnerability to noise-induced threshold shifts. Compared to human auditory weighting functions,
the proposed weighting functions for cetaceans (“M-weighting”) are a hybrid of A-weighting
functions for frequencies that marine mammals are expected to be more susceptible to threshold
shifts from sound exposure (i.e., where we have data: Finneran and Schlundt 2009; Finneran and
Schlundt 2010; Finneran and Schlundt 2011; Finneran and Schlundt 2013) and broad C-
weighting functions for frequencies where fewer data are available (i.e., more uncertainty:
Southall et al. 2007).

2.2.1 Cetacean Auditory Weighting Functions

Cetacean auditory weighting functions merge the marine mammal or “M-weighting” functions
proposed in Southall et al. (2007) with a more recentl;/ derived Equal Loudness (EQL) weighting
function based on bottlenose dolphin (MF cetacean)** equal loudness measurements (Finneran
and Schlundt 2011) and frequency-specific TTS data (Finneran and Schlundt 2010; Finneran and
Schlundt 2009; Finneran and Schlundt 2013) (Figure 1). The modification of the original Southall
et al. (2007) auditory weighting functions reflects the incorporation of more recent data on
frequencies with a relatively increased susceptibility to noise-induced threshold shifts. This hybrid
function was then used to extrapolate similar weighting functions for HF cetaceans, where no
data currently exist (Finneran and Jenkins 2012). A similar extrapolation was proposed for LF

° Auditory weighting functions best reflect an animal’s ability to hear a sound. It may not necessarily reflect how an animal
will perceive that sound and behaviorally react to that sound.

10 Auditory weighting functions are not to be applied to PTS or TTS onset acoustic threshold levels expressed as the
peak pressure metric.

™ Einneran and Jenkins (2012) specifically addressed Navy sonar and explosive usage with their updated criteria and
weighting functions. Other sound sources, like pile driving and seismic relied on NMFS’ generic criteria (i.e., 180/190 dB
for auditory injury for cetaceans and pinnipeds for impulse and continuous sources) and does not incorporate auditory
weighting functions. This guidance document updates the auditory injury acoustic threshold levels for all sounds sources
(i.e., replaces the generic 180/190 dB level) and includes the incorporation of auditory weighting functions.

12 Since data for no other marine mammal species are available, the assumption is that bottlenose dolphins are an
appropriate surrogate for the entire MF cetacean group and that a similar trend would be predicted for all other
echolocating cetaceans.



cetaceans by Finneran and Jenkins, but NOAA derived LF cetacean auditory weighting function
input parameters in a different manner (See Section 2.2.1.2).

To derive the merged cetacean weighting function, both the M-weighting and EQL curves are
plotted, with the maximum weighting function amplitude at each frequency taken to define the
merged curve. Each of the two component curves can be calculated with the following equation
(Southall et al. 2007; Finneran and Jenkins 2012):

'
W( f)=K+2010g10L
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11 In this equation, f is frequency (Hz), a and b are the parameters that define the appropriate “roll
12  off” frequency limits to each component portion of the curve, and K is a constant used to

13 normalize the equation to a particular frequency (Finneran and Jenkins 2012). For the M-

14  weighting curve, a and b are related to the lower and upper hearing limits (Hz) of a functional
15 hearing group. For the EQL curve, lower (a) and upper frequency (b) cut-offs for MF cetaceans
16  were derived from the 90 dB equal loudness contour obtained from a bottlenose dolphin

17 (Finneran and Schlundt 2011), which is assumed to be an appropriate surrogate species for the
18 entire MF cetacean functional hearing group. The parameters for each of these functions, as
19 proposed in Finneran and Jenkins (2012), are listed in Table 2.

21  This equation produces a weighting function amplitude (in dB) at each frequency for each of the
22  two component functions. The highest weighting function amplitude at each frequency then

23  defines the merged curve, with M-weighting generally determining the lower frequencies, while
24  the EQL curve determines higher frequencies (Figure 1).
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28 Figure 1: Mid-frequency (gray line) and high-frequency (red line) cetacean merged
29 auditory weighting functions. Complete EQL (dashed line) and M-weighting
30 (dotted line) components of merged mid-frequency curve are illustrated.
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Table 2: Mid-frequency and high-frequency cetacean auditory weighting function
parameters.
M-Weighting EQL Weighting

Functional Hearing

Group K a(Hz) b (Hz) K a (Hz) b (Hz)
Mid-frequency (MF) | 165 | 150 | 160000 | 1.4 | 7829 | 95520
cetacean
High-frequency (HF) | 194 | 200 | 180000 | 1.4 | 9480 | 108,820
cetacean

2.2.1.1 Extrapolated Auditory Weighting Function for High-Frequency Cetaceans

Because equal loudness data are not available and only limited TTS data exist for most cetacean
functional hearing groups, auditory weighting functions were estimated using bottlenose dolphin
data (Finneran and Jenkins 2012). NOAA considered this extrapolation appropriate for HF
cetaceans, since they use and hear sound in a similar manner to MF cetaceans (e.g., both MF
and HF cetaceans echolocate).

Ketten (2000) indicated that cetaceans with Type Il cochlea (i.e., typically those classified as MF
cetaceans) echolocate with peak frequencies below 80 kHz, while cetaceans with Type | cochlea
(i.e., typically those already classified as HF cetaceans) echolocate with peak frequencies above
100 kHz. Thus, based on auditory anatomy and vocalizations, it would seem that HF cetaceans
would be more sensitive to higher frequencies compared to MF cetaceans.

However, the auditory weighting functions presented in this document are used specifically in
conjunction with proposed PTS and TTS onset acoustic threshold levels and are intended to
reflect not only the frequencies that functional hearing groups hear best, but also their
susceptibility to noise-induced hearing loss. When new auditory weighting functions were
proposed for MF cetaceans incorporating recent bottlenose dolphin data on equal loudness
measurements (Finneran and Schlundt 2011) and frequency-specific temporary threshold shifts
(Finneran and Schlundt 2009; Finneran and Schlundt 2010; Finneran and Schlundt 2013), HF
cetacean TTS studies were examined to see if similar trends existed (there are no data on equal
loudness for any HF cetacean). The only TTS study for HF cetaceans available examined hearing
loss in higher frequency ranges in Yangtze finless porpoise (Popov et al. 2011a). This study
exposed two individuals to half-octave band noise (-1 to +0.5 octaves) relative to 32, 45, 64, and
128 kHz. In this paper, Popov et al. (2011a) also presented baseline hearing data of the two
individuals used in the study, which indicated greatest auditory sensitivity between 45 to 139 kHz.
However, the general finding from this study was that the lower frequency ranges (where auditory
sensitivity was reduced) were more impacted by noise than the higher frequency ranges (where
auditory sensitivity was greatest).

Finneran and Schlundt (2013) also indicated that TTS susceptibility might not necessarily directly
reflect hearing sensitivity. Their research, along with Popov et al. (2013), found that MF
cetaceans (i.e., bottlenose dolphin and belugas) have increased susceptibility to TTS at
frequencies from 10 to 30 kHz. Popov et al. 2011a seems to indicate a similar finding, in terms of
the TTS susceptibility range, for HF cetaceans (i.e., Yangtze finless porpoise). Thus, based on
these data, there does not seem to be justification to modify the HF cetacean weighting function
(i.e., EQL weighting parameters) proposed by Finneran and Jenkins (2012).

Upper and lower cut-offs for HF cetaceans were derived for the EQL weighting function by
extrapolating from those values calculated for MR cetaceans. The approach used was based on
octave spacing (log base 2; ANSI 1994), which reflects what is known about the organization of
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the ear and perception of frequency (i.e., base-2 logarithmic perception; Yost 2007; Ketten 2000).
The resulting extrapolated parameters are presented in Table 2.

2.2.1.2 Generalized Auditory Weighting Function for Low-Frequency Cetaceans

Finneran and Jenkins (2012) also proposed an updated auditory weighting function for LF
cetaceans based on similar methodology used to create auditory weighting functions for HF
cetaceans. However, their LF auditory weighting function predicted that the EQL portion of the
function (which while flatter, is generally reflective of the region of best auditory sensitivity) would
indicate highest susceptibility to noise-induced threshold shifts between approximately 700 Hz
and 12 kHz. As the EQL curve is generally flatter than an inverse audiogram would be expected
to be, this would suggest the region of best hearing sensitivity in LF cetaceans would be in an
even narrower range between these two frequencies. Based on what is known about the
predominant vocal range of LF cetaceans, as well as hypothesized sensitivity to lower frequency
sounds, the Finneran and Jenkins (2012) auditory weighting function was deemed not to reflect
what is currently known about LF cetaceans’ potential auditory capabilities. Thus, NOAA decided
to develop an alternative LF cetacean auditory weighting function (Figure 2).
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Figure 2: Low-frequency cetacean auditory weighting function.

Developing an auditory weighting function for LF cetaceans is difficult because of a general lack
of empirical data on what frequencies these marine mammals hear. However, LF cetaceans are
predicted to have good sensitivity from 20 Hz to 2 kHz (Ketten 1998), with some species like
humpback (Houser et al. 2001) and minke whales (Tubelli et al. 2012) predicted to have an
expanded best hearing range (i.e., up to 6 to 7.5 kHz) base upon inner ear anatomy.

Vocalization range was also considered as an appropriate predictor of best sensitivity for LF
cetaceans. Ketten (1998) indicated “Most animals have vocalizations that are tightly linked to their
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peak hearing sensitivities in order to maximize intra-specific communication, but they also have
hearing beyond that peak range that is related to the detection of acoustic cues from predators,
prey, or other significant environmental cues.” For LF cetaceans, vocal frequency with maximum
energy typically is below 4 kHz and primarily below 1 kHz for most species (Ketten 1998).

Both MF and HF weighting functions are comprised of two component curves, and EQL and M-
weighting curves. These same two component curves were used to develop the LF cetacean
weighting function. Auditory weighting function parameters (a and b frequency limits) were
modified in order to better reflect what is reasonably assumed about potential auditory capabilities
of LF cetaceans (Table 3). This modification was chosen instead of extrapolating the a and b
parameters of the EQL portion of the curve by assuming the same relationship to the overall
functional hearing limits as exists in MF cetaceans (as was done with HF cetaceans, and as
proposed by Finneran and Jenkins (2012) for LF cetaceans leading to a likely displaced region of
best sensitivity). This included setting the a and b parameters encompassing the EQL portion of
the curve at 75 Hz and 4 kHz respectively™®, as well as extending the upper frequency functional
hearing limit from 22 kHz to 30 kHz for the M-weighted portion of the curve.

Table 3: Low-frequency cetacean auditory weighting function parameters.

M Weighting EQL Weighting
K a(Hz) b (Hz) K a (Hz) b (Hz)

Functional
Hearing Group
Low-frequency
(LF) cetaceans

-16.5 7 30,000 0.3 75 4,000

2.2.2 Underwater Pinniped Auditory Weighting Functions

Underwater pinniped auditory weighting functions are derived solely from the M-weighting
function (i.e., their weighting functions do not contain the EQL curve component; Figure 3),
because EQL measurements have not been obtained for any pinniped species, and data are
therefore insufficient to incorporate an analogous region of higher susceptibility to noise induced
threshold shifts. While future EQL measurements in pinnipeds may provide the data necessary to
generate an EQL portion of the curve, currently, none of the available TTS datasets indicate that
pinnipeds are more susceptible to noise-induced threshold shifts within a certain portion of their
auditory range™*. NOAA has therefore adopted the methodology for deriving auditory weighting
functions for pinnipeds presented in Southall et al. (2007) and Finneran and Jenkins (2012).
Because phocids have consistently demonstrated an extended frequency range of hearing
compared to otariids, particularly at higher frequencies. NOAA has modified the upper functional
hearing range of phocid pinnipeds by extending it from 75 to 100 kHz based on data presented in
Hemilé et al. (2006) and Kastelein et al. (2009).

13 Fin and blue whales regularly vocalize in the 20-50Hz range, which may suggest a lowering the a parameter.
However, the evolution of hearing in typical ambient noise conditions would suggest lower sensitivity at these very low
frequencies as the noise floor is increased (Clark and Ellison 2004). While this has not been accounted for in the LF
cetacean curve, it suggests that these cetaceans may have evolved and increased hardiness and be less susceptible to
hearing effects from these lower, typically louder, frequencies.

14 NOAA acknowledges that compared to cetaceans, there have been far fewer TTS studies completed on pinnipeds. As
more data become available, NOAA will re-evaluate these pinniped auditory weighting functions.

10



O©OO~NO U WNEF

N
o

e Phocid

[Eny
o

e Otariid

o

KN
o

Weighting function amplitude (dB)
)
o

-30
-40
-50
'60 T T T T TTI7 T T LN | T T T T T TTTT T T LI R | T T LN |
0.001 0.01 0.1 1 10 100
Frequency (kHz)
Figure 3: Underwater pinniped auditory weighting functions.

The auditory weighting functions for pinnipeds are represented by the same equation as
cetaceans (Southall et al. 2007; Finneran and Jenkins 2012). In the case of pinniped auditory
weighting functions, the K constant is zero because the weighting function is essentially flat
through most of the auditory range (i.e., does not need to be normalized to any frequency).

NOAA has adopted this methodology for deriving auditory weighting functions for pinnipeds, but
has modified it to create separate weighting functions for phocid and otariid pinnipeds, based on
updated data, using the following parameters (Table 4):

Table 4: Pinniped auditory weighting function parameters.
Weighting
Functional Hearing Group K a (Hz) b (Hz)
Phocid pinnipeds (underwater) 0 75 100,000
Otariid pinnipeds (underwater) 0 100 40,000

2.2.3. Implementation of Marine Mammal Auditory Weighting Functions for PTS and TTS
Acoustic Threshold Levels

The implementation of marine mammal auditory weighting functions emphasizes the importance
of making measurements and characterizing sound sources in terms of biologically important
frequencies (e.g., frequencies used for environmental awareness, communication or the detection
of predators or prey), not only the frequencies of interest or concern for the completion of the
sound-producing activity (i.e., context of sound source). Marine mammal auditory weighting
functions will be used in two aspects of an impact assessment;

11
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1) After considering and evaluating all available data, establishing numerical acoustic
threshold levels for PTS and TTS onset (for SEL,, metric threshold only; the peak
pressure metric threshold is not weighted), which is NOAA's responsibility; and

2) Determining PTS and TTS onset isopleths (i.e., modeling of the area impacted
around a source) associated with an activity, which is typically completed by an
applicant/federal agency.

If the frequencies produced by a sound source are outside the range of a functional hearing
group’s best hearing sensivitiy (where the weighting function amplitude is 0), sounds must be
louder in order to produce a similar to noise-induced hearing loss (i.e., TTS or PTS onset). The
farther a sound source’s frequency is away from the range of best sensitivity, the louder it must
be. Because auditory weighting functions take a functional hearing group’s differing sensitivity to
frequencies into account, the implementation of these functions typically results in smaller
isopleths at frequencies where the group is less sensitive. These marine mammal auditory
weighting functions should be used in conjunction with corresponding PTS and TTS onset
acoustic threshold levels, derived using auditory weighting functions. If the use of auditory
weighting functions is not possible, NOAA has provided alternative, non-weighted PTS and TTS
onset acoustic threshold levels to be used (Table 7).

2.3 TTS and PTS Onset Acoustic Threshold Levels

This section provides numeric acoustic threshold levels for the onset of TTS and PTS (Tables 6a,
weighted and 7, non-weighted). Dual metrics of SEL,, and peak sound pressure level have been
recommended as most appropriate for establishing TTS and PTS onset acoustic threshold levels
for marine mammals (Southall et al. 2007).

Based on data from cetacean TTS studies (see Southall et al. 2007 for a review), a threshold shift
of 6 dB is considered the minimum threshold shift clearly larger than any day-to-day or session-
to-session variation in a subject’'s normal hearing ability (Schlundt et al. 2000; Finneran et al.
2000; Finneran et al. 2002). Available data from humans and other terrestrial mammals indicate
that a 40 dB threshold shift approximates PTS onset (see Ward et al. 1958, 1959; Ward 1960;
Kryter et al. 1966; Miller 1974; Ahroon et al. 1996; Henderson et al. 2008).

The acoustic threshold levels presented in Table 6a replace previously issued NOAA acoustic
threshold levels and are similar to those proposed elsewhere (Finneran and Jenkins 2012).
However, the acoustic threshold levels described below also take into account new TTS data
available, and follow a protocol developed by NOAA for combining multiple datasets. In addition
to providing numeric acoustic threshold levels, NOAA has provided qualitative factors (Table 6b)
that can be considered in conjunction with utilizing the numeric acoustic threshold levels. Numeric
levels consist of both an acoustic threshold level and weighting function for the SEL ., metric
(weighting functions are not appropriate for peak pressure metric; see Section 2.3.2). NOAA
recognizes that the implementation of marine mammal weighting functions represents a new and
complicating factor for consideration, which may extend beyond the capabilities of some
applicants. Thus, NOAA has developed alternative acoustic threshold levels for those who cannot
apply weighting functions (Table 7). The use of these alternative acoustic threshold levels will
typically result in a higher number of exposures compared to those that incorporate weighting
functions.

2.3.1 Cumulative Sound Exposure Level (SEL.,m) Metric

The SEL metric takes into account both source level and duration of exposure (ANSI 1994). Often
this metric is used to normalize a single sound exposure to a duration of one second. NOAA

12
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intends for the SEL metric to account for the accumulated exposure (i.e., SEL.,m cumulative
exposure over the duration of the activity ).

One assumption made when using the SEL.,, metric is the equal energy hypothesis (EEH),
where it is assumed that sounds of equal SEL, produce the equal risk for hearing loss (i.e., if
the SEL.y, 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 hold true within marine mammals due the inherent complexity of predicting
threshold shifts (Kastak et al. 2007; Mooney et al. 2009a; Mooney et al. 2009b; Finneran et al.
2010a; Finneran et al. 2010b; Finneran and Schlundt 2010). Factors like level (e.g., overall level,
sensation level, or level above background), duration, repetition rate (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 threshold shifts (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 et al. 1991; Henderson et al. 1991; Hamernik et
al. 2003), which is why acoustic threshold levels are also expressed as a peak pressure 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 expo