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Abstract

This article evaluates Southall et al. (2007) in light
of subsequent scientific findings and proposes
revised noise exposure criteria to predict the onset
of auditory effects in marine mammals. Estimated
audiograms, weighting functions, and underwater
noise exposure criteria for temporary and perma-
nent auditory effects of noise are presented for six
species groupings, including all marine mammal
species. In-air criteria are also provided for
amphibious species. Earlier marine mammal hear-
ing groupings were reviewed and modified based
on phylogenetic relationships and a comprehensive
review of studies on hearing, auditory anatomy, and
sound production. Auditory weighting functions
are derived for each group; those proposed here
are less flattened and closer to audiograms than the
Southall et al. M-weightings. As in Southall et al.,
noise sources are categorized as either impulsive
or non-impulsive, and criteria use multiple expo-
sure metrics to account for different aspects of
exposure. For continuous (non-impulsive) noise

sources, exposure criteria are given in frequency-
weighted sound exposure level (SEL, given in
units relative to 1 pPa’s or (20 pPa*)-s for water
and air, respectively). Dual exposure metrics are
provided for impulsive noise criteria, including
frequency-weighted SEL and unweighted peak
sound pressure level (SPL, given in units relative
to 1 pPa or 20 pPa for water and air, respectively).
Exposures exceeding the specified respective cri-
teria level for any exposure metric are interpreted
as resulting in predicted temporary threshold shift
(TTS) or permanent threshold shift (PTS) onset.
Scientific findings in the last decade provide sub-
stantial new insight but also underscore remaining
challenges in deriving simple, broadly applicable
quantitative exposure criteria for such diverse taxa.
These criteria should be considered with regard to
relevant caveats, recommended research, and with
the expectation of subsequent revision.
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Introduction and Overview

Scientific evaluation of how anthropogenic (human-
generated) noise influences marine mammals
extends back nearly half a century (Payne & Webb,
1971). Increasing knowledge and concern for animal
welfare have led regulators and industry to consider
what noise exposure levels from specific human
activities are likely to harm marine animals, espe-
cially the marine mammals (cetaceans, pinnipeds,
other marine carnivores, and sirenians) which are the
focus herein (e.g., National Marine Fisheries Service
[NMFS], 1995; High Energy Seismic Survey
[HESS], 1999; for a more detailed review, see
Houser et al., 2017). Scientific advisory organiza-
tions have also reviewed and evaluated the available
science in terms of its implications (and limitations)
for regulatory policies for ocean noise (e.g., National
Research Council [NRC], 1994, 2000, 2003, 2005;
International Council for the Exploration of the Sea
[ICES], 2005). These efforts stimulated substantial
scientific research and increased appreciation for the
complexity of the underlying issues that had to be
addressed to broadly predict the potential effects of
noise. Verboom & Kastelein (2005) proposed hear-
ing-weighted exposure thresholds for discomfort,
temporary threshold shift, and hearing injury for
exposure to continuous sounds for harbor seals and
harbor porpoises. However, prior to 2007 and largely
because of limited data, noise exposure criteria had
not been formulated or broadly proposed for differ-
ent types of marine mammals and different types of
anthropogenic noise sources.

In 2002, the U.S. National Marine Fisheries
Service (NMFS) Ocean Acoustics Program assem-
bled a panel of scientists to address this challeng-
ing task. They reviewed all available information
and developed methods to evaluate and quantify
noise exposure levels for different anthropo-
genic sources expected to cause (1) behavioral
responses of varying severity and (2) reductions
in auditory sensitivity changes, including both
temporary threshold shifts (TTS) and permanent
threshold shifts (PTS). This resulted in the audi-
tory exposure criteria described in Southall et al.
(2007). The purpose of the present article is to
advance and update these criteria to better predict
the risk of TTS and PTS onset from noise expo-
sure in marine mammals.

Southall et al. (2007) acknowledged the limita-
tions of their approach given the limited underly-
ing data and the need to extrapolate findings from
terrestrial to marine mammals. Their focus was
limited to marine mammals under the jurisdiction
of the NMFS, resulting in the inclusion of ceta-
ceans (whales, dolphins, and porpoises) and most
pinnipeds (seals and sea lions), but the exclusion
of walrus, polar bears, sea otters, and sirenians

(manatees and dugongs). Despite these limitations,
the initial process was an important step, providing
specific scientific recommendations to inform regu-
latory decision-making and serving as a foundation
for future criteria.

Elements of Southall et al. (2007) were derived
from approaches used to develop damage risk cri-
teria for human hearing (Kryter et al., 1966; Kerr
etal.,2017). Historically, this research on hearing
damage focused on laboratory animal species as
models for human hearing and hearing damage,
particularly for PTS studies (Clark, 1991). Prior
to Southall et al. (2007), few formal criteria had
been proposed for protecting hearing of multiple,
mixed species in any heterogeneous taxa. There
are still no comparable criteria for terrestrial wild-
life. Southall et al. recognized that small terres-
trial laboratory animals were likely poor models
for large mammals with specialized ears adapted
to a different medium. However, in the absence
of direct information, extrapolations were used to
support the development of the original criteria.

The Southall et al. (2007) noise exposure cri-
teria were presented within an analytical frame-
work that (1) categorized marine mammals into
groups based on what was known about their
hearing, (2) distinguished noise types with differ-
ing potential to affect hearing based on acoustical
characteristics, and (3) utilized multiple exposure
metrics to account for properties of sound that
were expected to have the greatest influence on
hearing. An important step in the analytical frame-
work involved weighting functions to account
for the frequency-dependent effects of noise for
different marine mammal hearing groups. Such
weightings for human hearing have a complex
history, with multiple weighting curves developed
for different applications. Weighting functions
originally were developed for efficient telephony
(see Houser et al., 2017), with later application to
models of noise-induced human annoyance (e.g.,
Schomer, 1977). Weighting procedures were also
intended to simplify operational criteria for pre-
venting noise-induced hearing loss (von Gierke,
1965). Southall et al. (2007) provided auditory
weighting functions to account for differential
auditory sensitivity of different marine mammal
hearing groups as a function of sound frequency.
Given the extremely limited data available, the
basis for deriving any auditory weightings for
any group, but especially those with little or no
direct hearing measurements, was debated exten-
sively. Eventually, Southall et al. supported the
use of deliberately broad weighting functions to
discount exposure for noise at frequencies outside
the presumed audible range, with explicit cave-
ats and research recommendations to support the
improvement of the criteria.
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Regulatory approaches prior to Southall et al.
(2007) generally failed to account for frequencies
that animals heard relatively well or poorly. The
weighting functions for a wide range of marine
mammal species explicitly derived by Southall et al.
were intended to be relatively coarse compared to the
audiogram —admitting all frequencies that an animal
could presumably hear but smoothing the transition
to frequencies it could not hear. This approach, which
used exponential functions, was based conceptually
on a human weighting filter designed for high ampli-
tude noise (human C-weighting) (Schomer, 1977;
Harris, 1998). These “M-weighting” filters were
developed for five marine mammal groups (low-,
mid-, and high-frequency cetaceans, plus pinnipeds
in water and pinnipeds in air) and allowed estima-
tion of noise exposures that accounted for differen-
tial hearing sensitivity of each marine mammal hear-
ing group to noise at different frequencies. Despite
acknowledged limitations and the coarse nature of
their design, the novel M-weighting filters became
a de facto standard in some regulatory applications
(e.g., Finneran & Jenkins, 2012; Bureau of Ocean
Energy Management [BOEM], 2016).

Similar weightings have been proposed sepa-
rately for laboratory animals (Bjork et al., 2000;
Lauer et al., 2012), but none have been system-
atically applied or standardized for any other
broad taxa of non-human animals. Various other
approaches utilizing data on hearing sensitivity to
predict frequency-specific sensitivity to noise expo-
sure were explored by different taxa of free-ranging
animals within the same time-frame, including
Delaney et al. (1999) for strigiform owls, Verboom
& Kastelein (2005) for harbor porpoises and harbor
seals, Nedwell et al. (2007) for various aquatic
species, and Terhune (2013) for harbor porpoises.
There is some support for the use of auditory thresh-
old functions for predicting behavioral responses
to sound (i.e., animals cannot react if they cannot
hear a sound); however, clear relationships between
absolute auditory sensitivity and predisposition
to hearing damage have yet to be demonstrated.
Consequently, Southall et al. (2007) chose not to
base weighting functions directly on auditory sensi-
tivity, a conclusion that was revisited here.

The panel of subject-matter experts who con-
tributed to Southall et al. (2007) was reconvened
with some modifications' to consider all relevant
available literature and update and expand the
Southall et al. (2007) exposure criteria for TTS/
PTS onset for all marine mammal species. The
intent is to provide the best scientific interpreta-
tion and application of the available information
within different marine mammal hearing groups
while acknowledging data limitations for spe-
cific topics and for some hearing groups. As in
Southall et al., the approach herein was to use

available data to reasonably predict criteria for
which effects are likely rather than necessarily
proposing the most “protective” criteria. This is
evident in the use of median values from avail-
able hearing and TTS-onset data and the use of
median values from other hearing groups to esti-
mate values for hearing groups for which no data
exist, rather than using the lowest measured onset
for any threshold or particular effect for any indi-
vidual measured to represent the hearing group or
other groups for which no such data exist. Policy
and regulatory applications depend on a host of
factors (e.g., population status, legal/regulatory
considerations, and/or individual species issues
for which differences may be justified). It is there-
fore important that for criteria to be most broadly
useful in a variety of these contexts, they aim to
quantify risk as a function of exposure at a popu-
lation level rather than simply predicting the most
severe possible consequence for any individual.
A detailed discussion of this issue and potential
implications is provided. It is acknowledged that
additional data on intra- and interspecific varia-
tion in hearing and noise effect data are needed to
more fully specify how risk varies as a function
of exposure. Herein, acoustic criteria are defined
for effects that are probable rather than possible.
Subsequent criteria should use these data to more
fully characterize risk probability as a function of
exposure (e.g., in terms of percent likelihood of a
certain effect) rather than as discrete levels above
which effects are probable. With a probabilistic
approach, managers could objectively evaluate
the associated risk they were willing to accept on
a case-by-case basis and in light of other factors.
The need for additional supporting data and more
explicit consideration of variation in hearing and
TTS data within and between species in deriving
and interpreting group-specific weighting and
noise exposure functions is discussed.

These noise criteria are the latest in a series of
previous and ongoing efforts to evaluate and pre-
dict the risk of various kinds of effects of noise on
marine mammals. The initial such assessment was
by Verboom & Kastelein (2005) for a few species
of interest. Subsequent exposure criteria have been
developed for single species (e.g., Tougaard et al.,
2015), while others have focused on a broader
number of species but primarily considered spe-
cific types of exposures (e.g., Finneran & Jenkins,
2012). The noise criteria here represent the next
step in a sequential process of evolution of the
criteria proposed by Southall et al. (2007), sub-
stantially modified with new analytical methods
by Finneran (2016), and recently adopted as U.S.
regulatory guidance by the NMFS (2016, 2018).

While the quantitative process described herein
and the resulting exposure criteria here are based
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on, and in many respects are identical to, those
derived by Finneran (2016) and adopted by the
NMES (2016, 2018), there are a number of sig-
nificant distinctions. The exposure criteria here
appear in a peer-reviewed publication and include
all marine mammal species for all noise expo-
sures, both under water and in air for amphibious
species. NMFS (2016, 2018) provides regulatory
guidance only for the subset of marine mammals
under their jurisdiction and do not include criteria
for aerial noise exposures, an important consid-
eration in many locations for which some earlier
assessments were made (Finneran & Jenkins,
2012). The exposure criteria here, while based
on the Finneran (2016) quantitative method and
consistent with the NMFS (2016, 2018) guidance
where they overlap, are thus more broadly rele-
vant, peer-reviewed, and less subject to potential
changes in national regulatory policy. The later
point was made evident in the re-evaluation and
requisite reissuance of the NMFS (2016) guidance
resulting from political pressure exerted in the
form of a federal executive order (NMFS, 2018).

Further, the criteria here include a comprehensive
review of all available data on direct measures of
hearing, auditory anatomy, and emitted sound char-
acteristics for all marine mammal species. Variation
at many levels, by individual, age/sex class, health
status, life history strategy, local area, population,
species, and taxon (genus, family, etc.) is fully
expected and should be directly incorporated when
sufficient data are available. These data are used to
evaluate and, in some cases, modify and expand
the hearing group characterizations more subjec-
tively derived by Finneran (2016) from the original
Southall et al. (2007) groups. Six marine mammal
hearing groups, two of which have different crite-
ria depending upon the medium, are proposed here:
three cetacean groups, phocid pinnipeds (true seals),
other marine carnivores (comprising otariid pin-
nipeds, walruses, polar bears, and sea otters), and
sirenians (manatees and dugongs) (as in Finneran,
2016). Two additional cetacean groups are iden-
tified for which some evidence exists to warrant
additional division, with specific recommendations
given for research for further evaluation. This is
consistent with the approach taken by Southall et al.
(2007) with regard to the proposed future segrega-
tion of phocid and otariid pinnipeds, which was later
adopted. It should be noted that this results in some
proposed differences in the terminology of hearing
groups relative to those used in Finneran (2016) and
NMES (2016, 2018). These proposed differences
in nomenclature may be confusing, but we believe
they are justified (see the “Marine Mammal Hearing
Groups and Estimated Group Audiograms” section
and Appendices 1-6) and will support future criteria
as new information emerges.

Southall et al. (2007) defined sound sources as
“pulses” or “non-pulses” based on their character-
istics at the source using a simple, measurement-
based approach proposed by Harris (1998). As a
simplifying measure, impulsive noise types (e.g.,
pile driving and seismic airguns) were distin-
guished based on their characteristics at the source
without regard for well-known propagation effects
that might change their appropriate characteriza-
tion to non-impulsive at greater ranges. Here, we
retain the same source categorization for impul-
sive and non-impulsive sources (as in Table 1,
Southall et al., 2007) but note that the respective
exposure criteria (impulsive or non-impulsive)
should be applied based on signal features likely
to be received by animals rather than by signal
features at the sound source. Specific methods by
which to estimate the transition from impulsive
noise to non-impulsive noise are being developed
in a parallel effort by some of the authors here and
by other members of this panel.

The same dual exposure metrics used by
Southall et al. (2007, Appendix A) are used
here for impulsive noise criteria: (1) frequency-
weighted sound exposure level (SEL), defined
here as ten times the logarithm to the base ten of
the ratio of the time integral of the square of the
instantaneous frequency-weighted sound pressure
to the reference value of 1 pPa’s or (20 pPa*)-s
for water and air, respectively, and (2) unweighted
peak sound pressure level (hereafter peak SPL),
defined as 20 times the logarithm to the base ten
of the ratio of the maximum absolute value of the
instantaneous unweighted sound pressure to the
reference value of 1 uPa or 20 uPa for water and
air, respectively. These two metrics are applied
under the condition that exceeding either thresh-
old by the specified level is sufficient to result
in the predicted TTS or PTS onset. The different
exposure metrics are required to account for dif-
ferent aspects of exposure level and duration: SEL.
is a measure of sound energy of exposure accu-
mulated over time and over multiple exposures,
whereas SPL is a measure of absolute maximum
exposure. For impulsive exposures, both crite-
ria are defined for all marine mammal groups.
However, for non-impulsive exposures, only
frequency-weighted SEL criteria are given here,
replacing the dual exposure metric approach pro-
posed by Southall et al. (2007). Given the typi-
cally much longer duration of most common non-
impulsive noises (e.g., vessel noise and dredging)
relative to any embedded transient components
and given the very high peak SPL values required
to induce TTS/PTS, there are virtually no sce-
narios for which the SEL criterion would not be
met prior to an exposure exceeding what would
be the associated dual-metric peak SPL criteria
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(which are thus not given). The assumption here
is that SEL values will be calculated over the
entire duration of a discrete noise exposure and/
or will be cumulative over multiple repeated noise
exposures that occur in sufficiently rapid succes-
sion. While a 24-h intermittency period has pre-
viously been proposed to “reset” the SEL accu-
mulation (Southall et al., 2007) as a precautionary
approach, limited subsequent data (see Finneran,
2015) suggest that in some instances a shorter
interval would be more appropriate in terms of
considering multiple exposures as discrete events
rather than continuing to accumulate noise energy.
This is an important area of needed research dis-
cussed later in greater detail.

Human occupational damage risk criteria for
hearing loss, in addition to considering discrete
noise exposures, are designed to provide sufficient
protection for hearing over decades to working
lifetimes, assuming that the majority of potentially
damaging exposure is likely to be experienced in
the workplace, with time for recovery in relative
silence between shifts (Baughn, 1973; American
Academy of Audiology, 2003; Daniell et al., 2003;
Kerr et al., 2017). There is clearly a similar need
for distinct and different marine mammal expo-
sure criteria that consider potential long-term hear-
ing loss produced by cumulative exposure over
years, decades, or lifetimes. Despite this, the cri-
teria presented herein remain limited to identifi-
able noise exposure events on much shorter time
scales. Unfortunately, the available data for marine
mammals are inadequate to predict long-term
noise-induced hearing loss (NIHL) from cumula-
tive exposure, and there are no measurements of
cumulative received exposures available over the
required time-scales for individuals and popula-
tions. Criteria for long-term noise exposure will
require data on hearing effects of longer-term
exposures and on the durations of quiet required to
recover from these effects (e.g., Ward et al., 1976).

The derivation of hearing group-specific weight-
ing functions and TTS/PTS onset involves five
general processes, each with a number of basic
steps, assumptions, and, in many cases, requisite
extrapolations. These processes are as follows:

1. Identify marine mammal hearing groups
using available data on hearing, auditory
anatomy, and sound production.

2. Estimate hearing parameters for each species
grouping and estimate group audiograms.

3. Derive group-specific auditory weighting and
noise exposure functions using generic band-
pass filter equations and group-specific hear-
ing and TTS data.

4. Calculate group-specific TTS onset using
either exposure functions (SEL) or extrapola-
tion methods from TTS-onset measurements
(SPL).

5. Calculate group-specific PTS onset (both
SEL and SPL) using estimates of TTS growth
rates.

Following a synthesis of recent scientific data on
hearing and the effects of noise that are collectively
relevant to this process (see next section), the first
two processes are described in the “Marine Mammal
Hearing Groups and Estimated Group Audiograms”
section. The derivation of auditory weighting and
exposure functions and the calculation of asso-
ciated TTS- and PTS-onset levels are described
in the “Marine Mammal Auditory Weighting
and TTS Exposure Functions” section.

Finally, key research requirements to improve
quantitative methods for evaluating the auditory
effects of noise on marine mammals are identified
and discussed in the “Research Recommendations”
section.

Recent Progress in Understanding
Marine Mammal Hearing and the
Effects of Noise on Hearing

Substantial progress has been made in quantifying
marine mammal hearing and the effects of noise on
hearing for a range of taxa since the review provided
by Southall et al. (2007). Recent reviews of TTS
(Finneran, 2015) and auditory masking (Erbe et al.,
2016) in marine mammals summarize the current
state of knowledge in these fields. Herein, we con-
sider recent scientific data, organized as it relates to
specific sections of the proposed exposure criteria,
including absolute hearing capabilities, auditory
weighting functions, and the fatiguing effects of
noise. (Note: Common names are used within the
main text, and taxonomic references for all species
are provided within corresponding appendices.)

New Research on Marine Mammal Absolute
Hearing Capabilities

Numerous studies have been published in the past
decade on absolute (unmasked) hearing capabili-
ties in various marine mammals, both in water and
in air (primarily for pinnipeds). These data are
reviewed here, with particular emphasis on previ-
ously untested species and increased sample sizes
within species.

There are still no direct measurements of under-
water hearing available for any mysticete, and such
measurements are unlikely to be obtained in the
near future. Anatomical data and modeling can be
used to estimate audible ranges and frequencies of
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best hearing but cannot be used to estimate hear-
ing sensitivity or generate empirical audiograms.
Anatomical advances relevant to evaluating baleen
whale hearing include suggested hearing ranges for
right,bowhead, and humpback whales based on his-
tology and computerized tomography (CT) of inner
ears (Ketten, 1994; Parks et al., 2007b; Mountain
et al., 2008; Tubelli et al., 2012a); identification of
potential fatty sound conduction pathways to the
inner ear in minke whales (Yamato et al., 2012);
estimated hearing ranges and best hearing fre-
quencies from CT scanning and histology-based
finite element modeling (FEM) for minke whales
(Tubelli et al., 2012b); and estimated hearing pro-
files using FEM modeling from CT scans of fin
whales (Cranford & Krysl, 2015).

Several recent studies provide direct informa-
tion to describe underwater hearing in odontocete
cetaceans. These include audiograms for the bot-
tlenose dolphin (Popov et al., 2007), white-beaked
dolphin (Nachtigall et al., 2008), Indo-Pacific
humpback dolphin (Li et al., 2012), beluga whale
(Finneran et al., 2009; Castellote et al., 2014;
Popov et al., 2015), killer whale (Branstetter
et al., 2017), short-finned pilot whale (Schlundt
etal.,2011), long-finned pilot whale (Pacini et al.,
2010), Gervais’ beaked whale (Cook et al., 2006;
Finneran et al., 2009), and Blainville’s beaked
whale (Pacini et al., 2011). New audiometric data
are also available for two high-frequency special-
ists: (1) the harbor porpoise and (2) finless por-
poise (Popov et al., 2006, 2011; Kastelein et al.,
2010, 2012a, 2015a).

The phenomenon of auditory gain control has
been discovered in several cetaceans. Auditory gain
control during echolocation has been demonstrated
for the false killer whale (Nachtigall & Supin, 2008),
bottlenose dolphin (Mooney et al.,2011), and harbor
porpoise (Linneschmidt et al., 2012). Changes in
hearing thresholds following conditioning with an
auditory cue warning of the impending arrival of
loud sounds have also been measured in the false
killer whale (Nachtigall & Supin, 2013), the bottle-
nose dolphin (Nachtigall & Supin, 2014, 2015),
the beluga whale (Nachtigall et al., 2016a), and the
harbor porpoise (Nachtigall et al., 2016b). These
studies reveal an apparent level of plasticity in hear-
ing sensitivity, which presumably provides a tem-
porary reduction in susceptibility to noise exposure.
Evidence of auditory gain control, while intriguing,
remains challenging to integrate into noise exposure
criteria. Whether the ability to adjust hearing sen-
sitivity affords “protection” to odontocetes exposed
to noise in contexts where it may be predictable is
unknown. However, these results support the obser-
vation that four different echolocating species found
in widely divergent environments have additional
adaptive and protective mechanisms to tolerate noise

exposure (see Nachtigall et al., 2018). This suggests
that they may be able to learn to change their hearing
sensation levels when warned that loud sounds are
about to occur. This could render the exposure crite-
ria presented herein somewhat conservative in such
scenarios, although additional research is needed to
further evaluate this.

Recent studies provide new hearing data for
phocid pinnipeds, with complete underwater
and in-air audiograms published for harbor seals
(Kastelein et al., 2009; Reichmuth et al., 2013),
spotted seals (Sills et al., 2014), and ringed seals
(Sillsetal.,2015). New hearing data are also avail-
able for otariid pinnipeds, with in-air measure-
ments for Steller sea lions (Mulsow & Reichmuth,
2010) and underwater and in-air audiograms for
California sea lions (Mulsow et al., 2011, 2012;
Reichmuth & Southall, 2012; Reichmuth et al.,
2013). Reichmuth et al. (2013) reviewed amphibi-
ous hearing abilities in phocid and otariid pinni-
peds. Audiometric data for other marine mammal
groups not included in the original criteria are
also now available for some marine carnivores,
including sea otters (Ghoul & Reichmuth, 2014)
and polar bears (Nachtigall et al., 2007; Owen &
Bowles, 2011), as well as sirenians, including the
West Indian manatee (Gerstein et al., 1999; Mann
et al., 2005; Gaspard et al., 2012) and Amazonian
manatee (Klishin et al., 1990).

These studies augment earlier research consid-
ered by Southall et al. (2007). Increasing knowl-
edge of marine mammal hearing abilities informs
the designation of marine mammal hearing groups
(see “Marine Mammal Hearing Groups” section).
Further, some of the new hearing data contrib-
ute to the audiograms estimated for each hearing
group (see “Marine Mammal Auditory Weighting
and TTS Exposure Functions” section). All avail-
able marine mammal hearing data, as well as
data on anatomy and sound production relevant
for evaluating audible range, are discussed in
the “Marine Mammal Hearing Groups” section,
with a description of the evaluation methods and
assumptions used in the detailed syntheses pro-
vided in the Appendices.

Recent Studies Relevant to Auditory Weighting
Functions

Largely in response to the need to improve upon
the marine mammal auditory weighting functions
derived by Southall et al. (2007), a number of subse-
quent studies have evaluated frequency-dependent
aspects of hearing, with the goal of informing deri-
vation of weighting functions. Weighting functions
for humans have been derived from idealized ver-
sions of equal loudness functions, which describe
perception of relative sound amplitude across the
frequency range of human hearing (Fletcher &
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Munson, 1933; Yost, 2000; Houser et al., 2017).
To obtain these functions, experimental subjects
are asked to compare sounds of various frequencies
and levels to a sound of known level at a reference
frequency. The resulting family of curves defines
human loudness perception. Direct measurements
of equal loudness in marine mammals are limited to
a single study of equal loudness in bottlenose dol-
phins (Finneran & Schlundt, 2011) that parallels the
methods used to derive auditory weighting functions
in humans.

Equal latency functions (describing the latency
of response to a stimulus across a range of frequen-
cies) correlate well with loudness in humans and
have been proposed as a method for estimating
equal loudness functions in laboratory animals.
Within marine mammals, reaction times to supra-
threshold tones have been measured in bottle-
nose dolphins, harbor porpoises, and pinnipeds
(Reichmuth et al., 2013; Wensveen et al., 2014,
Mulsow et al., 2015). Finally, studies of frequency-
specific temporal integration also provide insight
into the derivation of weighting functions given
their relationship to equal latency, direct measure-
ments of which are used to evaluate relative differ-
ences in perception relevant to weighting functions.
Recent studies have quantified these parameters in
harbor porpoises (Kastelein et al., 2010) and sev-
eral pinniped species (Holt et al., 2012).

Recent Marine Mammal TTS Data

One of the most active areas of research on the
effects of noise on marine mammal hearing has
been TTS studies using non-impulsive noise
as reviewed by Finneran (2015). Many of these
studies address data needs articulated by Southall
et al. (2007) regarding TTS-onset, growth, and
frequency-specific differences in these param-
eters. Recent TTS studies have included six of
the eight marine mammal groups to be identified
herein, with studies both under water and in air
for the amphibious marine carnivores. No studies
have been conducted to date on any aspect of TTS
in mysticetes or sirenians.

Extensive research on TTS from non-impulsive
noise exposure has been conducted on several
odontocete cetacean species since Southall et al.
(2007), including the bottlenose dolphin (Mooney
et al., 2009; Finneran et al., 2010; Finneran &
Schlundt, 2010,2013), beluga whale (Popov et al.,
2014), harbor porpoise (Kastelein et al., 2011,
2012b, 2013a, 2013b, 2014a, 2014b, 2015b), and
finless porpoise (Popov et al., 2011). Recent TTS
studies in pinnipeds have also been conducted
using non-impulsive noise (Kastak et al., 2007;
Kastelein et al., 2012c, 2013a).

A few TTS studies have also been conducted in
marine mammals using impulsive noise sources.

These studies are more limited than those using
non-impulsive sources, in part because of meth-
odological challenges in generating these signals
within laboratory settings in ways that approxi-
mate their characteristics as experienced by ani-
mals in the field. However, progress in this area
addresses a major knowledge gap from Southall
et al. (2007). New studies include those on the
bottlenose dolphin (Finneran et al., 2015), harbor
porpoise (Lucke et al., 2009; Kastelein, 2013;
Kastelein et al., 2015a), and several pinniped spe-
cies (Reichmuth et al., 2016) exposed to seismic
pulses or impulsive pile-driving noise.

Recent Studies of Auditory Masking in

Marine Mammals

As discussed above, the exposure criteria devel-
oped here focus on the residual effects of noise
exposure (TTS/PTS) rather than simultaneous
interference from noise, including auditory mask-
ing. Exposure criteria for identifying masking
analogous to standards for preventing speech
interference in humans (e.g., Kryter, 1994) are
clearly relevant to broader anthropogenic noise
issues for marine mammals. While issues related
to masking are not considered in depth here, suf-
ficient progress has been made that explicit mask-
ing criteria within specific contexts may soon be
possible (see Erbe et al., 2016). Recent empirical
studies have considered masking in a wide range
of marine mammal species (Lemonds et al., 2011,
2012; Branstetter et al., 2013), including harbor
porpoises (Kastelein & Wensveen, 2008), mana-
tees (Gaspard et al., 2012), spotted and ringed
seals (Sills et al., 2014, 2015), California sea lions
(Cunningham et al., 2014), and sea otters (Ghoul
& Reichmuth, 2014).

Marine Mammal Hearing Groups and
Estimated Group Audiograms

Marine Mammal Hearing Groups
Numerous authors have recognized that dif-
ferences in frequency-specific hearing sensitivity
among different animals influence how they are
affected by noise exposure. Southall et al. (2007)
proposed relatively broad marine mammal hearing
groups, each containing many species that still had
some expected differences among them, based on
what was known or inferred about these differences.
Within these groupings, procedures were developed
to derive applicable group-specific weighting func-
tions and to more narrowly predict the effects of
noise exposure. This was intended to account for bio-
logical differences in frequency sensitivity that had
previously been ignored in regulatory applications.
Southall et al. (2007) defined five groups
of marine mammals, based on phylogenetic



132 Southall et al.

relationships and a combination of auditory, phys-
iological, and behavioral characteristics (where
known). These groups included three subdivisions
of the cetaceans (mysticete whales, dolphins, and
porpoises) corresponding to typical frequency
ranges of known or estimated hearing sensitiv-
ity and sound production parameters, as well as
common auditory anatomical features: low-fre-
quency cetaceans (baleen whales), mid-frequency
cetaceans (including most odontocetes), and
high-frequency cetaceans (including a subset of
odontocetes specialized for high frequencies).
Seals and sea lions (pinnipeds) comprised the
other hearing group with their amphibious nature
resulting in functional hearing groups for pinni-
peds in water and pinnipeds in air.

These initial groupings accounted for gross fre-
quency-specific differences in hearing, but it was
clear from the outset that subsequent modifica-
tions were necessary and inevitable. For instance,
Southall et al. (2007) suggested that additional
hearing groups would likely be justified in future
noise exposure criteria (e.g., separation of phocid
and otariid pinnipeds) as additional information on
both hearing capabilities and the effects of noise
on hearing became available. Southall et al. also
focused on species regulated by the NMFS, which
excluded a number of species, including sirenians
(manatees and dugongs), walrus, sea otters, and
polar bears. Furthermore, the inability to account
for what were expected to be numerous sources
of inter- and intraspecific variation within hear-
ing groups was identified as clearly important but
lacking a sufficient empirical basis. The absence of
data in many related areas to address these issues
was acknowledged by Southall et al., along with a
strategic research plan to improve future criteria.

A revised set of marine mammal hearing groups
and associated frequency-weighting functions were
proposed by Finneran (2016) for U.S. Navy regu-
latory compliance processes. This approach was
subsequently used in a U.S. regulatory policy guid-
ance document (NMFS, 2016, 2018) for evaluat-
ing the potential effects of underwater noise expo-
sure for marine mammal species specifically under
their jurisdiction. Similar marine mammal hearing
groups are identified here, with several notable
distinctions. While cetaceans retain their three-part
grouping, phocid seals and all other marine car-
nivores are now considered separately in terms of
both underwater and aerial hearing, as these species
are amphibious (in-air criteria were not proposed
by NMFS, 2016, 2018). Furthermore, a modified
nomenclature for marine mammal hearing groups
is proposed, accounting for further divisions identi-
fied within the mysticete and odontocete cetaceans
(discussed below). While we argue that there is
evidence to support further segregation of marine

mammal groupings, at present, there are insufficient
data to explicitly develop distinct exposure criteria
because of the absence of TTS/PTS-onset data with
which to do so. Southall et al. (2007) faced a similar
problem with regard to the phocid and otariid pinni-
peds, which were originally grouped together despite
some evidence supporting their segregation. Herein,
a similar approach is taken. The basis for further seg-
regation is identified, and additional research needs
to inform these assessments as further distinctions
are presented.

Tore-evaluate the segregation of marine mammal
species into appropriate hearing groups, published
literature describing audiometry, auditory anatomy,
and sound production were reviewed and evaluated
for all marine mammal species (Appendices 1-6).
Audiometric data included measurements of hear-
ing sensitivity across species-typical frequency
ranges obtained using behavioral (psychophysical)
methods and measurements of hearing sensitivity
(primarily over mid- and high-frequency hearing
ranges) obtained using neurophysiological meth-
ods. Auditory anatomy was considered with respect
to basic ear types defined by sound conduction
mechanisms and morphology of middle and inner
ear structures, as well as by cochlear type where
possible. Additionally, quantitative predictions of
low- and/or high-frequency hearing limits derived
from auditory models were evaluated.

Several characteristics of sound production were
also considered for each marine mammal species.
Frequency information regarding social sound
emissions was summarized for all species where
data were available. Further, for odontocete ceta-
cean species that echolocate, frequency content
of known or suspected echolocation clicks was
described. In addition, the types of clicks produced
while searching for prey (based on Fenton et al.,
2014) were also considered in relation to hearing
group distinctions. The logic, methods, and source
data for species categorized into hearing groups are
detailed within each appendix (each corresponding
to the hearing groups described below, with aerial
and underwater characteristics for the amphibious
marine carnivores appearing in combined appendi-
ces). In addition to validating the species groupings
presented here, these appendices enable identifica-
tion of species for which few or no data are avail-
able, or for which available data are in conflict. In
these cases, groupings are based on extrapolation to
the most closely phylogenetically related species.

It is important to note that while many types of
studies provide insight into possible hearing char-
acteristics, only behavioral (psychophysical) audi-
ometry provides direct measurements of hearing
that include the entire auditory perceptual system.
Further, unlike neurophysiological methods, behav-
ioral audiometry can be effectively used to measure
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hearing at low frequencies (subject to availabil-
ity of a suitably large enclosure) and, thus, can
describe the complete shape of hearing sensitivity
curves. These studies are inherently costly, limited
to few individuals, and constrained to species that
can reasonably be studied in long-term captivity.
Such data are therefore available for only 15% of
marine mammal species but have high value to the
development of frequency-specific weighting func-
tions. Consequently, behavioral audiometric data for
marine mammals have been vetted to ensure that
only data from healthy individuals with apparently
normal hearing are used to develop weighting func-
tions. Such data are exclusively applied in the deriva-
tion of estimated group audiograms (see “Estimated
Group Audiograms for Marine Mammals” sec-
tion). Neurophysiological measurements of auditory
evoked potentials (AEPs), obtained from recording
electrodes, are reported for all marine mammal stud-
ies that present frequency-specific response thresh-
olds (typically obtained with narrow-band clicks or
sinusoidally amplitude-modulated stimuli). These
data are limited in the frequencies that can be tested
and are not always similar to behavioral hearing
thresholds that involve the complete hearing process
through to perception. For marine mammal species
tested thus far, AEPs do not adequately describe the
lowest-frequency portion of their hearing. However,
they do provide reliable estimates of high-frequency
hearing limits and, thus, inform understanding of the
hearing range, which varies by hearing group.
Anatomical data provide useful information
about similarities and differences in auditory struc-
tures among marine mammal species. A complete
review of marine mammal auditory anatomy is
beyond the scope of this article. Herein, the defin-
ing features of the auditory pathway are consid-
ered, including the basic type of mammalian ear
exhibited by each species (see Fleischer, 1978;
expanded by Nummela, 2008) and descriptions
of cochlear types (e.g., Ketten & Wartzok, 1990;
Ketten, 1992; Manoussaki et al., 2008). These data
provide a basis for rough groupings of species in
the absence of any audiometric information. In
addition, quantitative estimates of low- and high-
frequency hearing limits derived from anatomical
models have been included for which these data are
available and are tied to the type of models used
to generate the information. Additional details
regarding anatomical modeling methods applied
to different hearing groups are provided within
each respective appendix. At present, auditory
models applied to marine mammals include those
based on cochlear spiral radii ratios (Manoussaki
et al., 2008; Ketten & Mountain, 2014; Racicot
et al., 2016), basilar membrane thickness-to-width
ratios (e.g., Ketten, 2000; Parks et al., 2007b),
basilar membrane frequency place maps (Ketten,

1994; Ketten & Mountain, 2014), finite element
models of sound pressure passing through the head
to the bony structures encasing the ear (Cranford
& Krysl, 2015), and sound pressure transductions
and transfers through the structures of the middle
ear (Tubelli et al 2012a, 2012b). Additionally,
measures of middle ear stiffness provide informa-
tion that supports models of middle-ear transfer
functions, providing relative information on fre-
quencies associated with best sensitivities (e.g.,
Miller et al., 2006; Zosuls et al., 2012). All audi-
tory models seek to describe how sound stimulates
portions of the auditory pathway and how these
structures transform acoustic energy into mechani-
cal and thence neural stimuli. These models have
inherent constraints and limitations—no one ana-
tomical model provides complete audiometric data
because the final percept that is “hearing” requires
a series of coupled elements. Therefore, readers
are strongly advised to consider the hearing limits
predicted by various auditory models in the context
of how many of the multiple, specific components
are modeled and their role as well as the methodol-
ogy employed. In many cases, models using simi-
lar approaches and common, defined anatomical
elements with realistic stimuli that do not grossly
exceed normal conditions will provide the most
reliable insight into probable hearing and hearing
differences across species.

Information concerning the sounds produced
by different species has been used to make basic
inferences about auditory sensitivity. This approach
should be used with caution, in part because the
hearing abilities of animals have likely not evolved
exclusively to support communication (e.g., Fay &
Popper, 2012), and peak hearing sensitivity gen-
erally does not necessarily correspond directly to
predominant frequencies present in species-typical
vocalizations (e.g., Ladich & Yan, 1998; Pytte
et al., 2004; Arch & Narins, 2008; Velez et al.,
2015). However, it is likely that most animals are
able to hear social sounds produced by conspecifics
in at least part of the frequency range occupied by
the dominant energy in their sounds. Echolocating
species tend to show enhanced hearing sensitiv-
ity in frequency regions associated with centroid
or peak spectra of their echolocation clicks (e.g.,
Wartzok & Ketten, 1999; Ketten, 2000; Surlykke &
Nachtigall, 2014). The Appendices include the fre-
quency ranges of reported frequencies for sounds
used for communication by marine mammals. The
Appendices also separate information about the
frequency content of echolocation clicks produced
by odontocete species. Because these signals tend
to be broadband, centroid or peak frequency data
(rather than overall frequency range) are reported
where possible. While it is acknowledged that these
may be imperfect predictors, information about the
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frequency content of sound emissions can provide
at least some indirect information regarding the
range of hearing for a given species, and similari-
ties in sound emissions in related species can be
used to hypothesize similarities in hearing abilities.

A distinguishing acoustic feature of odontocete
species is the type of click they emit when searching
for prey. We have followed the convention estab-
lished by Fenton et al. (2014) by describing these
clicks as multiple pulse (MP), frequency-modu-
lated (FM), broadband high frequency (BBHF), or
narrow-band high frequency (NBHF). Among the
odontocetes, the NBHF click type has been particu-
larly useful in parsing a number of high-frequency
specialized species from other odontocetes as it is
only present within species in this group. Further,
the presence of FM click types in a number of
odontocete species provide one line of evidence
for a potential future split beyond that presently
proposed. Given these considerations and taking
into account all available information regarding
audiometry, anatomy, and sound production char-
acteristics —with particular emphasis on frequency
ranges of hearing—eight discrete hearing groups
are identified, including (1) LF cetaceans, (2) HF
cetaceans, (3) VHF cetaceans, (4) sirenians (SI),
(5) phocid carnivores in water (PCW), (6) phocid
carnivores in air (PCA), (7) other marine carnivores
in water (OCW), and (8) other marine carnivores in
air (OCA) (Table 1).

There are several new distinctions in group
nomenclature compared to those in some earlier
criteria used by Southall et al. (2007), Finneran
(2016), and NMFS (2016, 2018). The use of car-
nivores as opposed to pinnipeds reflects the inclu-
sion of several non-pinniped marine mammal taxa.
The distinction between HF and VHF cetacean
groups (as opposed to mid- and high-frequency)
reflects the regions of best hearing sensitivities
within these groups, often including frequencies
approaching or exceeding 100 kHz; these fre-
quencies would be more appropriately described
within marine bioacoustics as high to very high.
Further, as discussed in more detail below, a
number of anatomical and sound production prop-
erties suggest a potential distinction of very low-
(VLF) and LF cetaceans among mysticetes. Some
evidence also suggests a potential segregation of
mid-frequency (MF) and HF cetaceans in addi-
tion to the distinction of HF and VHF cetaceans.
Subsequent noise exposure criteria may consider
deriving explicit auditory weighting functions for
these additional groups. If supported by future
research, this would be analogous to our pres-
ent use of multiple weighting functions among
marine carnivores rather than the single weighting
function used for all pinnipeds in Southall et al.
(2007).

Low-Frequency (LF) Cetacean Hearing Group
The LF cetacean group contains all of the mysticetes
(see Appendix 1 for more details on issues discussed
below). The absence of direct hearing data for this
taxon continues to warrant substantial caution in
attempting to predict their hearing capabilities and
any potential susceptibility of their hearing to noise
exposure. Audible frequency ranges estimated for
baleen whales from vocalization frequencies and
anatomical modeling, limited anecdotal observa-
tions of spontaneous responses to tonal signals in
free-ranging animals, as well as the phylogenetic
distinctions from odontocete cetaceans support the
general designation of the mysticetes as a discrete,
LF-oriented hearing group. The pinna is absent (as
for all cetaceans); the external auditory canal is thin
and partially occluded; a distinct conical wax plug
is present on the lateral side of the tubular, everted
tympanic membrane; and the auditory pathway may
involve specialized fats (Yamato et al., 2012). The
mammalian middle ear for all LF cetacean species
is the mysticete type (Nummela, 2008), which is
characterized by tympanic and enlarged periotic
bones that are fused anteriorly and posteriorly, as
well as massive ossicles that are loosely articulated
and a voluminous, hyper-inflated middle ear cavity
(Ketten, 1992). For mysticete species that have been
evaluated, the cochlea is distinct in that the basilar
membrane is exceptionally broad at the apical end.
This cochlea has been termed type M (mysticete),
although more recent data argue for probable sub-
divisions within this group that need to be further
explored (Ketten, 1992; Ketten et al., 2016).
Within this group, several lines of evidence
suggest that some whales may be more sensitive
to very low frequencies (see Ketten, 1992, 2000;
Edds-Walton, 1997) and, therefore, may form a
distinct category. The relatively larger mass of
blue, fin, bowhead, and right whales compared to
other baleen whales, and the VLF components of
most of their vocalizations, combined with ana-
tomical characteristics including relatively larger
basilar membranes and larger cochlear radii ratios
(Ketten et al., 2016), suggest that some of these
species may be specialized for the use of very
low frequencies. Thus, these species may be dis-
tinguished from other species such as minke and
humpback whales, which more commonly use
higher sound frequencies in species-typical vocal
communication. However, as noted above, many
mammalian species possess best hearing above
the lower end of their vocalization frequency
range. Recent anatomical modeling of auditory
structures in some mysticete species is generally
consistent with the expectation of hearing sensi-
tivity exceeding vocal range (Tubelli et al., 2012a;
Cranford & Krysl, 2015) as is anatomical model-
ing of cochlear radii ratios conducted by Ketten &
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Table 1. Proposed marine mammal hearing groups, applicable auditory weighting functions, genera or species within each
proposed group, and the associated appendix within which available data on hearing, auditory anatomy, and sound production

are reviewed

Auditory Group-
Marine mammal | weighting specific
hearing group function Genera (or species) included appendix
Low-frequency LF Balaenidae (Balaena, Eubalaenidae spp.); Balaenopteridae (Balaenoptera
cetaceans physalus, B. musculus)
Balaenopteridae (Balaenoptera acutorostrata, B. bonaerensis, B. borealis, 1
B. edeni, B. omurai; Megaptera novaeangliae); Neobalenidae (Caperea);
Eschrichtiidae (Eschrichtius)
High-frequency HF Physeteridae (Physeter); Ziphiidae (Berardius spp., Hyperoodon spp.,
cetaceans Indopacetus, Mesoplodon spp., Tasmacetus, Ziphius); Delphinidae (Orcinus)
Delphinidae (Delphinus, Feresa, Globicephala spp., Grampus,
Lagenodelphis, Lagenorhynchus acutus, L. albirostris, L. obliquidens, 2
L. obscurus, Lissodelphis spp., Orcaella spp., Peponocephala, Pseudorca,
Sotalia spp., Sousa spp., Stenella spp., Steno, Tursiops spp.); Montodontidae
(Delphinapterus, Monodon); Plantanistidae (Plantanista)
Very high- VHF Delphinidae (Cephalorhynchus spp.; Lagenorhynchus cruciger, L. austrailis);
frequency Phocoenidae (Neophocaena spp., Phocoena spp., Phocoenoides); Iniidae 3
cetaceans (Inia); Kogiidae (Kogia); Lipotidae (Lipotes); Pontoporiidae (Pontoporia)
Sirenians SI Trichechidae (Trichechus spp.); Dugongidae (Dugong) 4
Phocid carnivores
in water PCW Phocidae (Cystophora, Erignathus, Halichoerus, Histriophoca, Hydrurga,
) ) Leptonychotes, Lobodon, Mirounga spp., Monachus, Neomonachus, 5
Phocid carnivores PCA | Ommatophoca, Pagophilus, Phoca spp., Pusa spp.)
in air
Other marine
carnivores in water] OCW | Odobenidae (Odobenus); Otariidae (Arctocephalus spp., Callorhinus,
) Eumetopias, Neophoca, Otaria, Phocarctos, Zalophus spp.); Ursidae (Ursus 6
Other marine OCA maritimus); Mustelidae (Enhydra, Lontra feline)
carnivores in air

Mountain (2014) and discussed further by Ketten
etal. (2016). At present, there is insufficient direct
information—notably, no direct measurements
of hearing sensitivity or TTS for any species—to
make an explicit distinction between VLF and LF
cetaceans or to propose separate auditory weight-
ing functions and TTS/PTS onset. It is unlikely
that such direct hearing measurements will be
obtained in the near future given the substantial
logistical challenges of working with these spe-
cies, which include the largest animals on Earth.
While neurophysiological, AEP methods are
a possible alternative that has been considered,
they will be challenging to use for several rea-
sons, including the large body size of animals
and the expected limitations at low frequen-
cies. Thus, despite acknowledging differences
among the mysticetes and possible differences in
susceptibility to VLF sounds, these species are
assigned a single common weighting function
(LF cetaceans). However, subsequent research
on comparative auditory anatomy integrating

knowledge of other LF species (e.g., Ketten
et al., 2016) and controlled measurements of
behavioral responses to sound in free-ranging
animals to evaluate certain aspects of hearing,
such as frequency ranges of detection, should be
promoted and could guide future noise exposure
criteria regarding the potential VLF/LF divisions
suggested for consideration here.

High-Frequency (HF) Cetacean Hearing Group

The HF cetacean group contains most delphinid
species (e.g., bottlenose dolphin, common dol-
phin, and pilot whale), beaked whales, sperm
whales, and killer whales (see Appendix 2).
Hearing sensitivity has been directly measured for
approximately one-third of the species within this
group using either behavioral audiometry or neu-
rophysiological, AEP measurements. Given best
hearing sensitivity at frequencies of several tens
of kHz or higher for many of the species in this
hearing group, they are described as HF species
here; it should be noted that this represents most
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of the same species identified as MF cetaceans by
Southall et al. (2007), Finneran (2016), NMFS
(2016, 2018), and Houser et al. (2017).

All odontocetes lack pinnae and a functional
auditory meatus and, instead, use a unique audi-
tory pathway of acoustic fats aligned with the
lower jaw to direct sound to the ears (Wartzok
& Ketten, 1999). Two middle ear types are pres-
ent within the HF cetaceans (Fleischer, 1978;
Nummela, 2008). The odontocete ear type is pres-
ent in most species (and all delphinids) studied
to date and is designed to acoustically isolate ear
structures from the rest of the skull. The physe-
teroid ear type is present within Physeteridae
and Ziphiidae families in the HF group, as well
as Kogiidae within the VHF cetaceans (below);
this ear type features a tightly fused tympanic and
periotic bone and several distinct cochlear charac-
teristics (see Wartzok & Ketten, 1999).

Predictions of hearing frequency ranges
derived from anatomical modeling are available
currently for relatively few species (notably the
harbor porpoise and bottlenose dolphin). Sound
production (including both social and echolocation
signals) is complex, diverse, and generally well-
described across most HF cetacean species (for
a detailed review, see Appendix 2). Echolocation
click type distinctions based on Fenton et al. (2014)
provide additional insight into the distinction of
HF cetaceans from other hearing groups and sup-
port a possible further segregation among them
(see below). Three click types have been described
among the HF cetaceans: (1) broadband high-
frequency clicks (BBHF), (2) frequency-modu-
lated (FM) upsweeps, and (3) multi-pulsed (MP)
click types. Most HF cetacean species produce
BBHF clicks while searching for prey. Sperm
whales are unique in producing extremely loud,
relatively low-frequency MP clicks with multiple
pulses caused by reverberation of the signal within
the head. All beaked whales studied produce an
FM click while searching for prey, and some spe-
cies have been shown to produce a more broadband
click in the terminal phases of prey capture. No HF
cetacean species produce narrow-band high-fre-
quency (NBHF) clicks, which are exclusive to the
VHF cetaceans (below). The distinction between
the HF cetaceans described in Appendix 2 vs the
LF cetaceans and the specialized VHF cetaceans
is thus supported by combined scientific evidence,
including phylogeny, direct measurements of fre-
quency ranges of hearing, anatomical distinctions,
frequency ranges of acoustic signals, and echoloca-
tion click type distinctions.

Within the HF cetaceans, a potential further
segregation is proposed here for species that may
be relatively more sensitive to lower frequencies
than other odontocetes in this group, specifically

sperm whales, killer whales, and beaked whales.
Several lines of evidence support such a distinc-
tion. First, these species are generally larger than
other odontocetes. While there is not a clearly
linear relationship between body size and hear-
ing sensitivity, a general trend of lower HF limits
and better LF sensitivity with increasing body
mass has been documented (e.g., see Heffner &
Heffner, 2008). In terms of direct hearing mea-
surements, limited AEP data for a stranded sperm
whale (Ridgway et al., 2001) suggest best hear-
ing sensitivity between 5 and 20 kHz. Limited
AEP data for beaked whales (Cook et al., 2006;
Finneran et al., 2009; Pacini et al., 2011) indi-
cate relatively broad ranges of good sensitivity
extending below at least 5 kHz. Earlier behavioral
hearing data for killer whales (Szymanski et al.,
1999) have recently been augmented by com-
plete audiograms for six killer whales (Branstetter
et al., 2017). These results do not necessarily sug-
gest major differences in HF hearing cut-offs from
other HF cetacean species but do indicate rela-
tively good hearing at low frequencies compared
with other species. Finally, as mentioned above,
both the sperm whales and beaked whales have
categorically distinct echolocation click signal
types from all other HF cetaceans. While they
also differ from one another, they are similar in
having a lower center frequency of the predomi-
nant click energy than clicks of other HF ceta-
ceans. However, these biosonar signal distinc-
tions of sperm and beaked whales do not apply
to killer whales, which are much more similar
to the other HF cetaceans in this regard. Given
these several lines of evidence, subsequent crite-
ria should consider, based on additional research
results, whether sperm, beaked, and killer whales
should be considered as a separate (MF cetacean)
hearing group. This issue is by no means resolved,
however, and there are presently insufficient sup-
porting data on hearing and (particularly) TTS/
PTS-onset thresholds to establish discrete noise
exposure criteria for these species from those
derived for the HF cetaceans.

Very High-Frequency (VHF) Cetacean Hearing
Group

The VHF cetacean group (see Appendix 3) com-
prises the true porpoises, most river dolphin
species, pygmy/dwarf sperm whales, as well as
a number of oceanic dolphins (Commerson’s,
Chilean, Heaviside’s, Hector’s, Hourglass, and
Peale’s dolphins). Direct measurements of hear-
ing using behavioral and/or AEP methods are
available for three species within this group, each
indicating substantially higher upper-frequency
hearing limits than HF cetaceans, with best sen-
sitivity in some species exceeding 100 kHz. The
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VHEF cetaceans lack a functional auditory meatus
but possess an auditory pathway of acoustic fats
in the lower jaw. They have an odontocete middle
ear type (Nummela, 2008) and temporal bones
(the tympanoperiotic complex) that are acousti-
cally isolated from the rest of the skull with dense
ossicles, as well as cavernous tissue in the middle
ear cavity (e.g., Ketten, 1994, 2000). The inner ear
features hypertrophied cochlear duct structures,
dense ganglion cell distributions, and several dis-
tinguishing cochlear parameters (see Appendix 3).
It should be noted that these features are common
to essentially all odontocetes and not specific
to this group, but these features are particularly
prominent within the VHF species.

The VHF cetaceans show some differences in
sound production compared to the other hearing
groups. Several parameters of search-phase echo-
location signals distinguish the VHF cetaceans.
Center frequencies exceed 100 kHz in almost all
species and 150 kHz in several, representing the
highest such values in marine mammals. The NBHF
echolocation click type (as defined by Fenton et al.,
2014)is exclusively present in all VHF cetacean spe-
cies and does not occur within any other cetaceans;
this includes the six delphinid species categorized
as VHF cetaceans, including the Cephalorhynchus
spp- and two species of the genus Lagenorhynchus
(hourglass and Peale’s dolphin). Thus, direct hear-
ing measurements, anatomy-based predictions of
hearing range (see Racicot et al., 2016), and mul-
tiple characteristics of biosonar signals are all gen-
erally consistent in distinguishing the VHF from the
HF cetaceans (see Appendix 3 for more details).

Sirenian (SI) Hearing Group

The SI group includes the manatees and dugongs
(see Appendix 4). These species differ from ceta-
ceans and marine carnivores both phylogenetically
and in their natural history. Some behavioral and
electrophysiological hearing data are available
for manatees, indicating some similarities to HF
cetaceans and phocid pinnipeds. But based on
their taxonomic differences, auditory anatomical
distinctions, and apparent differences in aspects
of sound production, they are considered here as
a separate group. The pinnae are absent, the audi-
tory meatus is thin and apparently occluded, the
tympanic membrane is enlarged and bulges out-
ward, and the ossicles are massive with unique
features, including oil-filled bony structures
(Ketten et al., 1993). They are characterized as
having the sirenian ear type, with a U-shaped tym-
panic bone fused to a much larger periotic bone
(Nummela, 2008), which, unlike most other mam-
mals, does not surround the middle ear cavity.
Earlier anatomical predictions of auditory range
for West Indian manatees suggested they would

be sensitive from the infrasound range to less than
20 kHz, with peak sensitivity around 8 kHz, but
direct measurements indicate that hearing can
extend from low frequencies to above 60 kHz (see
Appendix 4). Only underwater auditory weight-
ing and exposure functions and TTS/PTS-onset
levels are derived given that these species, like
cetaceans, are functionally obligate aquatic.

Phocid Carnivores in Air (PCA) and Water (PCW)
Hearing Groups

This group contains all the true seals, includ-
ing harbor, gray, and freshwater seals; elephant
and monk seals; and both Antarctic and Arctic ice
seals (see Appendix 5). Southall et al. (2007) noted
the significant differences in hearing between the
phocid and otariid pinnipeds, particularly the much
higher, upper-frequency hearing limits of phocids
measured in water, but concluded there were insuf-
ficient data on unmasked amphibious hearing and
especially the effects of noise on hearing to consider
separate groups, weighting functions, and TTS/
PTS-onset levels. A number of subsequent audio-
metric studies have been published which confirm
the extremely broad (7 to 8 octaves in some species)
range of best hearing sensitivity among phocid seals
(which for this family is the widest among any mam-
malian taxa), with upper-frequency cut-offs exceed-
ing 60 kHz in almost all species (see Reichmuth
et al., 2013; Finneran, 2016). These, along with a
number of anatomical characteristics, unequivocally
distinguish phocid seals from other pinnipeds and
related marine carnivores. These true seal species
lack outer pinnae and have cavernous tissue lining
the auditory meatus and middle ear cavity (Mghl,
1968; Repenning, 1972; Wartzok & Ketten, 1999).
They possess a phocid middle ear type (Nummela,
2008), with features including an enlarged tympanic
membrane, ossicles, and middle ear cavity. Given
their amphibious nature and fundamental differ-
ences in hearing, and the effects of noise between
the two media, discrete aerial and underwater audi-
tory weighting and exposure functions and TTS/
PTS-onset thresholds are presented here.

Other Marine Carnivores in Air (OCA) and
Water (OCW) Hearing Groups

This group contains all non-phocid marine car-
nivores, including the otariid seals (sea lions and
fur seals), walruses, sea otters, and polar bears (see
Appendix 6). Recent studies have been published on
key species representing each of the main taxa in this
group. The combined audiometric, anatomical, and
sound production data indicate a clear segregation
between the phocid seals and other marine carnivores
which have less sensitive HF hearing. Nearly all spe-
cies included in this group share a common freely
mobile ear type, which features a loose connection
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between the ossicles and the skull (Fleischer, 1978;
Nummela, 2008). The one exception is the walrus,
which has an ear that is somewhat intermediate to
a freely mobile ear and the ear type characteristic of
phocids. The walrus has enlarged ossicles, a large
tympanic membrane, and, like phocids, lacks pinnae,
but the shape and form of the ossicles and other mor-
phological features are distinctively otariid in form
(Repenning, 1972). Subsequent research on walrus
audiometry, including TTS measurements, and audi-
tory anatomy would support further evaluation of
their characterization within the marine carnivores
either within phocid or non-phocid hearing groups
or, potentially, as a distinct hearing group. Here, they
are included with the other marine carnivores both in
air and water.

Across these non-phocid marine carnivore spe-
cies, there are relatively large differences in natural
history and the proportion of time spent in and out
of water. However, all are amphibious mammals
and are known or likely to have amphibious differ-
ences in hearing and the effects of noise on under-
water hearing. Consequently, separate aerial and
underwater auditory weighting and exposure func-
tions and TTS/PTS-onset thresholds are included
for this marine mammal hearing group as well.

Estimated Group Audiograms for
Marine Mammals
Substantial uncertainties and data gaps remain in
understanding marine mammal hearing, but con-
siderably more information exists for some species
than was available to Southall et al. (2007). As a
result, a more quantitative approach to character-
izing group-specific hearing is now possible, the
relative support for which depends on the amount
and quality of the underlying direct measurements
of hearing. The objective is to apply systematic
methods and the best available scientific informa-
tion in describing group-specific hearing for each
of the marine mammal hearing groups described
in the previous section. The approach is described
below, followed by its application in estimat-
ing group audiograms. For the LF cetaceans for
which no audiograms or direct measurements of
hearing at any frequency for any species exist, we
estimated hearing parameters relying upon exten-
sive assumptions and extrapolation, including
mathematical modeling using anatomical param-
eters, characteristics of sound production, and
assumptions based on other species). This group
(LF cetaceans) is thus described separately (last)
within this section, with considerable associated
caveats, given the extent to which it differs from
the median-based method used to interpret direct
hearing data in other groups.

The approach in estimating group audiograms
to represent many species within each marine

mammal group is to use median values among
available data across individuals of different spe-
cies. Clearly, there is substantial individual vari-
ability (both documented and expected) within
and among species in the hearing groups identified
herein. A comprehensive, quantitative description
of this variability within and between all species
would be desirable to more fully understand the
validity of the hearing groups proposed and poten-
tial species-specific deviation from the median-
based estimated group audiograms. However, the
existing marine mammal hearing data are at present
inadequate (with the exception of a very few spe-
cies) to support such an analysis of variance. This
is an acknowledged limitation of the quantitative
approach taken and an area where subsequent cri-
teria will benefit from additional data. Given these
constraints, the use of a median-derived interpre-
tation of the available data was deemed the most
appropriate given the need to consider all species
within a reasonable number of hearing groups
rather than failing to consider some taxa at all.
Estimated group audiograms derived with
median values from available direct measure-
ments of hearing are used to establish several
important metrics related to hearing—namely,
auditory weighting and exposure functions for
estimating the effects of noise on hearing (see
the “Marine Mammal Auditory Weighting
and TTS Exposure Functions” section). Estimated
group audiograms are derived using both absolute
and normalized (to the frequency of best sensitiv-
ity) thresholds from behavioral hearing studies,
following the methodology of Finneran (2016).
Such data are available for at least three individu-
als (and, in some cases, many more) within all but
one marine mammal hearing group. Differences in
hearing sensitivity have been measured between
well-established behavioral audiometric methods
(based on animal responses to experimental stimuli
using the complete auditory and perceptual systems)
and AEP measurements (based on electrophysi-
ological responses within a portion of the auditory
system). The AEP method is not capable of test-
ing the full range of hearing as described, so AEP
thresholds are not quantitatively applied in deriving
estimated group audiograms. However, they were
considered directly in hearing group designations
for some species (along with other indirect meth-
ods of evaluating hearing capabilities as discussed
above). Furthermore, some existing behavioral hear-
ing data were considered but excluded from the esti-
mated group audiograms. The excluded data were
from individuals with obvious HF hearing loss or
other evident aberrations from the normal species
audiograms (e.g., obvious notches or thresholds
known to be elevated for that species for a clear or
likely reason such as auditory masking in the testing
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enclosure or frequency-specific hearing loss). For
individuals tested in multiple studies, data at over-
lapping frequencies were averaged such that only
one value for any individual was used at any fre-
quency tested. However, multiple measurements
from the same individual at different frequencies
were treated as independent measurements. As a
simplifying assumption deemed reasonable based on
a general understanding of normal hearing in marine
and other mammals, linear interpolation was used
to generate a threshold estimate for every unique
frequency tested for any individual in the marine
mammal hearing group. This was done so that the
results from all individuals contained threshold esti-
mates at all frequencies, which could be considered.

Estimated group audiograms were determined
based on the median threshold value at each test
frequency among all individuals of any species
within a hearing group for which behavioral hear-
ing data were available. This approach incorpo-
rated all available data but minimized the influence
of outlier values relative to the use of averages.
The group audiograms were determined in two
ways. First, the original (absolute) threshold values
from every individual included among each group
(in dB re 1 pPa [underwater thresholds] or dB re
20 pPa [aerial thresholds]) were used to determine
group-wide median threshold values at each test
frequency. These median thresholds were then used
to derive estimated group audiograms (see below).
Second, normalized thresholds were determined
for each individual. This process involved subtract-
ing thresholds at each frequency from the lowest
threshold value obtained at any frequency. For
example, if the lowest threshold measured within
an individual for any frequency was 68 dB re 1 uPa
at 10 kHz and a threshold of 88 dB re 1 puPa was
measured at 1 kHz, the normalized threshold for
1 kHz would be 20 dB, whereas the normalized
threshold for 10 kHz would be 0 dB.

Median threshold values were then fit by the
following equation derived by Finneran (2016),
which was modified from an equation used by
Popov et al. (2007) to describe audiograms in
dolphins. Finneran (2016) included additional fre-
quency parameters to produce a shallower slope
in the region of best sensitivity given the intended
broader application across multiple species within
groups and acknowledged data limitations for
many species being represented:

. Fi 5
Equation (1) 7(f)=T7, +Alog]0(l+?)+[£]

where T(f) is the threshold at frequency f. Other
variables are curve fitting parameters determined
from the available group-specific behavioral hear-
ing data:

Ty fits the overall vertical position of the
curve such that the lowest value occurs at the
frequency at which the lowest threshold was
measured.

F1 is the inflection point of the LF rolloff.

A is a fitting parameter related to the slope of
the LF rolloff.

F: is the inflection point and slope of the HF
rolloff.

B is a fitting parameter related to the slope of
the HF rolloff.

The resulting equation provides a standardized
means of estimating a representative absolute and
normalized audiogram function for all species
within the group. It should be recognized that for
all groups, these are estimated functions based on
data from a few species and individuals. These
curves represent the best fit to the limited exist-
ing data based on the assumptions and procedures
described herein, but it should be clearly recog-
nized that most species within each group have
not been directly tested.

The resulting estimated group audiograms have
features typical of mammalian hearing: linear-
log threshold decrease with variable slope at low
frequencies and a rapid increase in threshold at
high frequencies that can be fit with an exponen-
tial function. Equation (1) was fit to the available
median threshold data using nonlinear regres-
sion for each marine mammal group except LF
cetaceans.

The original and normalized behavioral hearing
threshold data used for most marine mammal hear-
ing groups are discussed below, followed by the
different approach taken in proposing a prelimi-
nary estimated group audiogram for LF cetaceans
given the absence of direct hearing measurements.
The resulting estimated group audiograms (using
the absolute and normalized threshold data, respec-
tively) based on the fitted curves are given for the
odontocete (HF and VHF) cetaceans (Figures 1 &
2), sirenians (Figures 3 & 4), marine carnivores in
water (Figures 5 & 6), and marine carnivores in
air (Figures 7 & 8). The associated curve fitting
parameters for all groups are given subsequently
(Tables 2 & 3). Audiometric data that were avail-
able but not directly applied are specified, along
with the reason for exclusion, within the respective
group-specific appendix in which all audiomet-
ric and auditory anatomy data are presented. The
curve fits based on a different estimation procedure
of all fitting parameters for the LF cetaceans are
presented separately (Figures 9 & 10).
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Estimated Group Audiograms for Odontocete
Cetaceans (HF & VHF)

For HF cetaceans, audiometric data were used for
the following species and individuals tested: bottle-
nose dolphin (Johnson, 1967 [n = 1]; Ljungblad
et al., 1982 [n = 1]; Lemonds, 1999 [n = 1]; Brill
et al., 2001 [n = 1]; Schlundt et al., 2007 [n =
1]; Finneran et al., 2010 [n = 1]), beluga whale
(White, 1978 [n = 1]; Awbrey et al., 1988 [n = 3];
Johnson et al., 1989 [n = 1]; Ridgway et al., 2001
[7 =2]; Finneran et al., 2005b [n = 1]), killer whale
(Szymanski et al., 1999 [n = 2]), Risso’s dolphin
(Nachtigall et al., 1995 [n = 1]), striped dolphin
(Kastelein et al., 2003 [z = 1]), tucuxi dolphin
(Sauerland & Dehnhardt, 1998 [n = 1]), false killer
whale (Thomas et al., 1988) [n = 1]), and Pacific
white-sided dolphin (Tremel et al., 1998 [n = 1]).
These combined data were applied to derive the HF
cetacean estimated group audiograms for the origi-
nal (absolute sensitivity) threshold data (Figure 1,
left) and normalized values (Figure 2, left).

For VHF cetaceans, audiometric data were used
for the following species and individuals tested:
harbor porpoise (Kastelein et al., 2002a [n = 1];
Kastelein et al., 2010 [n = 1]; Kastelein et al., 2015
[n = 1]) and Amazon river dolphin (Jacobs & Hall,
1972 [n = 1]). These combined data were used to
derive the VHF cetacean estimated group audio-
grams for the original threshold data (Figure 1,
right) and normalized values (Figure 2, right).

Estimated Group Audiograms for Sirenians (SI)

Behavioral hearing data were used for the follow-
ing species and individuals tested: West Indian
manatee (Gerstein et al., 1999 [n=2]; Mann et al.,
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2005 [n = 2]). The secondary decrease in thresh-
olds at below 0.3 kHz evident in Gerstein et al.
(1999) may have been the result of non-auditory
(tactile) sensitivity to vibration; these values were
consequently excluded from the determination
of the estimated group audiogram. These com-
bined data were applied to derive SI estimated
group audiograms for the original threshold data
(Figure 3) and normalized values (Figure 4).

Estimated Group Audiograms for Phocids and
Other Marine Carnivores in Water (PCW & OCW)
For PCW, audiometric data were used for the fol-
lowing species and individuals tested: northern ele-
phant seal (Kastak & Schusterman, 1999 [n = 1]),
harbor seal (Terhune, 1988 [n = 1]; Kastelein et al.,
2009 [n = 1]; Reichmuth et al., 2013 [n = 1]), spot-
ted seal (Sills et al., 2014 [n = 2]), and ringed seal
(Sills et al., 2015 [n = 1]). These combined data
were applied to estimate the PCW group audio-
grams for the original threshold data (Figure 5, left)
and normalized values (Figure 6, left).

For OCW, audiometric data were used for the
following species and individuals tested: north-
ern fur seal (Moore & Schusterman, 1987 [n =
2]; Babushina et al., 1991 [n = 1]), California
sea lion (Mulsow et al., 2012 [n = 1]; Reichmuth
& Southall, 2012 [n = 2]; Reichmuth et al., 2013
[n = 1]), Steller sea lion (Kastelein et al., 2005
[n = 2]), walrus (Kastelein et al., 2002b [n = 1]),
and sea otter (Ghoul & Reichmuth, 2014 [n =
1]). These combined data were applied to derive
OCW estimated group audiograms for the origi-
nal threshold data (Figure 5, right) and normalized
values (Figure 6, right).
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Figure 1. Estimated group audiograms based on original behavioral threshold data for high-frequency (HF) cetaceans (left)

and very high-frequency (VHF) cetaceans (right)
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Figure 2. Normalized estimated group audiograms for HF cetaceans (left) and VHF cetaceans (right)

Estimated Group Audiograms for Phocids and
Other Marine Carnivores in Air (PCA, OCA)

For PCA, audiometric data were used for the fol-
lowing species and individuals tested: harbor seal
(Reichmuth et al., 2013 [n = 1]), spotted seal (Sills
et al., 2014 [n = 2]), and ringed seal (Sills et al.,
2015 [n = 1]). These combined data were applied
to derive estimated group audiograms for the
original PCA threshold data (Figure 7, left) and
normalized values (Figure 8, left).

For OCA, audiometric data were used for the
following species and individuals tested: north-
ern fur seal (Moore & Schusterman, 1987 [n = 3];
Babushina et al., 1991 [n = 1]), California sea lion
(Mulsow etal.,2011 [n=1]; Reichmuthetal.,2013
[n = 1]), Steller sea lion (Mulsow & Reichmuth,
2010 [n = 1]), polar bear (Owen & Bowles, 2011
[n =1]), and sea otter (Ghoul & Reichmuth, 2014
[n = 1]). These combined data were applied to
derive OCA estimated group audiograms for the
original (absolute) threshold data (Figure 7, right)
and normalized values (Figure 8, right).

Estimated Audiogram Parameter Values for
Marine Mammal Groups Based on Direct
Measurements of Hearing

From the available data, median (50th percentile)
threshold values were determined or estimated
at each frequency and then fit by Equation (1)
using fitting parameters specified. The resulting
parameters and goodness of fit values (R®) to the
group-specific estimated group audiograms are
given for all absolute (Table 2) and normalized
(Table 3) threshold data. While these parameters
are related to different aspects of estimated hear-
ing across species, including best absolute sen-
sitivity and respective differences at frequencies
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Figure 3. Estimated group audiogram based on original
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Figure 5. Estimated group audiograms based on original behavioral threshold data for marine carnivores in water (left:
phocid carnivores in water [PCW]; right: other carnivores in water [OCW])
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Figure 6. Normalized estimated group audiograms for marine carnivores in water (left: PCW; right: OCW)

below and above the region of best sensitivity,
they should be recognized as simply equation fit-
ting parameters and not interpreted as estimates
of specific features of the estimated audiograms.
The extent to which they differ from certain fea-
tures is dependent on the overall shape of the
resulting curves. For instance, T fits the vertical
position of the curve and is comparable to the
estimated absolute threshold at best hearing sen-
sitivity for some species groups (e.g., HF ceta-
ceans) but is very different for other groups (e.g.,
PCA) based simply on the shape of the function
and the fit required.

Preliminary Estimated Hearing Parameters for
Mpysticete Cetaceans (LF)

For LF cetaceans, no direct hearing data (behav-
ioral or electrophysiological) were available at any
frequency for any species. That is, there are no
comprehensive, directly measured audiograms for
any baleen whale from which we can estimate an
LF cetacean group audiogram as was done for all
other species groups. To avoid simply not provid-
ing criteria for these species and to provide some
consistency in the overall approach with the other
hearing groups, an alternative approach was used
to estimate hearing parameters for the LF ceta-
ceans. While determination of these curve fitting
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Figure 7. Estimated group audiograms based on original behavioral threshold data for marine carnivores in air (left: phocid

carnivores in air [PCA]; right: other carnivores in air [OCA])
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Figure 8. Normalized estimated group audiograms for marine carnivores in air (left: PCA; right: OCA)

parameters is based on limited data for all groups,
this process is fundamentally different for the LF
cetaceans in that every parameter was estimated
without direct data from in vivo hearing studies to
inform the estimate. Consequently, the underlying
assumptions of this alternative methodology are
discussed separately. The resulting estimated hear-
ing parameters are given here and should be inter-
preted with full acknowledgment of the absence of
direct data and the extensive requisite extrapolation.

A diverse range of studies were considered in
estimating LF cetacean hearing parameters. These
included basilar membrane dimensions (e.g., Ketten,
1994, 2014; Parks et al., 2007b; Ketten & Mountain,
2014), scaling relationships between inter-aural

time differences and upper-frequency limits of hear-
ing (see Ketten, 2000), an extrapolation of cat and
human threshold data based on earlier frequency-
place maps for the humpback whale (Houser et al.,
2001), and finite element models of head-related
and middle-ear transfer functions. Finite element
models of middle ear functions (Tubelli et al.,
2012a, 2012b) and skull vibrational bone force
curve models (Cranford & Krysl, 2015) informed
the determination of the LF slope of the functions
(A =20 dB/decade). Estimates of the audible range
of hearing and frequencies of best sensitivity were
made based on an integration of results from Houser
et al. (2001), Tubelli et al. (2012b), and Cranford &
Krysl (2015), which suggest that peak sensitivity
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Table 2. Estimated group audiogram parameter values determined by the best fit of Equation (1) for marine mammal groups

based on directly measured behavioral hearing thresholds

Marine mammal

hearing group Ty (dB) F.(kHz) F:(kHz) A B R*

HF 46.2 259 478 355 3.56 0977
VHF 464 7.57 126 423 17.1 0.968

SI -40.4 3,990 3.8 373 1.7 0.982
PCW 43.7 10.2 397 20.1 141 0.907
OCW 63.1 3.06 11.8 30.1 323 0.939
PCA -110 5.56 1.02 x 10-6 69.1 0.289 0973
OCA 6.24 1.54 8.24 55.6 2.76 0978

Table 3. Normalized estimated group audiogram parameters values determined by the best fit of Equation (1) for marine
mammal groups based on directly measured behavioral hearing thresholds

Marine mammal

hearing group Ty (dB) F.(kHz) F:(kHz) A B R*

HF 361 12.7 64.4 31.8 4.5 0.960
VHF 248 9.68 126 40.1 17 0.969

SI -109 5,590 2.62 38.1 1.53 0.963
PCW -39.6 368 221 20.5 1.23 0.907
OoCW 2.36 0.366 12.8 73.5 34 0.958
PCA -71.3 4.8 6.33 x 10-5 63 0.364 0975
OCA -1.55 1.6 8.66 549 291 0.968

occurs between ~1 to 8 kHz for the species mod-
eled, with best sensitivity range of hearing (defined
as occurring within ~40 dB of peak sensitivity) rang-
ing from ~30 Hz to ~30 kHz depending on species.
The F: (LF inflection point) parameter was selected
such that thresholds in the 1 to 8 kHz range were
within 3 dB of the lowest threshold. Note that this
implies considerably reduced sensitivity for some
LF species at frequencies emphasized in their vocal
repertoire (e.g., the narrowband 20-Hz tonal signals
of fin whales; Watkins, 1981; Edds-Walton, 1997).
However, it is important not to overlook that the fun-
damental frequency of a vocalization is not neces-
sarily the key feature for communication or percep-
tion but, rather, as has been demonstrated in other
species, components, such as the envelope and/or
harmonics, may be of equal or greater significance.

The LF high-frequency hearing parameters were
determined using hearing data from other marine
mammals. Specifically, the median value of the B
fitting parameter (related to the slope of HF com-
ponent) for all other marine mammal groups mea-
sured in water (HF, VHF, SI, PCW, and OCW).
Given this slope (B = 3.2), the F: parameter (HF
inflection point) was determined as 9.4 kHz such
that the estimated threshold at 30 kHz was within
40 dB of the lowest threshold.

Given the absence of any direct measurements of
hearing sensitivity, the vertical position of the esti-
mated audiogram was determined based on avail-
able behavioral audiometric measurements in other
marine mammals. The 7o fitting parameter was esti-
mated as 53.2 dB based on the median of the lowest
hearing thresholds for all other marine mammal
groups in water (HF, VHF, SI, PCW, and OCW).

An estimated audiogram for the LF cetaceans was
then derived (Figure 9) using these fitting parameter
values in Equation (1). No goodness of fit (R*) value
was determined given the lack of direct hearing data
with which to compare the curve, underscoring the
necessary caveats regarding the estimated audio-
gram. As with other groups, an estimated normalized
audiogram was then derived using identical values
for Fi, F2, A, and B and value of Ty (0.8 dB) that
resulted in the lowest point of the curve (frequency
of best sensitivity) equaling O dB (Figure 10).

These estimated curves suggest better sensitivity
and a broader audible frequency range than ana-
tomically based indirect estimates of hearing for
humpback (Houser et al., 2001) and fin (Cranford
& Krysl, 2015) whales and are in closer agreement
with earlier publications of inner ear frequency
maps noted above. The hearing parameters esti-
mated for LF cetaceans are generally consistent
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with broad predictions of LF sensitivity in mysti-
cetes based on vocal behavior (Parks et al., 2007a)
and the predictions of Clark & Ellison (2004) who
estimated best hearing sensitivities of 60 to 70 dB
re 1 pPa for baleen whales. This estimate was based
upon the assumption that hearing sensitivity evolves
to be 16 to 24 dB above typical ocean ambient noise
spectrum levels given a critical ratio of 16 to 24 dB.
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Figure 9. Estimated group audiogram for low-frequency
(LF) cetaceans proposed with extensive assumptions,
extrapolations, and caveats (see text for details)
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Figure 10. Normalized estimated group audiogram for
LF cetaceans proposed with extensive assumptions,
extrapolations, and caveats (see text for details)

Marine Mammal Auditory Weighting
and TTS Exposure Functions

Weighting Functions and Exposure Functions
Marine mammal hearing groups were identified,
and hearing parameters were estimated in the
absence of complete data on many individuals of
all species to provide what is believed to be a best
estimate of hearing among the group as a function
of frequency as described above.

At frequencies where an animal has sensitive
hearing (lower thresholds), it is more likely to be
more susceptible to auditory effects of noise expo-
sure (i.e., lower TTS-onset thresholds) because
the relative difference between noise and hearing
threshold (often called sensation level) is greater
for the same exposure level than for frequencies
for which the animal has less sensitive hearing
(higher thresholds). That is, while effects can
occur for frequencies outside an animal’s range of
best hearing sensitivity, there is a general relation-
ship between hearing sensitivity and susceptibility
to noise exposure, allowing conclusions related to
frequency-dependence of hearing capabilities to
roughly inform assessments of susceptibility to
potential auditory effects (see Yost, 2006). This
approach has been validated for a range of terres-
trial animals (Kerr et al., 2017) and supported by
research on marine mammals in the last decade
(see Finneran, 2015). The available hearing
data used to derive estimated group audiograms
were used in combination with other audiomet-
ric data (i.e., equal loudness, equal latency, and
TTS measurements) to derive auditory weighting
Sfunctions and corresponding noise exposure func-
tions. These complementary functions provide
different ways to visualize the frequency-specific
effects of noise on different species with differ-
ent hearing characteristics. Auditory weighting
functions serve as frequency-specific filters that
quantify how noise may affect an animal given
its spectral content and how it relates to the spec-
tral characteristics of an individual’s potential
susceptibility to noise. Weighting functions are
used to de-emphasize noise at frequencies where
susceptibility is lower. Noise exposure functions
represent exposure levels for the onset of TTS or
PTS as a function of noise frequency. Weighting
functions and noise exposure functions have iden-
tical shapes but are inversely related, in a similar
fashion as auditory sensitivity and hearing thresh-
old. For both functions, identical values are deter-
mined for lower- and upper-frequency values at
which either relative sensitivity or a threshold for
a defined exposure begins to change. Similarly,
slope parameters describing the rate of this
change at both low and high frequencies are iden-
tical, although with inverse signs (negative for
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weighting functions; positive for exposure func-
tions). However, the anchor values determining
the vertical positions of each function are differ-
ent. Whereas weighting functions are grounded
at a nominal amplitude of 0 dB (at best hearing
sensitivity) with negative weighting at relatively
lower and higher frequencies, exposure functions
have a minimum value at the lowest threshold for
a known or estimated effect level (e.g., TTS) and
show higher onset thresholds for different fre-
quencies at values determined by the shape of the
function. Methods used to determine these func-
tions within different marine mammal groups are
described herein.

Weighting functions have been primar-
ily developed and evaluated systematically in
humans, with limited efforts to develop them
for non-human animals. Weighting functions are
similar to “band-pass” filters—they include a
central region corresponding to greatest suscep-
tibility to noise along with lower- and higher-fre-
quency regions where the relative susceptibility
is lower (reflected as negative values on these
curves). Weighting functions provide a group-
specific means of calculating how a specific
noise exposure would potentially affect the hear-
ing of an animal given the extent to which the fre-
quency spectra match frequency-specific hear-
ing sensitivity. For noise exposures that occur at
frequencies where animals are less susceptible,
the effective exposure is reduced according to
the weighting function (see Figure 1 in Houser
et al., 2017). Effects of noise on an animal are
determined by first weighting the noise exposure
by filtering the noise using the weighting func-
tion. This is analogous to adding the weighting
function amplitude (in dB) to the noise spectral
amplitude (in dB) at each frequency, then inte-
grating the weighted noise spectra across fre-
quency to obtain the weighted noise exposure
level, which describes exposure for the entire fre-
quency range with a single metric. The weighted
exposure level is then compared to the weighted
threshold for TTS or PTS. The weighted thresh-
old represents the exposure level required for
the onset of TTS/PTS at frequencies where the
weighting function has an amplitude of O dB (the
peak of the weighting function). If the weighted
exposure level is greater than or equal to the
weighted threshold, TTS or PTS is assumed to
occur. Predicting the effects of a noise exposure,
therefore, requires both the weighting function
and the weighted thresholds for TTS/PTS.

As described above, Southall et al. (2007) pro-
posed frequency-specific auditory M-weighting
functions for five marine mammal hearing groups
utilizing the underlying format of C-weighting
functions in humans, an idealized version of the

human 100-phon equal-loudness curve. Due to the
disproportional growth in loudness with increases
in relative intensity (loudness recruitment) with
increasing level (Yost, 2006), equal loudness
functions tend to flatten at higher received levels.
The M-weighting functions only estimated upper-
and lower-frequency cut-off values defined very
conservatively—just 6 dB down from estimated
best sensitivity. This was deliberate given the
extreme data limitations on hearing and the effects
of noise on hearing for most marine mammal spe-
cies at the time, and the resulting weighting func-
tions were quite broad and flat across most of
the audible range. Auditory weighting functions
for each hearing group here are defined to better
describe relative hearing sensitivity within the
audible range using the more data-derived, sys-
tematic approach of Finneran (2016), based on the
following equation for a generic band-pass filter:
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Equation (2) w(f)=C+ IOIOgm[

where W(f) is the weighting function ampli-
tude (in dB) at frequency f (in kHz). LF transition
values (f: in kHz) represent the lower frequency
at which the function amplitude begins to change
from the flat, central portion of the curve. These
have been described as cut-offs (Finneran, 2016),
but it is important to note that they do not rep-
resent the lowest sound frequencies at which
animals can hear. Some of the values are in fact
unreasonable or illogical if interpreted in that
manner. The specific amplitude of the weighting
and exposure functions at fi depends on the value
of the LF slope of each curve, which are defined
below. HF transition values (f> in kHz) represent
the upper frequency at which the function ampli-
tude begins to change from the flat, central por-
tion of the curve. Again, the specific amplitude
of either function at f> depends on the upper-fre-
quency slope of the curves. The LF exponent value
(a — dimensionless) defines the rate of decline of
the weighting function amplitude at low frequen-
cies. The change in weighting function ampli-
tude with frequency at low frequencies (the LF
slope) is 20a dB/decade. The HF exponent value
(b — dimensionless) defines the rate of decline of
weighting function amplitude at high frequencies,
becoming linear with the logarithm of frequency.
The change in weighting function amplitude with
frequency at high frequencies (the HF slope) is
-20b dB/decade. The constant C defines the verti-
cal position of the curve. It is defined so that the
maximum amplitude of the weighting function
equals 0 dB (with all other values being negative).
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Noise exposure functions combine the fre-
quency-dependent weighting function with the
weighted threshold value to represent exposure
levels for the onset of TTS or PTS as a function
of noise frequency. Exposure functions provide
a group-specific function that characterizes and
visualizes how noise exposure would induce a
defined effect at different sound frequencies.
Exposures equal to the group-specific TTS expo-
sure function curve at a specific frequency would
be predicted to result in TTS onset (typically
defined as 6 dB TTS), with exposures exceeding
these values resulting in some greater magnitude
of TTS depending on the value above the curve
and TTS growth relationships (see the following
section). The exposure function minimum value
equals the weighted threshold for TTS (or PTS
onset). This value occurs at the frequency where
the weighting function has a peak; this is typically
similar to, but not necessarily identical to, the fre-
quency of best hearing sensitivity (lowest thresh-
old). Onset TTS levels increase for frequencies
below and above this lowest point in the exposure
function.

Exposure functions are complementary to
weighting functions and are, therefore, defined
using a similar equation:
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Equation (3) E(/)=K-10log,,

where E(f) is the exposure function amplitude
(in dB) at frequency f (in kHz). The parameters fi,
[z, a, and b are identical to those for the weight-
ing function (Equation [2]). The parameter K
determines the vertical position of the curve (as
described in greater detail below). It is defined so
that the minimum amplitude of the function equals
the weighted TTS or PTS threshold estimated for
each marine mammal hearing group.

In addition to the general similarities between
Equations (2) and (3), several additional points are
worth noting: (1) the second term in each equation
is identical and defines the shape of each curve;
(2) the change in sign before the second term (pos-
itive in Equation [2]; negative in Equation [3])
indicates that the functions are vertically inverted
forms of each other; and (3) the parameters K,
C, and the weighted threshold for TTS/PTS (Tv)
are not independent. Since C is defined such that
the peak of Equation (2) is zero and K is defined
such that the minimum of Equation (3) equals T,
Equations (2) and (3) can be manipulated to show
that T = C + K. Additional details regarding these
parameters and the relationships between their use
in weighting and exposure functions are provided
in Figure 1 of Finneran (2016).

Derivation of Function Parameters
Group-specific parameters for the non-impulsive
TTS exposure functions and auditory weight-
ing functions were derived following Finneran
(2016). This involves both the application of func-
tion parameters described above for the weight-
ing and exposure functions as well as a method
of using available TTS data within groups where
available or extrapolated from other groups where
unavailable.

First, the values of @ and b were defined for
each group. Next, an iterative process was used
whereby fi and f: were varied to minimize the
differences between the exposure function and
available, non-impulsive TTS-onset data for the
HF and VHF groups. While TTS studies have
been conducted for at least one species of most
of the marine mammal groups, these are the only
groups within which sufficient TTS data has
been obtained in at least (but in many cases) one
individual at multiple frequencies (see Finneran,
2015). That is, direct measurements of TTS that
were available at enough frequencies to evaluate
frequency differences were used to inform the
shape of the weighting and exposure functions
by manipulating the fi and f> parameters. These
limited available TTS data were used directly for
most hearing groups (an alternate approach was
used for LF cetaceans) to inform the shape of the
weighting and exposure functions rather than, for
instance, simply inverting the estimated group
audiograms. The results of the iterative process
allowed fi and f> to be estimated for the remain-
ing groups, albeit with acknowledgment of the
greater underlying uncertainty in these estima-
tions given this extrapolation. With fi, f2, a, and
b defined for all groups, the parameter K for the
TTS exposure function was defined to provide the
best fit between the exposure functions and the
available TTS-onset data (HF, VHF, PCW, OCW,
PCA, and OCA) or estimated TTS onset (SI
and LF). The weighted TTS threshold was then
determined from the minimum of the exposure
function. Finally, the parameter C was defined
for each group by setting the maximum value of
Equation (2) to zero. These steps are described in
detail next.

The LF exponent (a) was determined for each
group using the smaller (shallower) slope of either
the LF slope from the estimated group audiogram
or the LF slope of equal latency contours, where
available. Audiogram slopes were calculated
(using this slope) across a frequency range of one
decade, beginning with the lowest frequency pres-
ent for each group, except for the LF cetaceans for
which this value was defined in the assumptions
for the estimated group audiogram. Additionally,
LF slopes based on equal latency measurements,
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which are the basis for such functions in humans
(see Houser et al., 2017), were determined. This
was done for those species for which sufficient
data were available, which included HF ceta-
ceans (bottlenose dolphin; Mulsow et al., 2015),
VHF cetaceans (harbor porpoise; Wensveen et al.,
2014), PCA (harbor seal; Reichmuth, 2013), and
OCA (California sea lion; Mulsow et al., 2015).
The group-specific slopes at lower frequencies (ss)
were determined for other species groups using
the LF slope from estimated group audiograms.
The resulting so values and the group-specific fre-
quency of best hearing sensitivity (fs) based on
direct hearing measurements are shown for most
marine mammal groups below (Table 4). For the
LF cetaceans, given the lack of direct data, a dif-
ferent approach was taken to estimate these values.
The fo parameter for LF cetaceans derived from
the estimated audiogram is predicted to occur at
5.6 kHz based on an integrated interpretation of
Houser et al. (2001) and Cranford & Krysl (2015)
as described above. Given the lack of equal latency
data, the s» value for LF cetaceans was estimated
as 20 dB/decade based on the A fitting parameter
used to derive the estimated group audiogram.

Because of the extreme lack of HF data (e.g.,
equal loudness or latency contours) with which to
estimate this parameter, the HF exponent (b) for
all hearing groups was defined as b = 2, based on
prior weighting functions (Southall et al., 2007;
Finneran, 2016), including the upper-frequency
slope of human C-weighting functions. This is an
area of specific needed research given the influ-
ence of this parameter on the overall shape of the
function.

Group-specific values for frequencies fi and
f> were defined as the frequencies at which the
estimated group audiogram threshold values
exceed the lowest threshold value (e.g., thresh-
old at fs; see Table 5) by a difference threshold
(DT). The purpose of identifying this parameter
was to establish a common relative relationship
across all groups between the shape of the weight-
ing function and the estimated group audiogram
by using the limited available TTS data. The value
of DT was determined in an iterative fashion by
minimizing the mean-squared error between the
exposure functions and available non-impulsive
TTS data for the HF and VHF groups (the only
groups with sufficient TTS-onset data at multiple
frequencies). This value for DT was then extrapo-
lated for use with all other hearing groups. If the
value of DT were set to zero, the weighting func-
tion shape would be similar to the inverse shape
of the estimated group audiogram. Increasing DT
values progressively “compresses” the weighting
function, making it broader compared to the audio-
gram near the frequency region of best sensitivity
(see Finneran, 2016, for specific comparisons).
This compression process has some of the same
effects as loudness recruitment in equal loudness
curves, which become flatter with increasing level
(Yost, 2006). Compression accounts for available
TTS data, which show smaller differences in TTS
onset across frequencies than would be predicted
by the shape of the inverse audiogram in the
region near best sensitivity (Houser et al., 2017).
Differences between the exposure functions cal-
culated here using both auditory and TTS data,
and simple predictions from an inverse audiogram

Table 4. Frequency of best hearing (fs) and the magnitude of the low-frequency slope (ss) derived from estimated group
audiograms (from either original and normalized data) and/or equal latency contours. Where both estimates exist, the lowest
respective slope values (in bold) were used to determine the low-frequency exponent value (a). The lack of direct hearing
data for LF cetaceans forced an estimate of these parameters (see text).

Original data Normalized data Equal latency
estimated group audiogram estimated group audiogram curves
Marine mammal fo S0 o S0 S0
hearing group (kHz) (dB/decade) (kHz) (dB/decade) (dB/decade)
HF 55 35 58 31 31
VHF 105 37 105 36 50
SI 16 36 12 37 -
PCW 8.6 19 13 20 -
OoCcw 12 27 10 39 --
PCA 23 41 23 42 41
OCA 10 45 10 45 27
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Table 5. Marine mammal group-specific auditory weighting function and TTS exposure function parameters. Note that
function parameter K for the LF and SI groups was estimated using TTS-onset data extrapolated from individuals in other

marine mammal groups tested in water.

Marine mammal fi f K C

hearing group (kHz) (kHz) a B (dB) R? (dB)
LF 0.20 19 1 2 179 - 0.13

HF 8.8 110 1.6 2 177 0.825 1.20

VHF 12 140 1.8 2 152 0.864 1.36

SI 43 25 1.8 2 183 - 2.62

PCW 19 30 1 2 180 - 0.75
oCcw 0.94 25 2 2 198 0.557 0.64
PCA 0.75 83 2 2 132 - 1.50
OCA 20 20 14 2 156 -- 1.39

method are shown in the exposure function fig-
ures below. These comparisons illustrate both the
differences in predicted sensitivity and the fact
that experimental measurements of TTS onset at
different frequencies are better predicted using
the empirically based weighting functions than a
simple inverse audiogram method.

The value of K was determined to minimize
the mean squared error between the exposure
function and measured or estimated TTS onset.
A unique value of K was determined for each
group. For hearing groups for which no TTS onset
data exist (LF cetaceans and SI), TTS onset at the
frequency of best hearing (fo from Table 4) was
estimated based on the assumption that the differ-
ences between hearing threshold and TTS onset
at fo would be similar across groups. Specifically,
the median numeric difference between the non-
impulsive TTS onset (in dB re 1 pPa’s) for spe-
cies groups tested in water (HF, VHF, PCW,
and OCW) and their respective estimated group
audiogram thresholds at fo (in dB re 1 pPa) was
determined to be 126 dB. This value was added
to the estimated threshold at fo for LF cetaceans
(54 dB re 1 pPa) to produce an estimated TTS-
onset value at fy of 180 dB re 1 pPa’s. For sireni-
ans (SI), using the f» hearing threshold of 61 dB
re 1 uPa and the median numeric difference of
126 dB produced a TTS-onset estimate at fo of
187 dB re 1 pPa’s. These extrapolated values were
then used to determine K and derive associated
exposure functions. The weighted TTS threshold
was determined from the minimum of the expo-
sure function. The parameter C was determined
for each group by setting the maximum value of
Equation (2) to zero.

Auditory weighting and exposure func-
tions for all marine mammal hearing groups

were determined using these parameters and
Equations (2) and (3) for weighting and exposure
functions, respectively. The weighting functions
show relative differences in the predicted magni-
tude of noise effect relative to the predicted most
sensitive frequency (e.g., where W(f) =0 dB), and
the exposure functions show the estimated TTS-
onset levels for different noise exposure frequen-
cies. For the LF, HF, and VHF cetacean hearing
groups, auditory weighting functions (Figure 11)
and auditory exposure functions (Figure 12) are
shown below. Similarly, auditory weighting and
exposure functions are given for the SI hearing
group (Figures 13 & 14, respectively), PCW and
OCW hearing groups (Figures 15 & 16), and PCA
and OCA hearing groups (Figures 17 & 18).

amplitude (dB)

01 1 10100
frequency (kHz)

Figure 11. Derived auditory weighting functions for
LF, HF, and VHF (dashed line) cetaceans generated with
Equation (2) using parameters given in Table 5
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Figure 12. Exposure functions (solid lines) for LF (top), HF (bottom left), and VHF (bottom right) cetaceans generated with
Equation (3) using parameters from Table 6. Open symbol for LF cetaceans indicates the estimated TTS onset at f» based on
TTS data from other groups given that no direct empirical data exist for any LF species. Filled symbols indicate empirical
onset TTS exposure data used to determine exposure functions for HF and VHF cetaceans. Normalized estimated group
audiograms (dashed lines) are shown for comparison with a minimum value identical to that of the associated exposure
functions. Estimated exposure functions derived from M-weighting filters each respective group with a minimum value set
at the estimated TTS-onset value (dotted lines) are also shown for comparison (derived from Southall et al., 2007).
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Figure 13. Derived auditory weighting function for SI Figure 14. Exposure function (solid line) for sirenians
generated with Equation (2) using parameters given in Table 5 generated with Equation (3) using parameters given in

Table 6. The normalized SI estimated group audiogram
(dashed line) is shown for comparison with a minimum
value identical to that of the exposure function. The open
symbol indicates the estimated TTS onset given that no
TTS data of any kind exist for sirenians. The SI normalized
estimated group audiogram (dashed line) is shown for
comparison with a minimum value identical to that of the
associated exposure functions.
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Figure 15. Derived auditory weighting functions for
marine carnivores in water (PCW and OCW) generated
with Equation (2) using parameters given in Table 5
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Figure 16. Exposure functions (solid lines) for marine carnivores in water (PCW and OCW) generated with Equation (3)
using parameters given in Table 6. Filled symbols indicate empirical onset TTS exposure data used to determine the
exposure function. Normalized estimated group audiograms for PCW and OCW (dashed lines) are shown for comparison
with a minimum value identical to that of the associated exposure functions. Estimated exposure functions derived from
M-weighting filters for pinnipeds in water with a minimum value set at the estimated TTS-onset value (dotted lines) are also
shown for comparison on both plots; this was a single function for all pinnipeds in Southall et al. (2007).
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Figure 17. Derived auditory weighting functions for marine
carnivores in air (PCA and OCA) generated with Equation (2)
using parameters given in Table 5
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Figure 18. Exposure functions (solid lines) for marine carnivores in air (PCA and OCA) generated with Equation (3)
using parameters given in Table 6. Filled symbols indicate empirical onset TTS exposure data used to determine the
exposure function. Normalized estimated group audiograms for PCA and OCA (dashed lines) are shown for comparison
with a minimum value identical to that of the associated exposure functions. Estimated exposure functions derived from
M-weighting filters for pinnipeds in air with a minimum value set at the estimated TTS-onset value (dotted lines) are also
shown for comparison on both plots; this was a single function for all pinnipeds in Southall et al. (2007).

Marine Mammal TTS- and
PTS-Onset Thresholds

Finneran (2016) proposed systematic modeling
procedures to improve on the general approach
developed by Southall et al. (2007) to define onset
thresholds. These procedures are applied here to
generate modified noise exposure criteria for TTS
and PTS onset. Frequency-weighted exposure
levels for TTS onset were determined from expo-
sure functions (above) in units of weighted SEL.
Extrapolation procedures for estimating impulsive
noise TTS onset were then applied using results
of studies with non-impulsive noise (described
in more detail in the “TTS and PTS Ceriteria for
Impulsive Noise Exposure” section).

Dual metric criteria (frequency-weighted SEL
and unweighted peak SPL) are proposed for impul-
sive signals for all marine mammal groups, with
the effect (TTS or PTS) being assumed to occur
if an exposure exceeds the criterion for either
metric. For non-impulsive sounds, only weighted
SEL metrics are presented (i.e., no peak SPL cri-
terion). For multiple exposures of either type,
SEL provides a means of integrating cumulative
exposures. There are insufficient direct measures
of TTS from different exposure intermittency pat-
terns in marine mammals to define an explicit

duration of intermittency between exposures fol-
lowing which they should be considered discrete
exposures and, thus, no longer accumulated using
a single SEL value. While Southall et al. (2007)
suggested a 24-h period for this interval, some of
the basis for that distinction was related to behav-
ioral issues rather than explicitly hearing effects.
Limited available data on exposure intermittency
and recovery from a hearing perspective would
suggest that a shorter than 24-h exposure inter-
mittency would be appropriate to reset the cumu-
lative SEL calculations for multiple exposures
(see Finneran, 2015). It is unlikely that a simple
and uniform relationship exists across all spe-
cies and exposure scenarios and that case-specific
evaluations will likely be required to evaluate an
appropriate reset duration. We simply note that in
many realistic exposure conditions, the 24-h rule
for SEL “reset” may be inappropriately long and
that further scientific investigation of these issues,
especially for species with some existing TTS
data, is clearly needed.

For both impulsive and non-impulsive sounds,
TTS onset was defined as the exposure required
to produce 6 dB of TTS from either direct mea-
surements or extrapolation of available data (as
in Southall et al., 2007). Modified extrapolation
methods were used to estimate TTS growth and
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predict exposures for which 40 dB of TTS would
occur. This is identical to the value Southall
et al. (2007) used as an estimate of PTS onset,
although here this is not presumed to represent
the onset of physical injury as there are no avail-
able empirical data to test this assumption.

TTS and PTS Criteria for Non-Impulsive Noise
Exposure

Weighted exposure thresholds for non-impulsive
TTS onset are based on the minimum of the non-
impulsive TTS exposure functions (Figures 12,
14, 16 & 18; Table 6). Note that the exposure
function minimum is not necessarily equal to the
TTS threshold at the frequency of best hearing
sensitivity (fs). As described above, for marine
mammal groups for which direct TTS data were
available, they were applied directly in the
derivation of exposure functions. For marine
mammal groups with no direct measurements
(LF cetaceans and sirenians), marine mammal
TTS data from other groups were applied, with
the assumptions and caveats described.

To estimate PTS-onset criteria for non-
impulsive noise in terms of SEL, an exposure
level of 20 dB above the TTS-onset level (6 dB
TTS) was used for each marine mammal group.
This assumes the same growth rate (1.6 dB TTS/
dB noise) from the point of TTS onset (6 dB
TTS) to estimated PTS onset (40 dB TTS) used
in Southall et al. (2007); this growth rate is
now supported with limited empirical data on
TTS growth for a few marine mammal species
(reviewed in Finneran, 2015). The associated
non-impulsive SEL TTS- and PTS-onset criteria
for all marine mammal hearing groups are given
in Table 6.

Southall et al.

TTS and PTS Criteria for Impulsive

Noise Exposure

The TTS and PTS exposure SEL functions for
impulsive sources are assumed to be identical in
shape to the group-specific non-impulsive func-
tions, with the values for the constant K being the
only parameter derived explicitly for impulsive
sources. There is currently extremely limited data
on impulsive noise TTS onset for marine mam-
mals across a range of exposure frequency condi-
tions with which to evaluate this (Finneran, 2015;
Houser et al., 2017), although the existing data are
not inconsistent with this assumption. For species
groups for which impulsive TTS data are avail-
able (HF and VHF cetaceans), impulsive noise
SEL TTS thresholds were determined by apply-
ing group-specific weighting functions to the
exposure waveforms that produced TTS and then
calculating the associated weighted SELs. For
species groups for which no impulsive TTS-onset
data exist, weighted SEL thresholds were esti-
mated using the relationship between the median
non-impulsive noise weighted TTS-onset thresh-
old and the median impulsive weighted TTS
threshold for the HF and VHF cetacean groups (as
in Southall et al., 2007).

For the HF and VHF cetaceans, non-impulsive
noise TTS-onset thresholds are 178 and 153 dB re
1 uPa’s, respectively, while impulsive noise TTS-
onset thresholds (derived using Equation [3]) are
170 and 140 dB re 1 pPa’s, and the median dif-
ference is 11 dB. Thus, for each of the remain-
ing groups for which impulsive noise TTS data
are not available, the SEL-based impulsive noise
TTS-onset threshold is estimated to occur 11 dB
below the non-impulsive noise TTS-onset thresh-
olds (from Table 6).

Table 6. TTS- and PTS-onset thresholds for marine mammals exposed to non-impulsive noise: SEL thresholds in dB re
1 pPa’s under water and dB re (20 pPa)’s in air (groups PCA and OCA only)

Marine mammal hearing group

TTS onset: SEL (weighted)

PTS onset: SEL (weighted)

LF
HF
VHF
SI
PCW
OoCcw
PCA
OCA

179
178
153
186
181
199
134
157

199
198
173
206
201
219
154
177
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As in Southall et al. (2007), a dual metric
approach is retained for impulsive stimuli, and
the weighted SEL threshold is used in conjunc-
tion with an unweighted peak SPL threshold.
Few TTS studies have been conducted in marine
mammals using representative impulsive noise
sources such as pile driving and airgun signals
(see Finneran, 2015), in part given the extensive
challenges in successfully generating impulsive
stimuli in laboratory conditions that approxi-
mate exposure conditions for such sources with
free-ranging animals. This limits the available
information upon which to base peak SPL onset
criteria; at present, impulsive TTS data are avail-
able for just the HF and VHF species. For these
species groups, peak SPL thresholds for TTS were
directly based on empirical data. For other spe-
cies groups for which no TTS data exist, peak SPL
thresholds were determined as the difference (in
dB) between the impulsive noise peak SPL TTS
onset (in dB re 1 pPa) and the hearing threshold
at the frequency of best sensitivity (fa) (in dB re
1 uPa; see Tables 3 & 4) for the HF and VHF
cetaceans. For the HF cetacean group, the hear-
ing threshold at fo is 54 dB re 1 uPa, and the peak
SPL TTS-onset threshold is 224 dB re 1 pPa, a
difference of 170 dB. For the VHF cetaceans, the
hearing threshold at fo is 48 dB re 1 pPa, and the
peak SPL-based TTS-onset threshold is 196 dB re
1 pPa, a difference of 148 dB.

The above calculations make clear the substan-
tial deviation in relative exposure sensation level
required to induce TTS for the VHF relative to HF
groups and raises the issue of how to extrapolate
the results to other species for which data do not
exist. The VHF cetaceans are clearly more sen-
sitive than other hearing groups in a number of
ways discussed throughout this article—notably,
lower hearing thresholds and lower TTS-onset
thresholds for different noise types. Thus, apply-
ing the much smaller difference between hearing
and TTS thresholds for VHF species to other hear-
ing groups could be seen as unrepresentative, and
a case could be made for applying the difference
between these values for HF cetaceans exclu-
sively. However, a precautionary argument could
also be made in the absence of direct data to apply
the lower dynamic range of VHF cetaceans to all
other groups. The approach taken here, in keeping
with the overall central tendency philosophy, was
to use the median value of the two differences (as
in Finneran, 2016). Given the greater overall sen-
sitivity of the VHF cetaceans, their inclusion in
this median value is somewhat conservative, but
this avoids going to the extreme of applying data
from a hearing group that appears fundamentally
different from other marine mammals.

The median difference between hearing thresh-
old and TTS onset for HF and VHF cetaceans
based on empirical TTS data using impulsive
signals is thus 159 dB. For other species groups
in water (LF, SI, PCW, and OCW), 159 dB was
added to the value of the hearing threshold at fo
to estimate the impulsive noise peak SPL TTS-
onset thresholds. For all marine carnivores in
air, there are no published TTS data for impul-
sive noise exposures. Given the lack of data, a
nominal 15 dB offset is used (as in Southall et al.,
2007) between the SEL-based TTS threshold and
the peak SPL-based threshold. As in Southall
et al. (2007) and Finneran (2015), no frequency-
weighting is applied to any of the proposed peak
SPL criteria.

For impulsive exposure, dual metric PTS-
onset thresholds were estimated using an identi-
cal approach in terms of TTS growth rates to that
proposed by Southall et al. (2007). For SEL-based
TTS thresholds, this approach prescribes adding
15 dB to the TTS-onset threshold to estimate PTS
onset based on a 2.3 dB TTS/dB noise relation-
ship using the results of studies in chinchillas
(Henderson & Hamernik, 1986). For peak SPL
criteria, 6 dB is added to TTS-onset threshold
to estimate PTS onset based on a ~6 dB TTS/dB
noise relationship using the results of the same
study.

Using the methods and assumptions described
above for each marine mammal group, the asso-
ciated impulsive SEL and peak SPL TTS- and
PTS-onset criteria were calculated, and the result-
ing exposure criteria are presented in Table 7.
Two selected examples are given to illustrate this
approach—one in which direct empirical data
were available (VHF cetaceans) and one in which
extrapolation methods were applied (PCW).

For the VHF cetaceans, the empirically based
SEL TTS-onset criterion for impulsive noise is
140 dB re 1 pPa’s, and the associated SEL PTS-
onset criteria is 155 dB re 1 pPa’s. The peak SPL
TTS criterion is 196 dB re 1 pPa, and the asso-
ciated peak SPL PTS-onset criteria is 202 dB re
1 pPa (i.e., PTSu = TTSu + 6 dB).

For the PCW group for which direct impul-
sive TTS data are unavailable, onset criteria
were derived using the assumptions described
above as follows. The SEL TTS-onset criterion
for impulsive noise was estimated as 170 dB re
1 uPa’s (181 dB re 1 uPa’s for non-impulsive TTS
onset -11 dB), and the associated SEL PTS-onset
threshold was estimated as 185 dB re 1 pPa’s.
Peak SPL TTS onset was estimated as 212 dB re
1 wPa (53 dB at fo + 159 dB), and the associated
peak SPL PTS-onset criteria threshold was esti-
mated as 218 dB re 1 pPa.
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Table 7. TTS- and PTS-onset thresholds for marine mammals exposed to impulsive noise: SEL thresholds in dB re 1 pPa’s
under water and dB re (20 pPa)’s in air (groups PCA and OCA only); and peak SPL thresholds in dB re 1 uPa under water

and dB re 20 pPa in air (groups PCA and OCA only).

Marine mammal TTS onset: SEL

TTS onset: Peak SPL

PTS onset: SEL. PTS onset: Peak SPL.

hearing group (weighted) (unweighted) (weighted) (unweighted)
LF 168 213 183 219
HF 170 224 185 230
VHF 140 196 155 202
SI 175 220 190 226
PCW 170 212 185 218
OoCcwW 188 226 203 232
PCA 123 138 138 144
OCA 146 161 161 167

Considerations of Variability and Uncertainty

in Regulatory Applications of TTS and PTS
Criteria

The exposure criteria proposed here for TTS
and PTS onset for non-impulsive and impulsive
noise exposures are derived using median values
of available data in several areas. We believe that
this provides a reasonable best estimate of these
effects across many species within hearing groups
in light of the limited data in many areas and req-
uisite extrapolation measures. However, there
are relevant considerations related to individual
variability in susceptibility to noise exposure and
context-dependent aspects of exposure scenarios
that should be noted. The single threshold-level
exposure criteria given here will, almost by defi-
nition, underestimate potential effects for some
scenarios and overestimate effects for others, the
extent of each potential outcome depending on
the degree of individual variability as well as key
contextual aspects of exposure.

Nowacek et al. (2007) highlighted concerns
regarding the use of single threshold-level expo-
sure criteria for predicting the effects of noise on
populations of marine mammals given known
and expected variability. Subsequent authors
have attempted to model regulatory implications
of step-function thresholds in terms of predict-
ing impacts within populations for both auditory
(Gedamke et al., 2011) and behavioral (National
Academies of Sciences, Engineering, and Med-
icine, 2017) effects. For example, Gedamke
et al. (2011) modeled the impact of variability
and uncertainty on estimates of TTS in baleen
whales exposed to seismic surveys and con-
cluded that, given their underlying assumptions,

a step-function threshold would substantially
underestimate ranges for potential effects for the
most sensitive one-third of the population. Their
approach began with single threshold estimates
like those provided here (Tables 6 & 7), albeit
with more limited supporting data, and then
developed probabilistic risk functions for spe-
cific applications in which variability was esti-
mated for TTS onset, variation in received level
as a function of sound propagation, and behavior
of the animals such as avoidance of the sound
source. Herein, we provide a simple assessment
of the available TTS-onset data to illustrate some
of these considerations as they relate to the appli-
cation of step-function thresholds. The available
data are admittedly limited, but this example is
simply intended to illustrate the relative implica-
tions of variability that do exist based on the type
of effect being evaluated and the overall physical
ranges over which effects may occur depending
upon species- or group-specific sensitivity.

Just as individual differences exist within and
between species in terms of absolute hearing sen-
sitivity relative to estimated group audiograms,
variability also exists in terms of individual TTS
and PTS onset relative to exposure function pre-
dictions. At present, it is difficult to quantify
variability in TTS onset among marine mammals
given how little data exist on TTS onset for mul-
tiple individual subjects from multiple species
within each hearing group to sound exposures
at the same frequency. The only such marine
mammal data currently available are from two
bottlenose dolphins tested at 3 kHz for which
onset of TTS occurred at SEL of 190 and 194 dB
re 1 pPa’s, respectively. In an effort to address
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Figure 19. Cumulative distribution function (CDF) for the
deviation of frequency-specific TTS-onset measurements
from levels predicted by the group-specific TTS exposure
function

this issue, Gedamke et al. (2011) estimated vari-
ability by taking the standard deviation (SD) of
the limited available TTS-onset data they used
(5.2 dB) across the range of individuals and fre-
quencies tested by Schlundt et al. (2000) and
Finneran et al. (2005a). However, as evident
in the estimated audiograms relative to expo-
sure functions here, TTS-onset levels vary as a
function of frequency. This means that some of
the variation in TTS onset estimated using data
available at the time by Gedamke et al. (2011)
included variation by frequency, which is explic-
itly considered within the exposure functions
derived herein.

While limited, the available TTS-onset data
for individuals at different frequencies relative to
group-specific exposure functions does provide
insight in terms of variability around predicted
effects. The available marine mammal TTS data
used here include nine frequency-specific TTS-
onset measurements from two HF cetacean sub-
jects (including the values for each subject at
3 kHz mentioned above), three from one VHF
cetacean subject, and two values from two dif-
ferent PCW subjects measured under water.
By calculating the deviation of measured TTS
onset from the value predicted by the exposure
function for their hearing group at each test fre-
quency, the variation among these five marine
mammal subjects for which frequency-specific
TTS-onset data exist may be evaluated. The
cumulative distribution function (CDF) in the
residual lack of fit of the TTS-onset thresholds
to the exposure functions across all subjects is
shown in Figure 19. This distribution has a con-
siderably lower SD (2.8 dB) than the 5.2 dB

value estimated by Gedamke et al. (2011) as
would be expected given efforts to account for
variation by frequency.

If this CDF is taken as a generalized representa-
tion of variability in the onset of an effect among
a population of animals in the wild, a simplistic
illustrative example may be used to compare the
respective area over which TTS might be pre-
dicted to occur using either the single number
threshold or a probability distribution based on
the CDF. This example assumes a generic sound
source with a source level of 220 dB re 1 pPa at
1 m and duration of 1 s, operating at a frequency
for which the hearing group is most sensitive
and with 20 logw(range) propagation loss. Using
the proposed TTS-onset thresholds of 178 dB
re 1 pPa’s for HF cetaceans, the predicted range
for TTS onset is 126 m, and the area affected is
0.05 km’. Using the proposed TTS-onset thresh-
old of 153 dB re 1 pPa’s for VHF cetaceans, the
predicted range is 2,240 m, and the area affected
is 15.7 km?. Assuming that exposed animals are
evenly distributed with one/km?, which could be
a reasonable assumption for some species but a
poor one for others, this results in an estimated
0.05 HF cetaceans and 15.7 VHF cetaceans expe-
riencing TTS.

Conversely, if the CDF is used to estimate vari-
ability, the total number of individuals potentially
affected would be determined by sequentially
estimating the areas within which individuals with
differential sensitivity would be exposed. The
CDF here has 14 values (residual differences of
measured to predicted TTS onset), ranging from
-5 dB to +6 dB. For the HF cetaceans, this cor-
responds to TTS-onset estimates ranging from
178 -5=173dB re 1 pPa’sto 178 + 6 = 184 dB
re 1 pPa’. For VHF cetaceans, this corresponds
to TTS-onset estimates ranging from 153 - 5 =
148 dB re 1 pPa’s to 153 + 6 = 159 dB re 1 pPa’s.
Each observation can be taken to represent the
estimated TTS-onset threshold for 1/14th of the
population or 0.071. In this simple example, the
number of individuals that would experience TTS
is estimated given the simple assumptions here for
individuals with differential sensitivity based upon
the variability in the CDF. The estimated number
of the most sensitive individuals in the population
equals the area corresponding to received levels
(for the HF cetaceans) out to 173 dB re 1 pPa’s
(estimated range: 224 m; area: 0.157 km?) times
0.071, resulting in 0.011 individuals with the
greatest sensitivity within that area. This process
is repeated for each step in the CDF correspond-
ing to increasingly nearer areas multiplied by a
probability of 0.071. The resulting values for each
area are then summed. The result of this process
for this example yields total estimates of 0.06 HF
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cetaceans and 20 VHF cetaceans experiencing
TTS, which are 20 and 27% higher relative to
the single threshold estimates of 0.05 (HF) and
15.7 (VHF), respectively. Even though there is an
equally small proportion of animals assumed to be
in the relatively more sensitive subset of individu-
als for both HF and VHF, there is a larger differ-
ence between the methods for the VHF cetaceans
because the larger ranges yield larger areas within
which more sensitive animals might be exposed at
levels predicted to result in TTS.

This example, using limited available data,
is not intended to serve as the basis for empiri-
cal risk functions for TTS or PTS onset. Rather,
they are given primarily to highlight some valid
concerns relating to the use of step-function
thresholds, the limited data available regarding
variability in the onset of auditory effects used to
derive exposure criteria, and the need to consider
underlying variability in regulatory applications
in some manner. The amount of variation shown
in the CDF (Figure 19) is derived from measure-
ments from a few individuals from a single spe-
cies within each of three marine mammal hear-
ing groups. Better estimates of variability in TTS
onset within and among species of each hearing
group are needed to evaluate whether this level
of observed variability is broadly representative,
particularly within groups for which no such data
exist. Regulatory processes evaluating predicted
effects and/or establishing safety mitigation zones
should occur within a broader decision framework
than simply calculating predicted effects from
exposure criteria. Such a framework should inte-
grate information regarding the source of interest,
transmission loss in the location, movement pat-
terns of animals with respect to the source (e.g.,
behavioral avoidance that may reduce higher-level
exposures), and features of typical group structure
(solitary vs highly social), and should provide at
least some means of estimating the variation and
uncertainty related to these key factors.

Research Recommendations

The past decade has seen substantial advances
in published scientific data on marine mammal
hearing and the effects of noise on hearing.
Combined with existing data on these issues,
these new results have provided a more robust
basis for the revised noise exposure criteria pre-
sented herein for predicting the fatiguing effects
of noise on marine mammal hearing. However,
as has been the case in human noise standards for
many decades, this will continue to be an itera-
tive, self-correcting process as subsequent scien-
tific results become available (see “Discussion”
section).

While noting some of the extensive research
recommendations regarding marine mammal
hearing, auditory weighting functions, and the
effects of noise made in several additional recent
reviews (e.g., Finneran, 2015; Erbe et al., 2016;
Houser et al., 2017), several key research areas
are identified and specific topics for which addi-
tional studies are needed to improve and evolve
marine mammal noise exposure criteria are
highlighted. We also identify several important
considerations regarding the derivation of noise
exposure criteria and provide some concluding
emergent observations based on the current state
of this field.

Absolute Hearing Capabilities and Auditory
Weighting Functions

While progress has been made in many areas, it
is important to recognize that we lack any mea-
surements of hearing in most marine mammal
species (see Appendices). Some untested species
fall within taxa for which numerous audiometric
measurements have been made for related spe-
cies, which permits some reasonable level of
extrapolation within “functional” hearing groups
(e.g., Reichmuth et al., 2013). Clearly, addi-
tional hearing data for any untested species will
be useful to inform subsequent estimations of
group-specific audiograms. However, given lim-
ited access to study many species in traditional
research settings, a strategic approach could be
to prioritize efforts for species within less well-
represented taxa. Alternatively, testing could
focus on species that may be more distantly
related to other members of hearing groups (e.g.,
Antarctic ice seals, other otariids, bearded seals,
walrus, and polar bears) for which hearing data
are available. This approach should enable a
more effective use and extrapolation of the data
available to evaluate the marine mammal species
groups proposed here given that direct measure-
ments of hearing are unlikely for all species.
Taxa for which affinities are unclear, such as
within the white-sided dolphins (Appendices 2
& 3), should also be prioritized, particularly for
studies relating anatomy to audiometric mea-
surements. Additional data on equal loudness
and equal latency are also needed, with a specific
need for data at high frequencies given the com-
plete lack of available information with which to
inform the HF slope of auditory weighting and
exposure functions for all groups.

The most notable example of needed data in
terms of hearing sensitivity is within the baleen
whales (LF cetaceans) for which there are no
direct measurements of hearing for any species.
Progress has been made in anatomical model-
ling methods to describe how certain aspects
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of auditory systems respond to sound and may
influence how whales hear. However, the capac-
ity of these approaches to predict hearing with
any confidence and to reliably inform the deri-
vation of exposure or weighting functions has
not yet been validated within other well-studied
species for which hearing is well-known. Studies
demonstrating the predictive efficacy of these
methods in other marine mammals in terms of
their ability to accurately predict both frequency
ranges of hearing and absolute hearing sensitiv-
ity are clearly needed. Similar comparative data
from terrestrial mammal taxa that are sensitive
to LF sound in air would also be very useful.
The models described above treat LF sensitivity
as comparable to HF sensitivity, but the avail-
able data suggest that animals are prone to lose
HF hearing preferentially as a function of age
(Clark, 1991). The limited data available on ceta-
ceans are consistent with this finding (Ridgway
& Carder, 1997), and this may be a particularly
important consideration with regard to estimat-
ing HF hearing in baleen whales, which are gen-
erally quite long-lived.

As discussed, future approaches to studying the
hearing of LF cetaceans will almost certainly rely
on comparative anatomical modeling in other LF
species given the challenges in obtaining direct
hearing measurements. Direct measurements of
hearing in LF cetaceans using electrophysiologi-
cal methods could continue to be pursued (e.g.,
within stranding scenarios) as this is among the
most likely methods for obtaining direct hearing
data for mysticetes. However, it should be recog-
nized that while such data may prove useful for
some frequencies, they will likely not be useful for
the lowest frequencies of most interest (< 5 kHz)
given limitations of AEP methods. Further, they
may prove feasible only in the youngest and small-
est members of the group. Behavioral methods for
free-ranging animals using orienting response
methods (e.g., measuring behavioral changes in
animals exposed to experimental sounds of differ-
ent frequency content) could be applied in baleen
whales (Frankel et al., 1995) as demonstrated in
other marine mammals (see Ghoul & Reichmuth,
2014). While such approaches will be unlikely
to measure absolute hearing at many frequencies
because of masking noise in the environment and
the movement of free-ranging animals, they could
provide useful insights into some hearing capa-
bilities for baleen whales, notably upper hearing
limits. There has been some feasibility work using
spontaneous responses of this type (Dahlheim
& Ljungblad, 1990) but so far not under con-
trolled or semi-controlled conditions (e.g., with
an animal entrapped in a weir; Lien et al., 1990).
Finally, the potential distinction among VLF and

LF cetaceans considered above (see ‘“Marine
Mammal Hearing Groups & Estimated Group
Audiograms” section) is noted as an area of addi-
tional evaluation. Characteristics of vocal behav-
ior and auditory anatomy suggest a potential seg-
regation of the baleen whales into two or even
more groups. To explore this potential distinction,
specific research attention using combinations of
anatomical, electrophysiological, and behavioral
methods should be applied to species for which at
least some underlying data and proven capabilities
to study free-ranging animals exist within each of
the respective groups (e.g., VLF: blue whales; LF:
minke whales). Given the endangered status and
LF sensitivity of these species, acquiring addi-
tional data remains a priority, but, realistically,
our ability to quantitatively describe hearing and
the effects of noise on hearing in baleen whales is
likely to remain limited for the foreseeable future.

Another area of research interest in terms of
potential additional division of marine mammal
hearing groups relates to hearing in sperm and
beaked whales. As discussed above, their large
body size, echolocation click characteristics, and
relatively lower-frequency content of species-
typical echolocation clicks suggest a possible
distinction of these species, along with killer
whales, from other odontocetes (HF and VHF
cetaceans). Recently obtained behavioral hearing
data for killer whales in a study with a relatively
large sample size (n = 8) (Branstetter et al., 2017)
were not included within the estimated group
audiograms here (discussed further below), but
they clearly expand our understanding of hearing
in this species. The upper-frequency cut-off for
killer whales in this study (114 kHz) occurs at
comparable frequencies (within an octave) of the
HF composite audiogram and most individual
species audiograms. However, relatively better
hearing for killer whales at low frequencies
observed by Branstetter et al. (2017) relative to
some other odontocetes, and especially the dis-
tinctions in some anatomical and echolocation
signal parameters (see Appendix 2), are consis-
tent with the species’ potential separation from
the HF cetaceans along with sperm and beaked
whales.

The challenges of collecting behavioral audio-
metric measurements on sperm whales are simi-
lar to those for mysticetes, but research building
on earlier efforts to use AEP methods on live-
stranded animals (e.g., Ridgway et al., 2001)
would provide unique opportunities as has more
recently been accomplished with several beaked
whales (Cook et al., 2006; Finneran et al., 2009;
Pacini et al., 2010). However, the same caveats
regarding AEP testing at low frequencies and the
elevated estimates of absolute hearing sensitivity
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relative to behavioral hearing thresholds may
limit data for the same reasons discussed above.
Further anatomical and behavioral evaluations
could also provide some insight into the poten-
tial segregation of these species as with MF
cetaceans.

Finally, a better understanding of relation-
ships between AEP and behavioral threshold
data are needed across species. Both methods
have provided great insight into the hearing
of marine mammals, and each has strengths
and limitations. Behavioral methods, with suf-
ficient training and experimental and noise
controls, have provided the most consistently
reliable and robust measurements of hearing
sensitivity across wide ranges of frequencies.
However, they are time-consuming and expen-
sive to conduct properly, usually involve small
sample sizes, and are unlikely to be applicable
for many species that are not maintained in cap-
tive settings. Conversely, AEP methods do not
require trained subjects, have been conducted in
field settings with stranded and/or anesthetized
animals, and may be used to generate larger
sample sizes on uncommon species. However,
as discussed, these methods are limited in their
ability to test hearing at relatively low frequen-
cies. Furthermore, across most marine mammal
species tested, AEP methods typically result in
less consistent predictions of absolute sensitivity
compared to behavioral studies; results generally
suggest less sensitive hearing than behavioral
methods, with increasing divergence at lower
frequencies. Some frequencies at the low and
high ends of the behaviorally determined hearing
range do not elicit detectable AEPs. While AEP
data were excluded in deriving estimated group
audiograms and weighting and exposure func-
tions, the value and importance of AEP methods
are clearly recognized, particularly given the
ability to test less common species (e.g., during
attempts to rehabilitate them after a stranding).

Results from a number of AEP studies were
an important part of the evaluation and species
assignments within hearing groups herein (see
Appendices). Such studies will likely provide the
only means of obtaining additional data for many
species to evaluate and refine the hearing groups
distinguished here. Subsequent effort should be
made to systematically evaluate the relationships
between AEP and behavioral methods across
frequencies in species for which hearing is rela-
tively well-known, including within terrestrial
mammals, to evaluate how AEP results could
be integrated, perhaps with associated correc-
tion factors, into the estimation of group audio-
grams and, ultimately, weighting and exposure
functions.

Temporary Threshold Shift (TTS) and
Permanent Threshold Shift (PTS)

Major strides have been made in understand-
ing TTS onset and growth in marine mammals
(Finneran, 2015), with many findings since
Southall et al. (2007) that enable a much more
informed derivation of criteria here. However,
additional studies are still needed to address key
questions.

The issue of better understanding relationships
between AEP and behavioral hearing data is also
relevant to quantifying TTS. AEP methods could
be used to test TTS for some species and con-
texts for which traditional behavioral methods
are impractical or impossible. AEP methods also
provide additional information in terms of neural
signal about auditory response at levels above
hearing thresholds that can provide additional
insight into the effects of noise. Furthermore,
data suggest that some electrophysiological
methods (including AEP) may be more sensi-
tive indicators of auditory system dysfunction
compared to behavioral threshold measures — for
example, by providing information on potential
changes in specific auditory structures that con-
tribute to the AEP waveform.

For non-impulsive noise sources, additional
studies are also needed, particularly for certain
marine mammal taxa (e.g., marine carnivores
and sirenians), to build on observations in some
odontocetes of major differences in TTS as a
function of exposure frequency spectra—that is,
explicit evaluation of auditory exposure function
predictions of TTS onset in several species from
each marine mammal taxa would ideally be col-
lected. This is especially important within the
VHF cetaceans given that TTS-onset levels to
date are so different than in other taxa, and stud-
ies are almost exclusively limited to measures
from a single species, the harbor porpoise. Of
additional interest are additional TTS measure-
ments for relatively low-exposure frequencies
(below several kHz). Across taxa, the LF hearing
range appears to be less susceptible to PTS, but it
is unclear whether low frequencies are less sus-
ceptible generally. It should be recognized that
while postmortem analyses of hearing structures
may provide some insight into potential auditory
injury related to noise exposure, direct TTS stud-
ies will almost certainly not be possible in the
near future for LF cetaceans. Not only is access a
matter of chance in acquiring potential research
subjects (e.g., live stranding), but technical
developments are also still needed to collect
useful AEPs (Ridgway et al., 2001). Recognizing
this, subsequent TTS studies of the effects of
LF noise within hearing groups that are also
more sensitive at low frequencies and for which
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increasingly more data exist (e.g., phocid seals)
should be evaluated in terms of their potential
extrapolation to the LF cetaceans.

While more recent marine mammal results
suggest that the TTS growth rates predicted by
Southall et al. (2007) appear to be reasonable
approximations, more studies in taxa other than
odontocete cetaceans would ideally be collected.
Additional studies are clearly needed regarding
how noise exposure intermittency and recovery
time in relatively quiet conditions influence TTS
growth and recovery patterns within selected
species, ideally in a manner that provides sup-
port for comparative assessment within and
across hearing groups. Such studies should quan-
tify exposure using a number of different met-
rics, including, but not limited to, SPL, duration,
variable frequency, and SEL for each exposure
and accumulated across exposures to evaluate
dual criteria predictions, the assumptions under-
lying SEL as an integrative exposure metric, and
the appropriate exposure intermittency for which
cumulative SEL values should be reset.

Additional studies of impulsive noise TTS
are needed for almost all species. Of particular
importance are studies in which systematic vari-
ation of peak SPL, SEL, signal duration (espe-
cially shorter or longer than temporal integration
time), and frequency content are performed to
test the weighting function and validity of the
dual criteria for peak SPL and SEL. Furthermore,
studies with more realistic exposure to real-
world impulsive noise sources are needed. This
is clearly challenging in laboratory contexts, but
recent studies have made some progress in using
and characterizing exposure parameters for oper-
ational impulsive noise sources (e.g., Kastelein
et al., 2013b; Finneran et al., 2015; Reichmuth
et al., 2016). Subsequent studies should continue
to try to replicate exposure waveforms from
impulsive sources, including propagation effects
for distances at which received levels may occur.
Almost no data exist on TTS growth rates for
impulsive noise in marine mammals, including
for moderate levels of TTS (20 dB) and higher.
This is a key research need as are issues related
to multiple impulse noise exposure and patterns
of intermittency and recovery as well. Further
impulsive noise TTS data will support a more
informed and taxon-specific estimation of dif-
ferences between impulsive and non-impulsive
noise and, thus, the most appropriate means of
utilizing non-impulsive noise in extrapolating or
interpreting more limited impulsive noise TTS
data.

Finally, recent data indicate that some marine
mammals have reduced hearing sensitivity
when warned of an impending noise exposure,

suggesting a potential for self-protection from
noise exposures and raising important ques-
tions regarding the uncertainties in determining
any absolute effects of external noise on hear-
ing (Nachtigall & Supin, 2013, 2014, 2015;
Nachtigall et al., 2016a, 2016b). The extent to
which such mechanisms could reduce suscepti-
bility to noise exposure is unknown but should
be investigated. Of particular importance is test-
ing whether this mechanism is a specialization
associated with echolocation or is also present
in non-echolocators. This would help inform the
extent to which TTS data from echolocators can
be appropriately extrapolated to non-echoloca-
tors and vice versa. Also unknown is the extent
to which existing TTS data have been affected by
potential self-mitigation (i.e., could experimen-
tal subjects predict impending noise exposures or
adapt to ongoing noise to protect their hearing?)
and the likelihood of wild marine mammals per-
forming similar actions when exposed to man-
made noise. As an example, there is considerable
literature on humans showing that initial moder-
ate exposures are protective against exposures to
high amplitude noise (e.g., Campo et al., 1991;
Niu et al., 2007).

Discussion

Advances in the scientific understanding of how
marine mammal hearing is affected by noise have
allowed refinement of methods originally pro-
posed by Southall et al. (2007) to predict effects
of noise. To do so, a comprehensive evaluation of
all hearing, auditory anatomy, and sound produc-
tion data available for every marine mammal spe-
cies was reviewed and evaluated. Using these data
and the systematic, quantitative methods devel-
oped by Finneran (2016), estimated audiograms
were derived for seven of eight identified marine
mammal hearing groups for which direct hearing
data were available based on median values of
behavioral audiograms from animals with normal
hearing. A modified approach involving addi-
tional assumptions, extrapolations, and associated
caveats was developed for the baleen whales (LF
cetaceans). Ultimately, all marine mammal spe-
cies were evaluated for the purposes of develop-
ing auditory weighting functions and proposing
revised exposure criteria.

Available literature on direct and indirect mea-
surements of hearing, auditory morphology, and
aspects of sound communication was evaluated
using specific criteria to inform categorization
of different species into hearing groups (see
Appendices). Using published scientific data
(with several exceptions regarding LF cetaceans)
available through the end of 2016, estimated
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group audiograms, auditory weighting functions,
and TTS/PTS exposure functions were derived
for each group, including both underwater and
aerial criteria for all amphibious species.

One of the most important conclusions to
emerge from the rapidly evolving science in this
field is the critical importance of noise spectrum,
in addition to SPL and duration, in determin-
ing potential effects on marine mammal hear-
ing. While this was addressed to some degree
in the derivation of M-weighting (Southall
et al., 2007), the substantially more quantitative
approach to weighting functions possible with
considerably more available data derived by
Finneran (2016) and applied here more appro-
priately emphasizes potential effects of expo-
sure within frequency regions of relative better
hearing sensitivity and greater susceptibility to
noise exposure. Interestingly, the derivation of
both estimated group audiograms and weighting
and exposure functions that integrate aspects of
TTS data provide support for slightly more flat-
tened functions than a simple inverse audiogram
approach as suggested in slightly different forms
for marine mammals by Verboom & Kastelein
(2005) and Nedwell et al. (2007) and for some
terrestrial mammals (see Bjork et al., 2000;
Lauer et al., 2012). These previous approaches
have not incorporated aspects of hearing loss
into the derivation of weighting functions. The
approach herein derives best-fit functions that
integrate both aspects of absolute hearing and
auditory fatigue into functions that are some-
what flattened relative to auditory thresholds, at
least at the low end of the range. This is generally
consistent with the use of equal-loudness-based
functions that have formed the basis for weight-
ing functions in humans (Houser et al., 2017).

It should be recognized that the proposed cri-
teria simply reflect another step forward in what
will remain an iterative, self-correcting process
expected to evolve for many decades. This has
clearly been the case in the ongoing evolution
of human noise exposure criteria of many kinds
over the past half century (see Suter, 2009; Kerr
et al., 2017). In fact, challenges in deriving
broadly applicable quantitative noise exposure
criteria for humans are much more straightfor-
ward than related efforts for marine mammals
given that they consider a single species and
have the benefit of many hundreds of direct stud-
ies on many thousands of subjects. Marine mam-
mals include > 125 different species inhabiting
every kind of marine habitat on the planet and are
exceedingly diverse in their taxonomy, anatomy,
and natural history. Furthermore, major gaps in
scientific understanding of basic hearing abilities
and direct measurements of key aspects of how

noise affects hearing persist for most species,
notably among the mysticete cetaceans. While
strategic research approaches (see “Research
Recommendations” section) will better inform
subsequent evolutions in these criteria, many
data gaps will remain for the foreseeable future.
Given these profound challenges, the deriva-
tion of quantitative criteria and their application
within regulatory applications come with associ-
ated and acknowledged cautions and caveats.
Since there continue to be no direct measure-
ments of hearing or the effects of noise on hear-
ing for any mysticete, one could debate a more
prescriptive and narrower auditory weighting
function than the M-weighting function pro-
posed for LF cetaceans by Southall et al. (2007).
However, readers should recognize that simply
because the M-weighting function is much
broader and flatter than the LF cetacean function
derived herein, neither is necessarily more “pro-
tective” in all scenarios. The benefit of weight-
ing is to quantify the stimulus as received by the
auditory system; therefore, if the proposed func-
tion is not a good fit, it will not improve predic-
tions. In addition, both the weighting functions
and TTS/PTS exposure functions are required to
evaluate the potential effect of noise exposure.
While the LF group weighting function derived
here is much narrower than M-weighting and
effectively excludes less noise at frequencies
outside the expected region of estimated best
sensitivity, it conversely predicts greater poten-
tial auditory effects for noise within the region
of best sensitivity by virtue of the lower asso-
ciated TTS-onset threshold (see Tougaard et al.,
2015). Furthermore, the weighting function and
TTS-onset thresholds are derived in tandem and
cannot simply be interchanged (e.g., retaining
M-weighting and applying the current TTS-onset
threshold, which is considerably lower than that
used in Southall et al., 2007). The quantitative
approach presented here represents a new option,
using methods comparable to those used for
other hearing groups that have direct support-
ing data. The M-weighting function remains an
option that is less prescriptive in its assumptions
and broader in terms of frequency but with cave-
ats concerning onset thresholds and potentially
much less predictive power. Progress made in
indirect methods of evaluating hearing in mys-
ticetes (e.g., modeling and sound production)
allowed the proposed criteria to be developed
with the best available data even though they
were not directly applicable in deriving exposure
criteria. Finding ways to improve predictions
for LF cetaceans will remain a challenging issue
for the foreseeable future. However, this reality
cannot preclude efforts to use the best available
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information to make requisite decisions and
assessments regarding potential noise impacts
for these species.

The approach taken regarding categorization of
species into hearing groups for the current criteria
builds upon the Finneran (2016) expansion of the
original Southall et al. (2007) groups, an approach
that was adopted by NMFS (2016). However,
here, both direct measurements of hearing and a
more detailed evaluation of multiple types of indi-
rect supporting information across all species were
conducted to inform these categorizations and to
propose several further modifications. This evalu-
ation, which included assessments of middle ear
and cochlear types as well as vocalization ranges
and signal types, revealed a number of potential
segregations within the existing groups and high-
lighted several species of interest that require
additional investigation. The potential future
subdivisions within the LF cetaceans (to include
possible subsequent VLF and LF hearing groups)
and within the HF cetaceans (to possibly include
MF and HF hearing groups) are supported from
various lines of evidence in anatomical features
and sound production characteristics. However, at
present, there are insufficient direct data on hear-
ing and TTS onset to explicitly derive discrete
estimated group audiograms. The broader LF and
HF cetacean categories (with associated weight-
ing and exposure functions) are thus retained
here, but the likely need for additional VLF and
MF is expressly identified for specific subsequent
research and consideration.

The evaluation of hearing, anatomical, and
sound production parameters also revealed
several interesting species (and groups of spe-
cies) in terms of hearing group categoriza-
tion. For instance, the walrus has anatomical
features intermediate between the phocid and
other marine carnivores but is retained in the
latter group based on available audiometric data
(Appendix 2). There appears to be a clear dis-
tinction within the white-sided dolphins, based
not only on the presence of VHF energy in echo-
location signals in Peale’s and hourglass dol-
phins (as in Finneran, 2016) but also (and per-
haps more compelling) considering echolocation
click type based on Fenton et al. (2014) relative
to other odontocetes, including species within
this genus (see Appendix 3). Finally, based on
a similar assessment (Appendix 2), some of the
river dolphins (family Platanistidae) are assigned
here to the HF cetaceans as opposed to the cat-
egorical distinction of all river dolphins within
the equivalent of the VHF cetacean group by
Finneran (2016).

The approach taken here, which is consistent
with almost all noise assessment and protective

criteria for humans around the world (e.g., Kerr
etal.,2017), was to use median values of available
data in several areas (deriving estimated group
audiograms and extrapolating TTS data among
groups) as the best general predictive value of
normal hearing and a reasonable best interpreta-
tion of the limited data on the effects of noise on
hearing across species within the hearing groups
proposed herein. However, it should be recog-
nized that single, discrete threshold values for
specified effects (TTS/PTS) do not capture all of
the relevant information needed for some impor-
tant regulatory considerations. For example, in
establishing safety zones and estimating the total
number of animals that might experience an effect
within a population, failure to incorporate some
estimates of variation and uncertainty can yield
incorrect estimates. Substantial individual vari-
ability in hearing is known to exist both among
different species in the same hearing groups rela-
tive to the predicted average value (see Figures 1,
3,5 & 7) and between individuals in the same spe-
cies (e.g., Houser & Finneran, 2006; Popov et al.,
2007; Branstetter et al., 2017).

Although it may be reasonable to assume a
symmetric distribution for TTS onset about a
median value, the logarithmic nature of sound
attenuation resulting from geometric spreading
loss means that the actual area where animals are
exposed to sound levels above thresholds will be
smaller than the area where animals are exposed
to levels below thresholds. Therefore, by ignoring
individual variability, use of a single-value thresh-
old (i.e., a step function) will underestimate the
total number of affected animals in most scenar-
ios, but increasingly so as the range to a particu-
lar effect increases. Thus, for effects such as TTS
or (especially) PTS onset that require quite high
levels for most hearing groups and, consequently,
occur over smaller ranges, differences may be rel-
atively small; whereas for more sensitive groups
(e.g., VHF cetaceans in terms of hearing) or for
behavioral effects that are more likely to occur at
lower received levels and longer ranges, the dif-
ferences between a step function and a probabi-
listic function may be much greater (see Box 2.2,
National Academies of Sciences, Engineering,
and Medicine, 2017). The extent to which step
function thresholds may be problematic in terms
of underestimating effects for some individu-
als depends on the exposure scenario in terms of
sound sources, environmental parameters, and
species-specific hearing and behaviors factors that
affect the likelihood of TTS or PTS. To the extent
possible given the available data, future exposure
criteria should strive to generate exposure risk
functions in addition to or instead of step func-
tion thresholds. Unfortunately, the requisite data
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are not presently available with which to derive
probabilistic approaches that quantitatively char-
acterize individual variance in hearing capabili-
ties, TTS onset, and TTS growth to express expo-
sure criteria within exposure-response probability
functions. Fewer than half of all marine mammal
species have direct hearing data of sufficient qual-
ity to represent normal hearing (almost all being
from one or a few individuals), fewer than 10%
of species have TTS measurements, and there are
zero direct measurements of one of the primary
effects evaluated here (PTS onset).

Simulations (e.g., Gedamke et al., 2011) can
be used to assess the effects of uncertainty and
individual variation on the risk of hearing loss
as a function of distance from the sound source.
Equally important for this kind of simulation is
information specific to each application such as
the source levels of sounds produced, transmis-
sion loss in the proposed site, life history and
behavioral traits of the species in question, and
conservation status of each population under
review. However, this kind of simulation requires
careful consideration of the underlying assump-
tions (e.g., behavioral avoidance) and judicious
estimation of variation and uncertainty specific
to the application and its site, with careful atten-
tion that decisions are appropriate for the specific
regulatory setting.

Future scenarios could occur wherein the
assumptions and extrapolations made here result
in criteria being either overly or insufficiently
protective in light of subsequent data. The latter
occurred regarding the Southall et al. (2007) cri-
teria for HF cetaceans (herein VHF cetaceans) for
which additional data on harbor porpoises clearly
supported the conclusion that much lower expo-
sure criteria should be applied for this species (see
Tougaard et al., 2015) and arguably for other spe-
cies with similar hearing capabilities. Accordingly,
revised (much lower) criteria were derived here
for the VHF cetacean group using data reviewed
in Tougaard et al. (2015) and using subsequent
available data for species within this hearing group.
Where direct information exists for a single species
that is being evaluated within a regulatory con-
text or where subsequent data suggest substantial
deviation from the proposed criteria within hearing
groups, decisionmakers should consider alternative
interpretations of the proposed criteria.

The integrated nature of the quantitative meth-
ods applied herein should be recognized in any
such alternative application. The approach used
here is admittedly complex and, for many species,
relies on inter-related extrapolations within and
across marine mammal groups and, as in Southall
et al. (2007), from terrestrial mammals. It may
be tempting to recalculate and revise quantitative

criteria with each new study that fills in key infor-
mation gaps, especially given that this quantita-
tive method allows such recalculation. However,
in a practical sense, caution should be taken in
doing so too frequently to avoid creating an ever-
evolving set of criteria that are difficult or impos-
sible for regulatory guidelines based upon them
to follow.

An example of both the inter-related nature
of the criteria and how new and important data
may influence the quantitative results is the recent
publication from a well-controlled, large sample
size study of hearing in killer whales (Branstetter
etal.,2017). These results substantially expand on
the available data for a species of interest given
considerations of their possible inclusion within
an MF cetacean hearing group (see Appendix 2)
and their potential contribution to the MF/HF
estimated group audiogram. These results were
unavailable when applicable data used for the cur-
rent quantitative criteria were truncated, although
they were known as this article was prepared.
Just as Southall et al. (2007) acknowledged the
existence of data on the initial impulse noise TTS
studies on harbor porpoise (ultimately published
by Lucke et al., 2009), the Branstetter et al. (2017)
results are acknowledged here as important con-
tributions to subsequent criteria (and recognized
within the consideration of a potential MF ceta-
cean hearing group) but not directly applied
within the calculation of weighting and exposure
functions. The perspective taken is that evolutions
of the exposure criteria should occur at reason-
ably spaced intervals (a decade from Southall
et al., 2007, was chosen) with a specified point
for inclusion of data (end of 2016). However,
given the awareness of the authors of these forth-
coming data, an initial assessment of the impli-
cations of including the Branstetter et al. (2017)
data was conducted. This revealed that their
inclusion would not only result in slight changes
in the shape and parameters of the HF cetacean
estimated group audiogram and weighting func-
tion but, perhaps counter-intuitively, would also
have small to moderate impacts on the exposure
functions for other hearing groups (e.g., VHF
cetaceans and marine carnivores) given the lim-
ited available data in some groups as well as the
inter-related extrapolation methods applied across
groups. This illustrates both the complex nature
of the integrated assumptions and extrapolations
inherent in the quantitative methods used herein
as well as the potential pitfalls in incremental evo-
lution in the criteria based on one or a few studies.

Finally, it is noted that the current criteria
remain focused on the derivation of auditory
weighting and exposure functions for the pur-
pose of evaluating the potential fatiguing effects
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of discrete noise exposure (e.g., TTS/PTS). These
approaches are not applicable in evaluating poten-
tial auditory effects of chronic noise exposure
over periods of weeks, months, or years. As in
human noise exposure criteria, this problem will
require different methods and metrics other than
the SPL or SEL metrics used here. Separate cri-
teria are needed to evaluate behavioral responses
and broader-scale auditory effects (e.g., auditory
masking) and physiological effects (e.g., stress
responses). These will necessarily involve differ-
ent approaches but should consider integrating
some aspects of the current criteria (e.g., weight-
ing functions).

Note

'Members from the Southall et al. (2007) panel
participating here included Brandon Southall,
Ann Bowles, William Ellison, James Finneran,
Roger Gentry, Charles Greene, Jr., Darlene
Ketten, James Miller, Paul Nachtigall, and Peter
Tyack. Colleen Reichmuth, Doug Nowacek,
and Lars Bejder were added to the panel. Each
of these individuals contributed to some degree
to the current effort, with a majority contribut-
ing as co-authors to this article. Two compan-
ion efforts involving different subgroups of the
panel worked in parallel on issues related to
sound source characterization and the behavioral
effects of noise exposure.
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Appendix 1. Low-Frequency Cetaceans

There are four cetacean families represented in the
weighting function for low-frequency (LF) ceta-
ceans: (1) Balaenidae (Balaena spp. and Eubalaena
spp.), (2) Neobalenidae (Caperea), (3) Eschrich-
tildae (Eschrichtius), and (4) Balaenopteridae
(Balaenoptera spp. and Megaptera). Species
data are consistent with the Society for Marine
Mammalogy Committee on Taxonomy (2016).
The baleen whales are considered with respect to
available evidence from anatomical descriptions,
predictions from anatomical models, and analy-
ses of emitted sounds to validate the grouping of
these 14 species to the assigned weighting func-
tion. Citations used to populate this appendix are
generally from peer-reviewed papers published
through 2016. Considering the absence of data
on audiometry for this group, the appendix also
includes models and predictions of hearing based
on anatomy from recent grey literature. Data are
expressed as frequency ranges for each species
where possible.

Audiometry data providing informative fre-
quency data (from behavioral studies or neuro-
physiological studies) are not available for any
mysticete species.

With respect to anatomy, the mammalian
middle ear type for all species included in this
group is the mysticete type (Nummela, 2008).
This ear type has similarities to other cetaceans
but with tympanic and periotic bones that are
fused anteriorly and posteriorly to form a tympa-
noperiotic complex that is very large and heavy,
and positioned close to the midline of the skull
rather than laterally. Species in this group have
disproportionately large periotic bones that are
firmly coupled to the skull and very large corre-
sponding middle ear cavities; within the middle
ear cavity, the massive ossicles are loosely joined.
In mysticetes, the pinna is absent; the auditory
meatus is thin and partially occluded; and there
is a conical, large wax plug, or “glove finger,” on
the lateral side of the tubular tympanic membrane.
The auditory pathway may involve specialized
fats associated with the ears (Yamato et al., 2012).
The cochlea has notable features, including a basi-
lar membrane that is extremely broad, especially

at the apical (low-frequency) end; this cochlea
has been termed Type M (mysticete) by Ketten
(1994). Species for which cochlear morphometric
data are available are noted in the appendix by
the designation of the Type M cochlea. For sum-
mary reviews describing anatomy and species dif-
ferences in mysticetes, see, for example, Ketten
(1992, 2000) and Ketten et al. (2016).

Anatomy-based predictions of hearing range
are reported for six species (predicted low-fre-
quency hearing limit, predicted high-frequency
hearing limit, or both). Note that anatomy-based
models or measurements used to predict hearing
limits are annotated by superscript by the method
used: cochlear shape (radii ratios)"; inner ear fre-
quency place maps®; basilar membrane thickness-
to-width ratios®; and composite model estimates,
including middle ear transform functions® or
transform functions derived from finite element
modeling either of head structures (combining
pressure loading and skull vibration loading)® or
middle ear structures.’

At least some sound production data are
available for the 14 mysticete species that are
presently recognized. Frequency ranges for sound
production are cited as the broadest range of fre-
quencies reported across all available cited studies
for each species and are referenced to call types at
the extremes of this range.

It is notable that the right whales (Eubalaena
glacialis, E. australis, and E. japonica), bow-
head whale (Balaena mysticetus), blue whale
(Balaenoptera  musculus), and fin whale
(Balaenoptera physalus) are included in the LF
cetacean weighting function; however, there is
evidence to suggest that these species should be
treated separately as very low-frequency (VLF)
cetaceans that have better sensitivity to infrasonic
sounds of even lower frequencies than other mys-
ticetes. This distinction is based on several fac-
tors, including very large body size, exception-
ally lower-frequency limits of sound production,
high radii ratios based on cochlear morphology,
and corresponding relatively long basilar mem-
branes with small apical thickness-to-width ratios
(Ketten et al., 2016).
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Appendix 2. High-Frequency Cetaceans

Four odontocete families are represented in the
high-frequency (HF) cetacean weighting function:
Delphinidae (Orcinus, Steno, Sousa spp., Sotalia
spp., Tursiops spp., Stenella spp., Delphinus,
Lagenodelphis, Lissodelphis  spp., Grampus,
Peponocephala, Feresa, Pseudorca, Globicephala
spp., Orcaella spp., Lagenorhynchus acutus,
L. obliquidens, and L. obscurus), Physeteridae
(Physeter), Montodontidae (Delphinapterus and
Monodon), and Ziphiidae (Berardius spp.,
Hyperoodon spp., Indopacetus, Mesoplodon spp.,
Tasmacetus, and Ziphius). Note that the family
Delphinidae is divided between the HF cetacean
weighting function and the very low-frequency
(VHF) cetacean weighting function, with spe-
cies from the genus Lagenorhynchus additionally
divided between these two weighting functions,
with L. acutus, L. albirostris, L. obliquidens, and L.
obscurus assigned to the HF cetacean group. Species
listings are consistent with the Society for Marine
Mammalogy Committee on Taxonomy (2016).

The HF cetaceans are considered with respect to
available evidence from audiometric studies, ana-
tomical descriptions, predictions from anatomical
models, and analyses of emitted sounds to vali-
date the grouping of these 57 odontocete species
to the assigned HF cetacean weighting function.
Data are expressed as frequency ranges for each
species where possible. Citations used to populate
this appendix are generally from peer-reviewed
papers published through 2016. In some cases,
behavioral measurements of hearing and predic-
tions of hearing based on anatomy from more
recent sources or grey literature are included.

Audiometry data from behavioral (BEH) and
neurophysiological (auditory evoked potential,
[AEP])) studies are shown separately as the +60 dB
frequency bandwidth from best measured sensitiv-
ity; sample sizes (number of different individuals
[n]) are provided with the references. BEH hearing
data are available for eight species. Note that due to
their importance in the proposed weighting func-
tions, only behavioral hearing studies meeting spe-
cific criteria are shown in the table; excluded stud-
ies are identified.! AEP measures are available for
12 of 57 species; note that all AEP studies reporting
frequency-specific thresholds are included.

With respect to anatomy, two middle ear types
are present within this grouping: (1) the odon-
tocete ear type and (2) the physeteroid ear type
(Nummela, 2008; see also Fleischer, 1978). Most
odontocetes have an odontocete ear type which
is uniquely designed to acoustically isolate the
structures of the ear from the rest of the skull. The

tympanic and periotic bones form a tympanoperi-
otic complex that is surrounded by air sinuses, and
the middle ear cavity within is lined with disten-
sible (cavernous) tissue to protect the ear from
pressure during diving; the density of the tym-
panoperiotic complex and ossicles is very high
relative to the skull, and the temporal bone is sus-
pended by ligaments in a sinus filled with spongy
mucosa to limit sound conduction from the skull
(e.g., Ketten, 1994, 2000). Two families in the
HF cetacean grouping, Physeteridae (Physeter
macrocephalus) and Ziphiidae (Berardius spp.,
Hyperoodon spp., Indopacetus, Mesoplodon spp.,
Tasmacetus, and Ziphius), as well as Kogiidae
(Kogia spp.) in the VHF cetacean grouping,
have a physeteroid ear type. This ear type fea-
tures tympanic and periotic bones that are tightly
fused through a lateral synostosis. All odontocetes
lack a pinna and functional auditory meatus and,
instead, use a unique auditory pathway of acous-
tic fats aligned with the lower jaw to direct sound
to the ears. Their inner ear features hypertrophied
cochlear duct structures, extremely dense gan-
glion cell distribution, and unique basilar mem-
brane dimensions (for summary, see Wartzok &
Ketten, 1999). Odontocetes are differentiated
into at least two types by the spiral parameters of
the cochlea and characteristic thickness-to-width
ratios along the length of the basilar membrane
(Ketten & Wartzok, 1990). Type II cochleas have
been described for at least five HF cetaceans
(noted by species in this appendix); no HF ceta-
ceans evaluated thus far have the morphology of a
Type I cochlea seen in some VHF cetaceans (see
Appendix 3). Type II cochleas have spiral geom-
etry with logarithmically increasing interturn radii
that resemble a “chambered nautilus” (Ketten &
Wartzok, 1990).

Anatomy-based predictions of hearing range
(predicted LF hearing limit, HF hearing limit, or
both) are reported for only one species in the HF
cetacean group, Tursiops truncatus. This species
has been evaluated with multiple auditory models
since the hearing abilities of this species is well
documented. The anatomy-based models or mea-
surements used to predict hearing limits in 7. trun-
catus are annotated by superscript in the appen-
dix by the method used: cochlear shape (radii
ratios),* inner ear frequency place maps,’ basilar
membrane thickness-to-width width ratios,” or
transform functions derived from finite element
modeling of middle ear structures.” Auditory
models of hearing in marine mammals are further
informed by postmortem measures of stiffness
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of the middle ear (Miller et al., 2006) or basilar
membrane (Zosuls et al., 2012) with known cor-
relates to functional hearing in 7. truncatus.

At least some sound production data are
available for 42 of 57 species classified here as
HF cetaceans. Frequency ranges for sound pro-
duction are shown separately for social (SOC)
and echoic (ECH) signals where applicable. The
broadest range of frequencies reported across all
referenced studies for each species are provided
for SOC signals (i.e., total bandwidth). For ECH
signals, the range of center (median) frequencies
are provided where possible (denoted by *); where
these data are unavailable, the range of peak (dom-
inant) frequencies are shown (denoted by *). ECH
(click) signals are additionally classified by click
type as suggested by Fenton et al. (2014). Among
the HF cetaceans, three click types are evident:
(1) broadband high-frequency clicks (BBHF),
(2) frequency-modulated (FM) upsweeps, and
(3) multi-pulsed (MP) signals (Fenton et al.,
2014). Most HF cetacean species exhibit BBHF
clicks while searching for prey, which are brief,
high-intensity, broadband signals. Sperm whales
(Physeter macrocephalus) are unique among all
odontocetes in producing an extremely loud, rela-
tively lower-frequency ECH signal with multiple
pulses, caused by structured reverberation of the
signal within the head. Beaked whales produce
a steep FM click while searching for prey and a
more broadband click in the terminal phases of
prey capture. No odontocetes classified as HF
cetaceans are reported to produce narrow-band
high-frequency (NBHF) clicks, which are exclu-
sive to the VHF cetacean grouping.

While the sperm whale, beaked whales (Family
Ziphiidae: Berardius spp., Hyperoodon spp.,
Indopacetus, Mesoplodon spp., Tasmacetus, and
Ziphius), and the killer whale (Orcinus orca) are
included in the HF cetacean weighting function
at this time, there is some suggestion that these
species should be treated separately as “mid-
frequency” cetaceans, with better sensitivity to
sounds of lower frequencies than other HF ceta-
ceans. These species are outliers to the rest of the
HF group for several reasons. Physeter and the
beaked whales have a physeteroid middle ear type
in contrast to the odontocete type ear exhibited by
other HF species. While all other HF cetaceans

emit BBHF clicks, sperm and beaked whales
produce lower-frequency, alternative ECH sig-
nals. In addition, killer whales produce relatively
lower-frequency broadband clicks. Interestingly,
hearing data for Orcinus and two beaked whales
confirms an upper range of hearing extending
above 90 kHz. More data will be required to better
understand possible differences in how hearing is
related to sound production between these species
and other HF cetaceans.

Nearly all delphinids are HF cetaceans that
emit BBHF clicks while searching for prey. The
exception is the genus Cephalorhynchus and the
species presently identified as Lagenorhynchus
australis and L. cruicger. These species produce
NBHEF clicks and are classified as VHF cetaceans
(see Appendix 3). The phylogenetic split among
species of the genus Lagenorhynchus will likely
be resolved by the pending reclassification of the
two NBHF species (L. australis and L. cruicger)
to a new or different genus (see Tougaard & Kyhn,
2010). L. albirostris is an interesting case with
ambiguous classification at the high-frequency
end of the HF cetacean grouping. The species pro-
duces BBHF clicks but with evidence of unusu-
ally HF spectral energy (Rasmussen & Miller,
2002), and it has an extreme upper-frequency
limit of hearing of 160 kHz (Nachtigall et al.,
2008); however, L. albirostris remains classified
as HF for the time being based on echolocation
signal type and phylogenetic parsimony.

Most odontocetes that inhabit shallow-water,
cluttered environments produce NBHF clicks and
have presumed exceptional ultrasonic hearing;
these include the porpoises and most of the river
dolphins that are classified as VHF cetaceans.
One exception is Platanista gangetica. This spe-
cies has been shown to emit a broadband tran-
sient click with relatively low-frequency energy
(Jensen et al., 2013). Platanista is the sole living
species of the family Platanistidae. As this spe-
cies has no close relatives, and no available data
related to hearing, it has been classified with the
HF cetaceans based only upon these features of
sound production. Other inshore or nearshore spe-
cies in the HF cetacean group include Sotalia flu-
viatilis, S. guianensis, and Orcaella brevirostris,
which all emit BBHF clicks while searching for

prey.
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Appendix 3. Very High-Frequency Cetaceans

There are six odontocete families represented in
the very high-frequency (VHF) weighting func-
tion: Phocoenidae (Neophocaena spp., Phocoena
spp., and Phocoenoides), Iniidae (Inia), Kogiidae
(Kogia), Lipotidae (Lipotes), Pontoporiidae (Ponto-
poria), and Delphinidae (Cephalorhynchus spp.,
Lagenorhynchus australis, and L. cruciger). Note
that the family Delphinidae is divided between
the high-frequency (HF) cetacean weighting func-
tion and the VHF cetacean weighting function,
with species from the genus Lagenorhynchus addi-
tionally split between these two weighting func-
tions. The species listings provided here are con-
sistent with the Society for Marine Mammalogy
Committee on Taxonomy (2016). With respect to
the mixed phylogeny of delphinids between the
HF and VHF weighting functions, it is notable that
both L. australis and L. cruciger are now thought
to belong to a phylogenetic group aligned with the
Cephalorhynchus genus, which is also assigned to
the VHF group. These two Lagenorhynchus species
are likely to be reassigned to the Cephalorhynchus
genus or a new genus (for review, see Tougaard &
Kyhn, 2010), which would be consistent with the
assignment of L. australis and L. cruciger to the
VHF weighting function.

The VHF odontocetes are considered with
respect to available evidence from audiometric
studies, anatomical descriptions, predictions from
anatomical models, and analyses of emitted sounds
to validate the grouping of these 18 species to the
assigned VHF cetacean weighting function. Data
are expressed as frequency ranges for each spe-
cies where possible. Citations used to populate
this appendix are generally from peer-reviewed
papers published through 2016; this appendix also
includes models and predictions of hearing based
on anatomy from recent grey literature.

Audiometry data from behavioral (BEH) and
neurophysiological (auditory evoked potential
[AEP]) studies of hearing are shown separately as
the +60 dB frequency bandwidth from best measured
sensitivity; sample sizes (number of different indi-
viduals [n]) are provided with the references. BEH
hearing data are available for two VHF odontocete
species. Note that due to their importance in the pro-
posed weighting functions, only BEH hearing stud-
ies meeting specific criteria are shown in the table;
excluded studies are identified.! AEP measures are
available for three species; note that all AEP studies
reporting frequency-specific thresholds are included.

With respect to amatomy, the mammalian
middle ear type for most species in this group is
the odontocete ear type (Nummela, 2008), which

is uniquely designed to acoustically isolate the
structures of the ear from the rest of the skull.
The tympanic and periotic bones form a tym-
panoperiotic complex that is surrounded by air
sinuses, and the middle ear cavity within is lined
with distensible (cavernous) tissue to protect the
ear from pressure during diving; the density of
the ossicles is very high relative to the skull, and
the temporal bone is suspended by ligaments in
a sinus filled with spongy mucosa to limit sound
conduction from the skull (e.g., Ketten, 1994,
2000). One genus, Kogia, has a physeteroid ear
type (Nummela, 2008; see also Fleischer, 1978)
which features tympanic and periotic bones that
are tightly fused through a lateral synostosis,
and a bony plate (the tympanic plate) in place
of a more compliant tympanic membrane. All
odontocetes lack a pinna and functional audi-
tory meatus, and, instead, use a unique auditory
pathway of acoustic fats in the lower jaw to direct
sound to the ears. Their inner ear features hyper-
trophied cochlear duct structures, extremely dense
ganglion cell distribution, and unique basilar
membrane dimensions (for summary, see Wartzok
& Ketten, 1999). Odontocetes are differentiated
into at least two types by the spiral parameters of
the cochlea and characteristic thickness-to-width
ratios along the length of the basilar membrane
(Ketten & Wartzok, 1990). Type I cochleas have
been described for at least two VHF cetaceans; no
VHF cetaceans evaluated thus far have the mor-
phology of a Type II cochlea. Type I cochleas, as
seen in Phocoena phocoena and Inia geoffrensis,
have spiral geometry with a relatively constant
interturn radius curve like that of a “tightly coiled
rope” (Ketten & Wartzok, 1990, p. 95).
Anatomy-based predictions of hearing range
(predicted low-frequency hearing limit, high-fre-
quency hearing limit, or both when available) are
reported for seven species. Data for six of these
species are reported by Racicot et al. (2016) and
include estimates of the low-frequency hearing limit
derived from cochlear shape (radii ratios)* based on
the method of Manoussaki et al. (2008). The final
species, P. phocoena, is best studied in terms of anat-
omy. Data are reported by Racicot et al. (2016), as
are similar radii ratio data from Ketten et al. (2014).
There are also independent low- and high-frequency
limits for this species predicted by inner ear fre-
quency place maps® (Ketten et al., 2014). Note that
predictions of hearing limits from auditory model-
ing obtained from different models are not analo-
gous; therefore, the hearing limits provided in the
appendix are annotated by the method used.
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At least some sound production data are avail-
able for 15 of 18 species classified as VHF ceta-
ceans. Frequency ranges for sound production
are shown separately for social (SOC) and echoic
(ECH) signals where applicable. The broadest range
of frequencies reported across all referenced studies
for each species are provided for SOC signals (total
bandwidth). For ECH signals, the range of center
(median) frequencies are provided where pos-
sible (denoted by *); where these data are unavail-
able, the range of peak (dominant) frequencies are
shown (denoted by *). ECH (click) signals are addi-
tionally classified by click type as suggested by
Fenton et al. (2014). Cetaceans categorized as VHF
all produce narrow-band high-frequency (NBHF)
clicks while searching for prey. This is a derived
signal that has arisen independently in several phy-
logenetic groups (e.g., porpoises, some non-whis-
tling dolphins, some river dolphins, and the genus
Kogia). While best studied in harbor porpoises
(P. phocoenay), this NBHF click type is also present
in six delphinids (Cephalorhynchus spp., L. austra-
lis, and L. cruciger), as well as in inshore or near-
shore species (1. geoffrensis, Pontoporia blainvillei,
and the [now likely extinct] Lipotes vexillifer). The
NBHEF click type is thought to be related to forag-
ing in shallow or cluttered environments, although
it is also observed in at least one open water species
(Kogia breviceps; Madsen et al., 2005).

It is notable that Platanista gangetica was
originally classified as VHF, along with other
river dolphins. However, this species has been
shown to emit a broadband transient click with
relatively low-frequency energy (Jensen et al.,
2013). Platanista is the sole living species of the
family Platanistidae. As this species has no close
relatives, and no audiometric or auditory anatomy
data are available, it has been classified with the
HF odontocetes rather than the VHF odontocetes
based solely upon features of sound production.



T00T ‘UOSI_JJ[ 29 PIOOD ‘8661 T8 19
nsjeweyy (9861 “'Te 10 euruwey] (0861 T8 19 LI[[Id :o1snooy

Southall et al.

29T0T *"Te 19 100108y :S[OPOW [EOTWOJeUY Ied o[ppIut ZHY ST < ostodiod ssofury orjroe-opuy
y=uU—1107 ‘S00T “'T¢ 10 Aodo :daV :Anoworpny HHEN  (ueow),zHY ¢p[ :HOH ZHA-01,£0 owo0uopy 018> :dqVy  soprouanooyd puapooydoay
astodiod ssojury 9z33ue g
astodzod
»L00T “SO0T “'T8 13 I'T :o1snody SSO[UL] PITPLI-MOLIEN
BJEp ON :S[OPOW [BOIWOojeuY Ied 9[ppIuu S1DIUIILOIDISD
eiep oN :Anoworpny AHAN ZHY S€1 03 001 ‘HOH - 919001U0pPQ -- puavo0ydoasN

600T T2 30 UYA “1661 e 10 adioy],

‘1661 ‘uosmeq 29 2dioyy, (0661 ‘@dIoy], 2 uosme(J :onsnody
BJEp ON :S[OPOW [BOIOojeuY LJZHY TE1 0 GZT “HOA Ied 9[ppIuu urydjop s,10390H
'iep oN :Anoworpny AHEAN souo pue sjeanbs :HOS - 31900JU0PO -- 140192y snyouky.1oppyda))

T10T “'18 39 BYBSHOIN :LL61 T8 12 SURIBA 1SN0V +ZHY 01 01 [C1 -HOA

BJep ON :S[OPOW [EOIOoJeUuY (so10) Ied o[pprut urydjop s,opIsIABoH
vep oN :Answoipny  AHAN  ZHY S 01 80 :D0S -- 919203U0pQ -- 1pIS1avaYy snyouy.Lojpyda?)

0102 “'8 19 Z)QD) :01snooy
BIRp ON :S[OPOW [BOIWOoJeUY Ied o[ppIuu urydjop ueaqy)
BIep ON :Anoworpny  JHIN +ZHY 9C1 *HOd - 919001U0pPQ -- vido.na snyouly.ioppyda))

910 *S10T

e 30 SoAay SAAY 10T '8 32 BPIYSO ‘0T0T “'Te 30 uyky 16861

‘Jruaiygng ap 9 J1Zpalz( ‘8861 I8 12 SUBAH 11861 “[8 10 UK ‘T861
‘1861 ‘BWISIOIA 29 BSUTIWEY (086 ‘[[TAQYOS % SUDIEAL :DUSN0OY SZHM TLT 03 021 ‘HOA urydjop s, uosiowwo)
2910 T 19 100108y :S[OpOW [BIWOoJRUY (opsym) ZHY 91 Ied 9[ppIuu 1NUOSLIUUIOD
BIep ON :Anoworpny  JHIN 0} (A1) 70 :D0OS ZHY—03,£0 91200u0pO -- snyouy.iopyda))

0102 ‘UyAy] 29 preesSnoyx, ‘6007 <[ 32 UYL :o1snooy
BIEp ON :S[OPOW [BOIOJRUY Ied o[ppIuu urydjop sse[3moHq
elep oN :Anoworpny  JHN +ZHA TET 0 $#C1 ‘HOHA - 919001U0pPO -- 42310140 SNYIULYL0UISDT

010T T2 30 UYAS] S0L6T “SUDPRAY 79 [[IASYDS :01SNO0Y +ZHY 8E1 01 €C1 -HOA
BJep ON :S[OpOW [EOIOojeuy (zznq) Ied o[ppIut urydjop s,o1eod
'lep ON :Anoworpny  JHIN  ZHY S 01 €0 :DOS -- 91900JuU0pO -- SYDLISND SNYIULYL0U2SD]
soouaIRyey  2dK) uononpoid Suropow odAy reg Anaworpny uoxey,
LD punog L1onpny

204

sueae10 (JHA) Aouanbarj-y3iy A1 :uonouny Sunysiop *T d[qel, ‘¢ xipuaddy



Marine Mammal Noise Exposure Criteria: Hearing, Weighting Functions & TTS/PTS Onset 205

8661 “[¥ 10 NSIBWERYY 16861

‘Bulf 29 OBIX 19007 ‘6861 “'[€ 10 SUBM 1861 “[€ 10 SUIf :01SN0dY
BIEP ON :S[OPOW [BOTWOJRUY

[ =U—7661 T8 19 Suepp apn[ox9 ‘HA{ :Anoworpny

910 “'[& 30 WLIOWY GT( [ 19 OJOWRWEA :GT(OT & 12 pIeedope ]
£L00T “OZMBA 79 OPE[[0D-ABIAL “ZO0T ¥ 12 SOPOd :[00T “'T¥ 10 Suepm
‘G661 810 BUI ‘661 T8 10 BSUIIWEY] (TG “BWSIM ‘6L61
“eTurwey] ¢/ 61 ‘SUBA ‘TL6T T8 12 SLLION S[L6] T8 19 SO
“0L61 “UOSIYOINIA] 29 1UUX (L6 ‘TIPMPIED 29 [[PMP[ED :O1SNOdY
BIEP ON :S[OPOW [BIIWOJRUY

¥ =u—0661 ‘uidng

29 Aodod dHV ‘1 = U—CL6] ‘[[eH % Sq0de[ HAH :Andwoipny

€107 “'Te 30 uy£y| :600¢ ¢ T8 10 NIsseq :01snody
+910T T8 12 100108y :S[9pOW [eOIWOJRUY
BIEp ON :Anoworpny

BIEP ON :01SN00Y
Q10T T8 12 100108 :S[OPOW [BOTWOJRUY
BIRp ON :Anoworpny

1661 “12QIS :o1SN0dY
+9T0T 'T8 12 10010BY :S[OPOUW [BOTWOJRUY
BIEp ON :Anjoworpny

€10C ' 12 ughy

S110T 18 19 Uasne[) Q10T I8 12 USSPRIA :800T *“[8 12 USSUBH :L00T
“'Te 10 PIRESSPRIIA ‘00T '8 1 UUBW[IAL, 16661 ' 10 UId[aIse]
6661 “[B 19 NV 1CH61 “UIS[ISLY 29 WOOGIIA ‘7861 “BUWSIDIM 1861
‘BLUSIOIAN 29 BSUTWIWEY €/ 6] ‘UISIOPUY 29 [YSIN 1L61 T8 10
1sA0IqNQ ‘6961 T8 12 [[1AYIS 9961 OIZPAlZ(] % [dusng :o1sSnooy
910C T8 19

JOJ19RY 7 10T T8 10 UMY w661 ‘USNAY S[OPOW [EdIIOIBUY
8C=U—910¢

“Te 10 108y (0661 ‘utdng 29 Aodod (98671 “*[e 30 aodod :d9V ‘0L61
‘UASIOPUY IPN[IX ¢ = U—G[ (T ‘0107 T 10 UIdAISeY :010T
‘uroraisey] £q parepdn se ‘g0z Te 10 uro[aIsey :HAd :Anoworpny

BJEp ON] :01ISN00Y
L9T0T T8 12 100108y :S[OpOW [BOIWOJRUY
BJEp ON :Anoworpny

AHEN

JHEN

AHAN

JHEN

JHEN

+ZHY 26 *HOH
(opsTym) ZHY 61 01
(epsmym) € :D0S

JZHY 8€1 03 S 'HDH
(apsym) ZHY 8f 01
(as1nd) 900 :D0S

+ZHA LY] 0}
I¢1 -HOd

sZHY 6€1 O3
8¢l ‘HOd

+ZHY 00T 03 6C1 “HOd
G dJoupud 338 :DOS

ZHA— 01,20

ZH— 01 ,.%°0

ZHA = 01,20

ZHY 02T
01,570

ZHY—0,C0

Ied 9[ppru
9)200JU0pO

BI[Y000 | 2dAY,
“Ied S[pprut
9)200JU0pO

Ie9 Q[ppIu
910003U0pPQO

Ie9 Q[ppIu
910003U0pPO

Ted o[ppru
9)200JU0pO

BI[Y009 T odAT,
“Ied S[ppIwt
9)2003U0pO

I Q[ppIut
9)900JU0pO

ZHA 0El <
018> :d9V
ZHA 601 <
0} [ > :HA4

ZHY 091 O
0l >:dav
ZHY 091 O
€0-Hd4d

ilreg

urydjop IoALI asauIy)
urydjop 10A11 97)3uex
JA2fifjxoa sajodry

ojog
urydjop IoALl uozewy
sisua.Lffoas vy

astodiod s [req
1]]DP $2PI0UI020Y

astodiod s 19)stouing
smurdnands pua020yJ

eynbep
SNUIS DUIOO0Y ]

astodiod 10qrey
pu2020yd DUI0I0YJ

astodiod pajoeoadg
porydorp 2020y g



Southall et al.

206

"sa1eU0dU Aq 12]14up]q PrI0dojU0g 103 nondNpoid Yo11o Aouanbaij-1omor 2quIdSep (H107) SIQION 29 BYOI[AL, Jey) 0N

ZHA9G e
asind Aouanbaij-1omo] e Jo Aouanbaiy pronued ayj 110dar ose Inq 42fijj1x24 s230d17 103 ZHY 76 16 JO110 Aouanbaxj-ySiy v jJo Aouonbaiy pronuad ayy 110dax (686 1) Sulf 29 0vrY Jey) AJON,

"JOUT)Xd MOU ATUTE}ID JSOWe ST $a10ads ST Jey) 910U am ‘ToAaMOY (9] (7) AWOUOXE], U0 dOPTWWO)) AFO[RWWERIA] QULIBIA] 10 A1A100S Y} Aq PA)SI] S I PIOPN[IUT ST 42f1]]1X24 s210d1T,

‘sapstym 2onpoid sastodrod 1oqrey jey) 20uapIAd pajepdn 2ATIULISANS OU ST 1Y) Puk *(8007) ‘[ 12 UASUBH Aq SIOBJI)IE O1}SN0dE 10
sydIO Aduanbary-ySiy jo syuouodwos juedyrudisur se paure[dxe usaq sey sydI[O Aouanbaij-mof Jo uononpoid ay) ‘roaamoy "zHY § 03 dn a5uer Aouonbaij e yyim s[euSIs 9qLIOSAp OS[e
(996 1) 21ZparZ(J 29 TouUsSNg ‘IYMNJ ‘ZH 00 T JO SYOI[O pue ZHY 9°() 03+’ O JO oSuex Kouenbaiy e yyim pua0o0yd pua020Yy J I10J SIISTYM 3GIIISAP (G6HT) UTS[RISEY 29 WOO0GIOA 1B} SJON

*S1IDIUILLI0IDISD Sap1ouavI0yd puaIoYdoaN Sunsiy sardads Ayl asn (£L00Z ‘SO0T) ‘T 12 I'T 18yl QON,
‘vido.ina snyoudy.1oppyda)) 103 (zHY 001 JO Aouanbaiy 19)uad yim) sy11d zznq Kouanbaij-1omor 11odar oste (0107) ‘T8 12 230D 1ey) AON

*SYOI[0 JHEN 01 uonippe ur zgy 00 > A31oud yim saroads s1yy Aq paonpoid adA) yorpo
pueqpEOoIq € SWITJUO0d (707) ‘T¢ 10 UNIe]A WoI} 110doI U0l € {11pis1anay snyouly.1ojpyda?) 103 (ZH § M0[aq) SYOI[0 zznq Aouanbaij-1omor 110dax os[e (£/61) "Te 39 SUD[IeA) ey} 9J0N,

*s9103ds uoAIS ©
£Qq Pa3od)ap 2q Ued JeY) SPUNOS A} JNOQE UONBULIOJUT [nJasn IPIAoId [[1)s SUONLIID Papn[oxd Ay} ‘swerorpne dnois oy) Woly papnjoxd AIdM BIBP 3SAY) YA “eIep paiodar pasuanyyur
K[oY1] S1030€] [eInpad01d JO [BJUSWUOIIAUD JOYIO JO Surysew J1 1o ‘(adeys pausye|j 10 Sayojou snoraqo *3-9) jueiroqe pareadde swerdorpne J1 ‘pojoadsns sem SSO[ SULIBAY JT ‘OIOYMIS]O
paj1odal d1om [eNPIAIPUT QWS dY) 10J BIEP JT PIPN[OX AI9M S[ENPIAIPUI 10J SUOTIEIID ((UONIIS  S[BWWERIA QUL 10J sweldoipny dnoin pajewnsy,, 99s) sweidorpne d1j10ads-dnoid
QUITLLIOJOP 0] PAsn 2IoM BLIAILID UIe1Iad Sunoau sarpnys [earsAydoyaAsd Ajuo ‘uonouny Sunysrom oy Jo adeys oyl SururwIa)op ul ejep JLOWOIpne [eIOIARYaq Jo 9[o1 Arewnid oy 03 an(g,

BJEP ON :01)SNOdY
BIEp ON :S[OPOW [BOIOJRUY Ied 9[ppru oreym wrads Jrem(
BIEp ON :Aljoworpny - - - proisjesAyg -- putis n1Soy

S00T “"I® 32 USSPEIN *100T
‘IapIe)) 2 Aem3pry {000Z ‘USHBIAL (0661 T8 12 SeWoy [, :01SN0dYy

©IRP ON :S[OPOUW [BOIWOIRUY ZHY 0€1 01§71 :HO| 189 SppIw oreym wiads AwdLg
eIRp ON :Anoworpny  JHEN  ZHNST O 41 :D0S - PIOINASAY - sdao1a2.4q mSoy
P10 *SIGION %9 BOYOQ[IAL T 10T **[¥ 19 UDO[OJN D10y
BIBP ON] :S[OPOUW [BOIWIOJRUY 189 J[ppIw BUBOSIOUBL]
v1ep ON :Anowoipny IHEAN (Ueow) .zHY 6¢1 ‘HOH - 91200)U0PO - 19)j1au10)q vrIOdOIUOG



Marine Mammal Noise Exposure Criteria: Hearing, Weighting Functions & TTS/PTS Onset 207

Literature Cited

Akamatsu, T., Wang, D., & Wang, K. (1998). Echolocation
range of captive and free-ranging baiji (Lipotes vexilli-
fer), finless porpoise (Neophocaena phocaenoides), and
bottlenose dolphin (Tursiops truncatus). The Journal of
the Acoustical Society of America, 104(4), 2511-2516.
https://doi.org/10.1121/1.423757

Amorim, T. O. S., Andriolo, A., Reis, S. S., & dos Santos,
M. E. (2016). Vocalizations of Amazon river dolphins
(Inia geoffrensis): Characterization, effect of physical
environment and differences between populations. The
Journal of the Acoustical Society of America, 139(3),
1285-1293. https://doi.org/10.1121/1.4943556

Andersen, S. (1970). Auditory sensitivity of the harbour
porpoise Phocoena phocoena. In G. Pilleri (Ed.),
Investigations on Cetacea, Volume 2 (pp. 255-259).
Bern, Switzerland: Institute for Brain Research.

Au, W. W. L., Kastelein, R. A., Rippe, T., & Schooneman,
N. M. (1999). Transmission beam pattern and echo-
location signals of a harbour porpoise (Phocoena
phocoena). The Journal of the Acoustical Society of
America, 106(6), 3699-3705. Retrieved from http:/lib.
ioa.ac.cn/ScienceDB/JASA/jasal999/pdfs/vol 106/
iss_6/3699_1 .pdf; https://doi.org/10.1121/1.428221

Bassett, H. R., Baumann, S., Campbell, G. S., Wiggins,
S. M., & Hildebrand, J. A. (2009). Dall’s porpoise
(Phocoenoides dalli) echolocation click spectral struc-
ture. The Journal of the Acoustical Society of America,
125(4),2677. https://doi.org/10.1121/1.4784219

Busnel, R. G., & Dziedzic, A. (1966). Acoustic signals of
the pilot whale Globicephala melaena and of the por-
poises Delphinus delphis and Phocoena phocoena. In
K. S. Norris (Ed.), Whales, dolphins, and porpoises (pp.
607-646). Berkeley: University of California Press.

Caldwell, M. C., & Caldwell, D. K. (1970). Further stud-
ies on audible vocalizations of the Amazon freshwater
dolphin, Inia geoffrensis. Los Angeles County Museum —
Contributions in Science, 187, 1-5.

Clausen, K. T., Wahlberg, M., Beedholm, K., DeRuiter,
S., & Madsen, P. T. (2011). Click communication in
harbour porpoises Phocoena phocoena. Bioacoustics,
20(1), 1-28. https://doi.org/10.1080/09524622.2011.97
53630

Dawson, M., & Thorpe, C. W. (1990). A quantitative analysis
of the sounds of Hector’s dolphin. Ethology, 86, 131-145.
https://doi.org/10.1111/j.1439-0310.1990.tb00424 x

Diercks,K.J., Trochta,R. T., Greenlaw, C.F., & Evans, W.E.
(1971). Recording and analysis of dolphin echolocation
signals. The Journal of the Acoustical Society of America,
49(6), 1729-1732. https://doi.org/10.1121/1.1912569

Ding, W., Wiirsig, B., & Evans, W. E. (1995). Comparisons
of whistles among seven odontocete species. In R. A.
Kastelein, J. A. Thomas, & P. E. Nachtigall (Eds.),
Sensory systems of aquatic mammals (pp. 299-323).
Woerden, The Netherlands: De Spil Publishers.

Dubrovskii, N. A., Krasnov, P. S., & Titov, A. A. (1971).
Emission of echolocation signals by Azov Sea harbor
porpoise. Soviet Physics Acoustic, 16(4), 444-447.

Dziedzic, A., & de Buffrenil, V. (1989). Acoustic signals of
the Commerson’s dolphin, Cephalorhynchus commerso-
nii, in the Kerguelen Islands. Journal of Mammalogy,
70(2),449-452. https://doi.org/10.2307/1381541

Evans, W. E. (1973). Echolocation by marine delphinids
and one species of fresh-water dolphin. The Journal
of the Acoustical Society of America, 54(1), 191-199.
https://doi.org/10.1121/1.1913562

Evans, W. E., Awbrey, F. T., & Hackbarth, H. (1988).
High frequency pulses produced by free-ranging
Commerson’s dolphin (Cephalorhynchus commerso-
nii) compared to those of phocoenids. Reports of the
International Whaling Commission, Special Issue 9,
173-181.

Fenton, B. M. B., Jensen, F. H., Kalko, E. K. V., & Tyack,
P.L.(2014). Sonar signals of bats and toothed whales. In
A. Surlykke, P. E. Nachtigall, R. R. Fay, & A. N. Popper
(Eds.), Biosonar (pp. 11-59). New York: Springer.
https://doi.org/10.1007/978-1-4614-9146-0_2

Fleischer, G. (1978). Evolutionary principles of the mam-
malian middle ear. Advances in Anatomy, Embryology,
and Cell Biology, 55, 1-70. https://doi.org/10.1007/978-
3-642-67143-2

Goold, J. C., & Jefferson, T. A. (2002). Acoustic signals
from free-ranging finless porpoise (Neophocaena
phocaenoides) in the waters around Hong Kong. The
Raffles Bulletin of Zoology, 10, 131-139.

Gotz, T.,Antunes, R ., & Heinrich, S.(2010). Echolocation clicks
of free-ranging Chilean dolphins (Cephalorhynchus eutro-
pia) (L). The Journal of the Acoustical Society of America,
128(2), 563-566. https://doi.org/10.1121/1.3353078

Hansen, M., Wahlberg, M., & Madsen, P. T. (2008). Low-
frequency components in harbor porpoise (Phocoena
phocoena) clicks: Communication signal, by-products,
or artifacts? The Journal of the Acoustical Society of
America, 124(6),4059. https://doi.org/10.1121/1.2945154

Jacobs, D. W., & Hall, J. D. (1972). Auditory thresholds of
a fresh water dolphin, Inia geoffrensis Blainville. The
Journal of the Acoustical Society of America, 51(2),
530-533. https://doi.org/10.1121/1.1912874

Jensen, F. H., Rocco, A., Mansur, R. M., Smith, B. D.,
Janik, V. M., & Madsen, P. T. (2013). Clicking in shal-
low rivers: Short-range echolocation of Irrawaddy and
Ganges river dolphins in a shallow, acoustically com-
plex habitat. PLOS ONE, 8(4). https://doi.org/10.1371/
journal.pone.0059284

Jing, X., Xiao, Y., & Jing, R. (1981). Acoustic signals and
acoustic behaviour of Chinese river dolphin (Lipotes
vexillifer). Scientia Sinica, 24(3),407-415.

Kamminga, C. (1979). Remarks on dominant frequencies
of cetacean sonar. Aquatic Mammals, 7(3), 93-100.

Kamminga, C., & Wiersma, H. (1981). Investigations on
cetacean sonar. II. Acoustical similarities and differences
in odontocete sonar signals. Aquatic Mammals, 8(2),
41-62.



208 Southall et al.

Kamminga, C., & Wiersma, H. (1982). Investigations on
cetacean sonar. V. The true nature of the sonar sound of
Cephalorhynchus commersonii. Aquatic Mammals, 9(3),
95-104.

Kamminga, C., Kataoka, T., & Engelsma, F. J. (1986).
Investigations on cetacean sonar. VII. Underwater sounds
of Neophocaena phocaenoides of the Japanese coastal
population. Aquatic Mammals, 12(2), 52-60.

Kamminga, C., Van Hove, M. T., Engelsma, F. J., & Terry,
R. P. (1993). Investigations on cetacean sonar. X: A
comparative analysis of underwater echolocation clicks
of Inia spp. and Sotalia spp. Aquatic Mammals, 19(1),
31-43.

Kastelein, R. A.,Au, W. W. L., Rippe, H. T., & Schooneman,
N. M. (1999). Target detection by an echolocating
harbor porpoise (Phocoena phocoena). The Journal of
the Acoustical Society of America, 105(4), 2493-2498.
https://doi.org/10.1121/1.426951

Kastelein, R. A., Hoek, L., de Jong, C. A. F., & Wensveen,
P.J.(2010). The effect of signal duration on the underwa-
ter detection thresholds of a harbor porpoise (Phocoena
phocoena) for single frequency-modulated tonal signals
between 0.25 and 160 kHz. The Journal of the Acoustical
Society of America, 128(5), 3211-3222. https://doi.org/
10.1121/1.3493435

Kastelein, R. A., Schop, J., Hoek, L., & Covi, J. (2015).
Hearing thresholds of a harbor porpoise (Phocoena
phocoena) for narrow-band sweeps. The Journal of
the Acoustical Society of America, 138(4), 2508-2512.
https://doi.org/10.1121/1.4932024

Kastelein, R. A., Bunskoek, P., Hagedoorn, M., Au,
W.W. L., & de Haan, D. (2002). Audiogram of a harbor
porpoise (Phocoena phocoena) measured with narrow-
band frequency-modulated signals. The Journal of the
Acoustical Society of America, 112(1), 334-344. https:/
doi.org/10.1121/1.1480835

Ketten, D. R. (1994). Functional analyses of whale ears:
Adaptations for underwater hearing. IEEE Proceedings
in  Underwater Acoustics, 1, 264-270. https://doi.
org/10.1109/0CEANS.1994.363871

Ketten, D. R. (2000). Cetacean ears. In W. W. L. Au, A. N.
Popper, & R. R. Fay (Eds.), Hearing by whales and dol-
phins (pp. 43-108). New York: Springer-Verlag. https://
doi.org/10.1007/978-1-4612-1150-1_2

Ketten, D. R., & Wartzok, D. (1990). Three-dimensional
reconstructions of dolphin ear. In J. A. Thomas & R. A.
Kastelein (Eds.), Sensory abilities of cetaceans: Field
and laboratory evidence (pp. 81-105). New York: Plenum
Press. https://doi.org/10.1007/978-1-4899-0858-2_6

Ketten, D. R., Cramer, S., Arruda, J., Mountain, D. C., &
Zosuls, A. (2014). Inner ear frequency maps: First
stage audiogram models for mysticetes. In The 5th
International Meeting of Effects of Sound in the Ocean on
Marine Mammals, Amsterdam, The Netherlands.

Kyhn, L. A., Jensen, F. H., Beedholm, K., Tougaard, J.,
Hansen, M., & Madsen, P. T. (2010). Echolocation in sym-
patric Peale’s dolphins (Lagenorhynchus australis) and
Commerson’s dolphins (Cephalorhynchus commersonii)

producing narrow-band high-frequency clicks. Journal
of Experimental Biology, 213(11), 1940-1949. https://doi.
org/10.1242/jeb.042440

Kyhn,L.A., Tougaard, J., Beedholm, K., Jensen, F. H., Ashe,
E., Williams, R., & Madsen, P. T. (2013). Clicking in a
killer whale habitat: Narrow-band, high-frequency bioso-
nar clicks of harbour porpoise (Phocoena phocoena) and
Dall’s porpoise (Phocoenoides dalli). PLOS ONE, 8(5).
https://doi.org/10.1371/journal pone.0063763

Kyhn,L.A., Tougaard,J.,Jensen, F. H., Wahlberg, M., Stone,
G. S., Yoshinaga, A., . . . Madsen, P. T. (2009). Feeding
at a high pitch: Source parameters of narrow band, high-
frequency clicks from echolocating off-shore hourglass
dolphins and coastal Hector’s dolphins. The Journal of
the Acoustical Society of America, 125(3), 1783-1791.
https://doi.org/10.1121/1.3075600

Ladegaard, M., Havmand Jensen, F., De Freitas, M., Ferreira,
V. M., Silva, D., & Madsen, P. T. (2015). Amazon river
dolphins (Inia geoffrensis) use a high-frequency short-
range biosonar. Journal of Experimental Biology, 218(9),
3091-3101. https://doi.org/10.1242/jeb.120501

Li, S., Wang, K., Wang, D., & Akamatsu, T. (2005). Origin
of the double- and multi-pulse structure of echoloca-
tion signals in Yangtze finless porpoise (Neophocaena
phocaenoides  asiaeorientalis). The Journal of the
Acoustical Society of America, 118(6),3934-3940. https://
doi.org/10.1121/1.2126919

Li, S., Wang, D., Wang, K., Akamatsu, T., Ma, Z., & Han,
J. (2007). Echolocation click sounds from wild inshore
finless porpoise (Neophocaena phocaenoides sunameri)
with comparisons to the sonar of riverine N. p. asiaeori-
entalis. The Journal of the Acoustical Society of America,
121(6), 3938-3946. https://doi.org/10.1121/1.2721658

Madsen, P. T., Wisniewska, D. M., & Beedholm, K. (2010).
Single source sound production and dynamic beam for-
mation in echolocating harbour porpoises (Phocoena
phocoena). Journal of Experimental Biology, 213(Pt 18),
3105-3110. https://doi.org/10.1242/jeb.044420

Madsen, P. T., Carder, D. A., Bedholm, K., & Ridgway,
S. H. (2005). Porpoise clicks from a sperm whale nose—
Convergent evolution of 130 kHz pulses in toothed whale
sonars? Bioacoustics, 15(2), 195-206. https://doi.org/10.1
080/09524622.2005.9753547

Manoussaki, D., Chadwick, R. S., Ketten, D. R., Arruda,
J., Dimitriadis, E. K., & O’Malley, J. T. (2008). The
influence of cochlear shape on low-frequency hearing.
Proceedings of the National Academy of Sciences of the
United States of America, 105(16), 6162-6166. https:/
doi.org/10.1073/pnas.0710037105

Marten, K. (2000). Ultrasonic analysis of pygmy sperm whale
(Kogia breviceps) and Hubbs’ beaked whale (Mesoplodon
carlhubbsi) clicks. Aquatic Mammals, 26(1), 45-48.

Martin, M. J., Gridley, T., Elwen, S. H., & Jensen, F. H.
(2018). Heaviside’s dolphins (Cephalorhynchus heavisidi)
relax acoustic crypsis to increase communication range.
Proceedings of the Royal Society B: Biological Sciences,
285(1883). https://doi.org/10.1098/rspb.2018.1178



Marine Mammal Noise Exposure Criteria: Hearing, Weighting Functions & TTS/PTS Onset 209

May-Collado, L. J., & Wartzok, D. (2007). The freshwa-
ter dolphin Inia geoffrensis geoffrensis produces high
frequency whistles. The Journal of the Acoustical
Society of America, 121(2), 1203-1212. https://doi.
org/10.1121/1.2404918

Melcén, M. L., Failla, M., & Iiiguez, M. A. (2012).
Echolocation behavior of franciscana dolphins
(Pontoporia blainvillei) in the wild. The Journal of the
Acoustical Society of America, 131, EL448. https://doi.
org/10.1121/1.4710837

Mghl,B.,& Andersen, S.(1973). Echolocation: High-frequency
component in the click of the harbour porpoise (Phocoena
ph. L.). The Journal of the Acoustical Society of America,
54(5), 1368-1379. https://doi.org/10.1121/1.1914435

Morisaka, T., Karczmarski, L., Akamatsu, T., Sakai, M.,
Dawson, S., & Thornton, M. (2011). Echolocation sig-
nals of Heaviside’s dolphins (Cephalorhynchus heavisi-
dii). The Journal of the Acoustical Society of America,
129(1), 449-457 . https://doi.org/10.1121/1.3519401

Norris, K. S., Harvey, G. W., Burznell, L. A., & Kartha,
T.D.K.(1972). Sound production in the freshwater por-
poises Sotalia cf. fluviatilis (Gervais and Deville) and
Inia geoffrensis (Blainville), in the Rio Negro, Brazil.
Investigations on Cetacea,4,251-262.

Nummela, S. (2008). Hearing in aquatic mammals. In
J. G. M. Thewissen & S. Nummela (Eds.), Sensory
evolution on the threshold: Adaptations in secondarily
aquatic vertebrates (pp. 211-232). Berkeley: University
of California Press. https://doi.org/10.1525/california/
9780520252783.003.0013

Penner, R. H., & Murchison, A. E. (1970). Experimentally
demonstrated echolocation in the Amazon river por-
poise, Inia geoffrensis (Blainville) (No. NUC-TP-187-
REV-1). San Diego, CA: Ocean Sciences Department.

Pilleri, G., Zbinden, K., & Kraus, C. (1980). Characteristics
of the sonar system of cetaceans with pterygoschisis.
Investigations on Cetacea, 11, 188-257.

Podos, J., da Silva, V. M. F., & Rossi-Santos, M. R. (2002).
Vocalizations of Amazon river dolphins, Inia geoffrensis:
Insights into the evolutionary origins of delphinid whis-
tles. Ethology, 108(7), 601-612. https://doi.org/10.1046/
j-1439-0310.2002.00800.x

Popov, V. V., & Supin, A. Ya. (1990). Electrophysiological
studies of hearing in some cetaceans and a manatee. In
J.A. Thomas & R. A. Kastelein (Eds.), Sensory abilities
of cetaceans (pp.405-415). New York: Springer. https://
doi.org/10.1007/978-1-4899-0858-2_27

Popov, V. V., Ladygina, T. F., & Supin, A. Ya. (1986).
Evoked potentials of the auditory cortex of the por-
poise, Phocoena phocoena. Journal of Comparative
Physiology A, 158(5), 705-711. https://doi.org/10.1007/
BF00603828

Popov, V. V., Supin, A. Ya., Wang, D., Wang, K., Dong,
L., & Wang, S. (2011). Noise-induced temporary
threshold shift and recovery in Yangtze finless por-
poises Neophocaena phocaenoides asiaeorientalis. The
Journal of Acoustical Society of America, 130(1), 574-
584. https://doi.org/10.1121/1.3596470

Popov, V. V., Supin, A. Ya., Wang, D., Wang, K., Xiao,
J., & Li, S. (2005). Evoked-potential audiogram of the
Yangtze finless porpoise Neophocaena phocaenoides
asiaeorientalis (L). The Journal of the Acoustical
Society of America, 117(5), 2728-2731. https://doi.
org/10.1121/1.1880712

Racicot, R. A., Gearty, W., Kohno, N., & Flynn, J. J.
(2016). Comparative anatomy of the bony labyrinth of
extant and extinct porpoises (Cetacea: Phocoenidae).
Biological Journal of the Linnean Society. https://doi.
org/10.1111/bij.12857

Reyes Reyes, M. V., Iniguez, M. A., Hevia, M., Hildebrand,
J. A., & Melcon, M. L. (2015). Description and cluster-
ing of echolocation signals of Commerson’s dolphins
(Cephalorhynchus commersonii) in Bahia San Julidn,
Argentina. The Journal of the Acoustical Society of America,
138(4), 2046-2053. https://doi.org/10.1121/1.4929899

Reyes Reyes, M. V., Tossenberger, V. P., Iiiguez,
M. A., Hildebrand, J. A., & Melcén, M. L. (2016).
Communication sounds of Commerson’s dolphins
(Cephalorhynchus commersonii) and contextual use of
vocalizations. Marine Mammal Science, 32(4), 1219-
1233. https://doi.org/10.1111/mms.12321

Ridgway, S. H., & Carder, D. A. (2001). Assessing hear-
ing and sound production in cetaceans not available for
behavioral audiograms: Experiences with sperm, pygmy
sperm, and gray whales. Aquatic Mammals, 27(3), 267-
276.

Ruser, A., Dihne, M., van Neer, A., Lucke, K.,
Sundermeyer, J., Siebert, U., . . . Teilmann, J. (2016).
Assessing auditory evoked potentials of wild harbor
porpoises (Phocoena phocoena). The Journal of the
Acoustical Society of America, 140(1), 442-452. https://
doi.org/10.1121/1.4955306

Schevill, W. E., & Watkins, W. A. (1970). Pulsed sounds of
the porpoise Lagenorhynchus australis. Breviora, 366,
1-10.

Schevill, W. E., Watkins, W. A., & Ray, C. (1969). Click
structure in the porpoise, Phocoena phocoena. Journal of
Mammalogy,50(4),721-728. Retrieved from www jstor.
org/stable/1378247; https://doi.org/10.2307/1378247

Silber, G. K. (1991). Acoustic signals of the Vaquita
(Phocoena sinus). Aquatic Mammals, 17(3), 130-133.

Society for Marine Mammalogy Committee on Taxonomy.
(2016). List of marine mammal species and subspecies.
Retrieved from www.marinemammalscience.org

Teilmann, J., Miller, L. A., Kirketerp, T., Kastelein, R. A.,
Madsen, P. T., Nielsen, B. K., & Au, W. W. L. (2002).
Characteristics of echolocation signals used by a har-
bour porpoise (Phocoena phocoena) in a target detection
experiment. Aquatic Mammals, 28(3), 275-284.

Tellechea, J. S., & Norbis, W. (2014). Sound characteristics of
two neonatal franciscana dolphins (Pontoporia blainvil-
lei). Marine Mammal Science, 30(4), 1573-1580. https://
doi.org/10.1111/mms.12122

Thomas, J. A., Moore, P. W. B., Nachtigall, P. E., &
Gilmartin, W. G. (1990). A new sound from a stranded
pygmy sperm whale. Aquatic Mammals, 16(1), 28-30.



210 Southall et al.

Thorpe, C. W., & Dawson, S. M. (1991). Automatic mea-
surement of descriptive features of Hector’s dolphin.
The Journal of the Acoustical Society of America, 89(1),
435-443. https://doi.org/10.1121/1.400477

Thorpe, C. W., Bates, R. H., & Dawson, S. M. (1991).
Intrinsic echolocation capability of Hector’s dolphin,
Cephalorhynchus hectori. The Journal of the Acoustical
Society of America, 90(6), 2931-2934. https://doi.org/
10.1121/1.401767

Tougaard, J., & Kyhn, L. A. (2010). Echolocation sounds
of hourglass dolphins (Lagenorhynchus cruciger) are
similar to the narrow band high-frequency echoloca-
tion sounds of the dolphin genus Cephalorhynchus.
Marine Mammal Science, 26(1), 239-245. https://doi.
org/10.1111/5.1748-7692.2009.00307 x

Verboom, W. C., & Kastelein, R. A. (1995). Acoustic sig-
nals by harbour porpoises (Phocoena phocoena). In
P. E. Nachtigall, J. Lien, W. W. L. Au, & A. J. Read
(Eds.), Harbour porpoises—Laboratory studies to reduce
bycatch (pp. 1-39). Woerden, The Netherlands: De Spil
Publishers.

Villadsgaard, A., Wahlberg, M., & Tougaard, J. (2007).
Echolocation signals of wild harbour porpoises,
Phocoena phocoena. Journal of Experimental Biology,
210, 56-64. https://doi.org/10.1242/jeb.02618

Wang, D., Lu, W., & Wang, Z. (1989). A preliminary study
of the acoustic behavior and auditory sensitivity of
Lipotes vexillifer. In W. F. Perrin, R. L. Brownell, Jr.,
Z. Kaiya, & L. Jiankang (Eds.), Biology and conserva-
tion of river dolphins (pp. 137-140). Gland, Switzerland:
International Union for Conservation of Nature.

Wang, D., Wiirsig, B., & Leatherwood, S. (2001). Whistles
of boto, Inia geoffrensis, and tucuxi, Sotalia fluviati-
lis. The Journal of the Acoustical Society of America,
109(1),407-411. https://doi.org/10.1121/1.1326082

Wang, D., Wang, K., Xiao,Y., & Sheng, G. (1992). Auditory
sensitivity of a Chinese river dolphin, Lipotes vexilli-
fer. In J. A. Thomas, R. A. Kastelein, & A. Ya. Supin
(Eds.), Marine mammal sensory systems (pp. 213-221).
New York: Plenum Press. https://doi.org/10.1007/978-
1-4615-3406-8_12

Wang, K., Wang, D., Akamatsu, T., Fujita, K., & Shiraki, R.
(2006). Estimated detection distance of a baiji’s (Chinese
river dolphin, Lipotes vexillifer) whistles using a passive
acoustic survey method. The Journal of the Acoustical
Society of America, 120(3), 1361-1365. https://doi.org/
10.1121/1.2221416

Wartzok, D., & Ketten, D. R. (1999). Marine mammal
sensory systems. In J. E. Reynolds III & S. A. Rommel
(Eds.), Biology of marine mammals (pp. 117-175).
Washington, DC: Smithsonian Institution.

Watkins, W. A., & Schevill, W. E. (1980). Characteristic
features of the underwater sounds of Cephalorhynchus
commersonii. Journal of Mammalogy, 61(4), 738-739.
Retrieved from www jstor.org; https://doi.org/10.2307/
1380327

Watkins, W. A., Schevill, W. E., & Best, P. B. (1977).
Underwater sounds of Cephalorhynchus heavisidii
(Mammalia: Cetacea). Journal of Mammalogy, 58(3),
316-320. Retrieved from www.jstor.org/stable/1379330;
https://doi.org/10.2307/1379330

Wiersma, H. (1982). Investigations on cetacean sonar. IV: A
comparison of wave shapes of odontocete sonar signals.
Aquatic Mammals, 9(2), 57-66.

Xiao, Y., & Jing, R. (1989). Underwater acoustic sig-
nals of the baiji, Lipotes vexillifer. In W. F. Perrin,
R. L. Brownell, Jr., Z. Kaiya, & L. Jiankang (Eds.),
Biology and conservation of the river dolphins (pp.
129-136). Gland, Switzerland: International Union for
Conservation of Nature.

Yamamoto, Y., Akamatsu, T., da Silva, V.M. F., Yoshida, Y.,
& Kohshima, S. (2015). Acoustic characteristics of bio-
sonar sounds of free-ranging botos (/nia geoffrensis) and
tucuxis (Sotalia fluviatilis) in the Negro River, Amazon,
Brazil. The Journal of the Acoustical Society of America,
138(2), 687-693. https://doi.org/10.1121/1.4926440

Yeh, S., Zbinden, K., Kraus, C., Gihr, M., & Pilleri, G.
(1981). Characteristics and directional properties of
the sonar signals emitted by the captive Commerson’s
dolphin, Cephalorhynchus commersonii (Gray, 1846).
Investigations on Cetacea, 13, 137-202.

Yoshida, Y. M., Morisaka, T., Sakai, M., Iwasaki, M.,
Wakabayashi,I.,Seko,A., .. .Kohshima, S. (2014). Sound
variation and function in captive Commerson’s dolphins
(Cephalorhynchus commersonii). Behavioural Processes,
108, 11-19. https://doi.org/10.1016/j.beproc.2014.08.017



Marine Mammal Noise Exposure Criteria: Hearing, Weighting Functions & TTS/PTS Onset 211

Appendix 4. Sirenians

There are two sirenian families represented in the
sirenian (SI) weighting function: Trichechidae
(Trichechus spp.) and Dugongidae (Dugong).
Species listings are consistent with the Society for
Marine Mammalogy Committee on Taxonomy
(2016). Manatees and dugongs are considered
with respect to available evidence from audiomet-
ric studies, anatomical descriptions, and analy-
ses of emitted sounds to validate the grouping of
these four species to the assigned weighting func-
tion for acoustic exposure: SI. Citations used to
populate this appendix are generally from peer-
reviewed papers published through 2016. Data
are expressed as frequency ranges for each species
where possible.

Audiometry data from behavioral (BEH) and
neurophysiological (auditory evoked potential
[AEP]) studies are shown separately as the +60
dB bandwidth from best measured sensitivity in
water; sample sizes (number of different indi-
viduals [n]) are provided with the references.
BEH hearing data are available for one species,
Trichechus manatus. Note that only BEH hearing
studies meeting specific criteria are shown in the
audiometry column of the table; excluded studies
are identified.! AEP data providing frequency-
specific thresholds are available for one species,
Trichechus inunguis.

With respect to anatomy, the mammalian
middle ear type for the four species included in
this group is the sirenian ear type, which features
a U-shaped tympanic bone that is fused to a much
larger periotic bone (Nummela, 2008); in contrast

to other mammals, this tympanoperiotic complex
is attached to the inner wall of the cranium and
does not entirely surround the middle ear cavity
with bone (Ketten et al., 1992; Nummela, 2008).
In sirenians, the pinnae are absent, the auditory
meatus is thin and apparently occluded, the tym-
panic membrane is enlarged and bulges outward,
and the ossicles are massive with unusual features
(Ketten et al., 1992). Significantly, the zygomatic
process contains spongy bone that is oil filled; this
unique feature, which is directly associated with
bony structures connected to the tympanoperiotic
complex, may be involved in selectively ducting
sound to the ear (Ketten et al., 1992). While formal
anatomy-based predictions of hearing range are
presently unavailable for any sirenian species,
early predictions of auditory range for 7. manatus
(based on review of middle and inner ear struc-
tures) suggested the species would be sensitive
to “infrasound,” or sounds less than 20 kHz, with
peak sensitivity around 8 kHz. Audiometry data
shows that the hearing range in sirenians extends
from low frequencies to above 60 kHz, with the
perception of sounds below 0.02 kHz likely medi-
ated by vibrotactile rather than acoustic cues
(Gerstein et al., 1999; Gaspard et al., 2013).
Sound production data are available for
three of four sirenian species. Frequency ranges
for underwater sound production are cited as the
broadest range of frequencies reported across all
available studies for each species and are refer-
enced to call types at the extremes of this range.
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Auditory Sound

Taxon Audiometry  Eartype  modeling production References

Trichechus AEP: <5 Sirenian - 0.7to 17 kHz Audiometry: AEP: Klishin et al., 1990; Popov

inunguis to 60 kHz type (vocalization/ & Supin, 1990—n =1

Amazonian harmonic Anatomical models: No data

manatee vocalization) Acoustic: Evans & Herald, 1970; Sousa-Lima
et al., 2002; Sousa-Lima, 2006; Landrau-
Giovannetti et al., 2014>

Trichechus BEH: <025 Sirenian “Infrasound” 0.4 to 22 kHz Audiometry: Gerstein et al., 1999; Gaspard

manatus to 72 kHz type to <20 kHz (tonal harmonic etal.,2012—n = 4; excluded Mann et al., 2005

‘West Indian vocalization) Anatomical models: Ketten et al., 1992

manatee Acoustic: Schevill & Watkins, 1965;

Antillean Nowacek et al., 2003; O’Shea & Poché, 2006;

manatee Sousa-Lima et al., 2008; Miksis-Olds &
Tyack, 2009; Grossman et al., 2014; Landrau-
Giovannetti et al., 2014%; Rivera Chavarria
etal., 2015

Trichechus - Sirenian - - Audiometry: No data

senegalensis type Anatomical models: No data

West African Acoustic: No data

manatee

Dugong - Sirenian - 0.15 (squeak) to  Audiometry: No data

dugon type 18 kHz (trills, Anatomical models: No data

Dugong chirp-squeak) Acoustic: Nair & Lal Mohan, 1975; Marsh

etal., 1978; Anderson & Barclay, 1995;
Ichikawa et al., 2003; Hishimoto et al., 2005;
Parsons et al., 2013

'Due to the primary role of behavioral audiometric data in determining the shape of the weighting function, only
psychophysical studies meeting certain criteria were used to determine group-specific audiograms (see “Estimated Group
Audiograms for Marine Mammals” section); citations for individuals were excluded if data for the same individual were
reported elsewhere, if hearing loss was suspected, if audiograms appeared aberrant (e.g., obvious notches or flattened shape),
or if masking or other environmental or procedural factors likely influenced reported data. While these data were excluded
from the group audiograms, the excluded citations may still provide useful information about the sounds that can be detected

by a given species.

*Vocalization emitted in air and recorded with a hydrophone coupled to the skin
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Appendix 5. Phocid Carnivores

There is a single Carnivore family represented in
the weighting functions for phocid carnivores in
water (PCW) and phocid carnivores in air (PCA):
Phocidae (Cystophora, Erignathus, Halichoerus,
Histriophoca, Hydrurga, Leptonychotes, Lobodon,
Mirounga spp., Monachus, Neomonachus, Omma-
tophoca, Pagophilus, Phoca spp., and Pusa spp.).
Species listings provided are consistent with those
of the Society for Marine Mammalogy Committee
on Taxonomy (2016). True seals are considered
with respect to available evidence from audiomet-
ric studies, anatomical descriptions, and analy-
ses of emitted sounds to validate the grouping of
these 18 species to the assigned weighting func-
tions. Citations used to populate this appendix are
generally from peer-reviewed papers published
through 2016. Data are expressed as frequency
ranges for each species where possible and are
considered separately for water (Table 1) and air
(Table 2), as these species are amphibious.
Audiometry data from behavioral (BEH) and
neurophysiological (auditory evoked potential
[AEP]) studies are shown separately here as the
+60 dB frequency bandwidth from best measured
sensitivity; sample sizes (number of different
individuals [n]) are provided with the references.
BEH data are available for four species in water
and three species in air. Note that only BEH hear-
ing studies meeting specific criteria are shown in

the tables; excluded studies are identified.! AEP
measures are available for one species in water
and three species in air. Note that all AEP stud-
ies reporting frequency-specific thresholds are
included.

With respect to anatomy, the mammalian
middle ear type for all species included in this
group is the phocid ear type (Nummela, 2008),
which features an enlarged tympanic membrane,
ossicles, and middle ear cavity. Species in this
group lack an outer pinna and have cavernous
tissue lining the auditory meatus and middle ear
cavity as an apparent adaptation for pressure reg-
ulation during diving (Mghl, 1968b; Repenning,
1972; Wartzok & Ketten, 1999). Some spe-
cies have a spiral cartilage and musculature
along the lateral portion of the external auditory
canal that may function to close the canal under
water. Anatomy-based predictions of hearing
range are presently unavailable for any phocid
carnivore.

Underwater sound production data are avail-
able for 12 of 18 species; in-air sound production
data are available for 12 of 18 species. Frequency
ranges for sound production are provided as the
broadest range of frequencies reported across all
available studies for each species and in each
medium, and they are referenced to call types at
the extremes of this range.
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Appendix 6. Other Marine Carnivores

There are four Carnivore families represented in
the other marine carnivores in water (OCW) and
other marine carnivores in air (OCA) weighting
functions: Odobenidae (Odobenus), Otariidae
(Arctocephalus spp., Callorhinus, Eumetopias,
Neophoca, Otaria, Phocarctos, and Zalophus
spp-), Ursidae (Ursus), and Mustelidae (Enhydra
and Lontra). Species listings provided are con-
sistent with those of the Society for Marine
Mammalogy Committee on Taxonomy (2016).
In this appendix, the sea lions, fur seals, walrus,
marine otter, sea otter, and polar bear are con-
sidered with respect to available evidence from
audiometric studies, anatomical descriptions, and
analyses of emitted sounds to validate the group-
ing of these 18 species to the assigned weighting
functions for acoustic exposure. Citations used to
populate this appendix are generally from peer-
reviewed papers published through 2016. Data
are expressed as frequency ranges for each species
where possible and are considered separately for
water (Table 1) and air (Table 2) as these species
are amphibious.

Audiometry data from behavioral (BEH) and
neurophysiological (auditory evoked potential
[AEP]) studies are shown separately here as the
+60 dB frequency bandwidth from best measured
sensitivity; sample sizes (number of different
individuals [n]) are provided with the references.
BEH data are available for five species in water
and six species in air. Note that only BEH hear-
ing studies meeting specific criteria are shown in
the table; excluded studies are identified.! AEP
measures are available for three species in air and
unavailable for any species in water. Note that all

AEP studies reporting frequency-specific thresh-
olds are included.

With respect to anatomy, the mammalian middle
ear type for the species included in this group is the
freely mobile ear type (Fleischer, 1978; Nummela,
2008), which features a loose connection between
the ossicles and the skull. Species in this group
have essentially terrestrial, broad-bore external ear
canals, relatively small tympanic membranes, and
moderate to distinctive pinnae; inner ear structures
appear similar to terrestrial high-frequency gener-
alists (Repenning, 1972; Wartzok & Ketten, 1999).
The single exception in terms of anatomy is the
walrus, which has an ear that is somewhat inter-
mediate to a freely mobile ear type and a phocid
middle ear type characterized by an enlarged tym-
panic membrane, ossicles, and middle ear cavity,
and which lacks an external pinna (Repenning,
1972; Nummela, 2008). For example, while the
walrus has enlarged ossicles and a large tympanic
membrane, and lacks a pinna (like phocid seals),
the shape and form of the ossicles and other mor-
phological features are distinctively otariid in form
(Repenning, 1972). Anatomy-based predictions of
hearing range are presently unavailable for any spe-
cies classified as other marine carnivores.

Underwater sound production data are avail-
able for six of 18 species; in-air sound production
data are available for 16 of 18 species. Frequency
ranges for sound production are provided as the
broadest range of frequencies reported across all
available studies for each species and in each
medium, and they are referenced to call types at
the extremes of this range.
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Residual Hearing Effects
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https://doi.org/10.1578/AM 45.2.2019.125

On page 131, Kastelein (2013) was incorrectly identified as a new study of TTS from impulsive noise
when it should have been listed as a new study of TTS from non-impulsive noise in the preceding
paragraph.

There is a typographical error in Table 5 on page 149. What is indicated as parameter “B” should be
parameter “b,” which is consistent with “b” in Eq.(2) W(f) on page 146.

There are four typographical errors in Table 7 on page 156. The corrected table is provided on the
following page:

e For PCA, the value in column “TTS onset: Peak SPL” should be 155 (rather than 138) and the
value in column “PTS onset: Peak SPL” should be 161 (rather than 144).

e For OCA the value in column “TTS onset: Peak SPL” should be 170 (rather than 161) and the
value in column “PTS onset: Peak SPL” should be 176 (rather than 167).

Data for the blue whale (Balaenoptera musculus) was inadvertently omitted from Appendix 1, Table 1
during publication. The corrected table for “Low-Frequency Cetaceans” is provided herein with the
blue whale data included. All the references associated with the blue whale that are referred to in this
table were provided within the appendix as it was published.

We apologize for the errors.
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Table 7. TTS- and PTS-onset thresholds for marine mammals exposed to impulsive noise: SEL thresholds in dB re 1 pPa’s
under water and dB re (20 pPa)’s in air (groups PCA and OCA only); and peak SPL thresholds in dB re 1 pPa under water
and dB re 20 pPa in air (groups PCA and OCA only).

Marine mammal TTS onset: SEL TTS onset: Peak SPL PTS onset: SEL PTS onset: Peak SPL
hearing group (weighted) (unweighted) (weighted) (unweighted)
LF 168 213 183 219
HF 170 224 185 230
VHF 140 196 155 202
SI 175 220 190 226
PCW 170 212 185 218
OoCcwW 188 226 203 232
PCA 123 155 138 161

OCA 146 170 161 176
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