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Abstract

For each mammalian species, the pattern of sus-
ceptibility to temporary hearing threshold shift
(TTS) with changing frequency has been assumed
to be related to the pattern of hearing thresholds
with changing frequency (the basic audiogram).
This relationship was tested with one individual of
each of three marine mammal species: one odon-
tocete (harbor porpoise [Phocoena phocoenal)
and two pinniped species (harbor seal [Phoca vit-
ulina] and California sea lion [Zalophus califor-
nianus]). Audiograms showed that they had simi-
lar basic hearing thresholds at 8 kHz (61, 59, and
60 dB re 1 pPa, respectively). Hearing thresholds
for narrow-band sweeps at 11.3 kHz (the hearing
frequency at which the greatest TTS occurred in
all three species) before and after exposure for 1 h
to a continuous, constant-amplitude, one-sixth-
octave noise band centered at 8 kHz at several
sound exposure levels (SELs) showed that the
TTS experienced by the three individuals differed.
The 6 dB TTS-onset SELs were for the harbor
porpoise: 169 dB re 1 pPa’s; for the harbor seal:
182 dB re 1 pPa’s; and for the California sea lion:
176 dB re 1 pPa’s. The pattern of increase in TTS
with increasing SEL was steeper for the harbor
porpoise and harbor seal than for the California
sea lion. This means that TTS onset occurs at a
different sensation level (i.e., at a different number
of dB above the basic hearing threshold) in each
of the three marine mammal species. Therefore,
different policies, recommendations, or regula-
tions for permissible sound exposure are needed
for each species.
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Introduction

Marine mammals that are exposed to high-ampli-
tude sounds generated by anthropogenic offshore
activities, such as dredging, shipping, windfarms,
pile driving, seismic surveys, sonar, and detona-
tions, may suffer permanent or temporary hearing
threshold shifts (PTS or TTS; Melnick, 1991; Yost,
2007). For the regulation and management of such
activities, it is important to know at what sound
exposure levels (SELs) hearing sensitivity begins
to be reduced in marine mammals (the TTS-onset
SEL; see Finneran, 2015). SELs are combinations
of received sound pressure level (SPL) and expo-
sure duration that are used to quantify the energy of
exposure. Safety recommendations for underwa-
ter sound to protect marine mammal hearing were
proposed by Southall et al. (2007, 2019) based on
the limited TTS data available at the time for each
of the “marine mammal hearing groups” (Southall
etal.,2019, p. 131) into which the authors divided
the species. The weighting functions used to draw
up the recommendations were based on one or a
few TTS-onset SEL data points per species and
on the shape of the basic audiograms; TTS onset
was arbitrarily defined as occurring when TTS
was > 6 dB (Southall et al., 2007, 2019). Since
the publication of the functions, many more TTS
data have become available for bottlenose dol-
phins (Tursiops truncatus; Finneran et al., 2023),
harbor porpoises (Phocoena phocoena; Kastelein
et al., 2017a, 2017c, 2019b, 2019c, 2019d,
2020a, 2020b, 2020c, 2021a, 2024a; Schaffeld
et al., 2019, 2022), harbor seals (Phoca vitulina;
Kastelein et al., 2019a, 2019¢, 2020d, 2020e,
2020f, 2025a), and California sea lions (Zalophus
californianus; Kastelein et al., 2021b, 2022a,
2022b, 2024b, 2025b). However, these studies
are not all directly comparable because results
depend on the environment (background noise
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level, reverberance) and audiometric methods
used (behavioral or physiological).

The results of basic audiogram and TTS stud-
ies conducted by SEAMARCO with three marine
mammal species in similar environments, using
similar methods, equipment, and data analyses,
are directly comparable. The present study com-
pares the unmasked hearing thresholds at 8 kHz
and the susceptibility to TTS of a harbor por-
poise (Kastelein et al., 2017b, 2024a), a harbor
seal (Kastelein et al., 2009a, 2009b, 2025a), and
a California sea lion (Kastelein et al., 2022a,
2023). The fatiguing sound frequency of 8 kHz
was chosen because the unmasked 50% detection
thresholds of the three species for this frequency
were within 2 dB of one another. For all three spe-
cies, the fatiguing sound used was a continuous
one-sixth-octave noise band (NB) sound centered
at 8 kHz, and susceptibility to TTS was expressed
as the lowest SEL at which 6 dB TTS occurred.
The goal of the present study was to compare
the 6 dB TTS onset and the pattern of increase
in TTS with increasing SEL in the three species.
Similarity between the species would indicate a
common underlying mechanism and a direct rela-
tionship between the fatiguing sound’s SPL and
exposure duration for the three species.

Methods

For full details of the methods, including acoustic
equipment used, refer to Kastelein et al. (2009a,
2009b, 2017c, 2022a, 2023, 2024a, 2025a).

Data Sources, Study Area, Ambient Noise, and
Terminology

The hearing threshold of harbor porpoise FO5
(42 kg; 6 y old) was measured by Kastelein et al.
(2017a), and her susceptibility to TTS (49 kg; 11y
old) was measured by Kastelein et al. (2024a).
The hearing threshold of harbor seal FO2 (~42 kg;
1.5 y old) was measured by Kastelein et al.
(2009a, 2009b), and her susceptibility to TTS
(~55 kg; 15 y old) was measured by Kastelein
et al. (2025a). The hearing threshold of California
sea lion FO1 (~80 kg; 7 to 11 y old) was measured
by Kastelein et al. (2023), and her susceptibility to
TTS (70 to 80 kg; 8 to 10 y old) was measured by
Kastelein et al. (2022a).

All research was conducted at the SEAMARCO
Research Institute in the Netherlands. The harbor
porpoise and the harbor seal were kept in pools
measuring 8 x 7 x 2 m deep; the California
sea lion’s pool was 6 x 4 x 2 m deep. The harbor
seal and California sea lion could not haul out
during sound exposure sessions. Under test condi-
tions, ambient noise in the pools was similar and
very low; it did not mask the hearing test signals

and was similar to that of Sea State 0 (Kastelein
et al.,2009a,2017b, 2023).

Fatiguing Sound

The fatiguing sound used to elicit TTS consisted of
a continuous (100% duty cycle for 1 h), constant-
amplitude, one-sixth-octave NB sound centered
at 8 kHz. A NB sound was used to avoid stand-
ing waves, to create a homogenous sound field
throughout the pool, and because NB sounds elicit
little behavioral response in the study species. One-
sixth octave NB sounds were chosen because they
are narrow-band (close in bandwidth to a tone). The
fatiguing sound was projected at four or five SPLs.
Due to reverberations, the sound fields in the pools
for the 8 kHz NB sounds were fairly homogenous,
and the study animals generally swam throughout
the entire pool during sound exposure. Therefore,
the mean SPL of all measurement locations in each
pool was calculated to indicate the SPL to which
the animals were exposed (Kastelein et al., 2022a,
2024a,2025a).

Hearing Thresholds and Hearing Test Signals
Hearing thresholds were determined using the go/
no-go paradigm, a behavioral audiometric tech-
nique. Two-thirds of the trials were signal-pres-
ent trials, and one-third of the trials were signal-
absent trials (also called catch trials). The staircase
method was used with 2 dB steps. The change from
a detected SPL to a non-detected SPL, and vice
versa, is called a reversal. The 50% hearing thresh-
old is the mean of all reversal pairs.

The hearing test signal that the study animals
were asked to detect before and after the fatigu-
ing sound or ambient noise exposures was a linear
upsweep that started and ended at +2.5% of its
center frequency of 11.3 kHz. This frequency, half
an octave above the center frequency of the fatigu-
ing sound, was used because it typically showed
the greatest TTS in previous studies (Kastelein
et al., 2022a, 2024a, 2025a). The hearing test sig-
nals had durations of 1,000 ms, including a linear
rise and fall in amplitude of 50 ms (Kastelein et al.,
2022a,2024a,2025a).

Experimental Procedures to Assess Temporary
Hearing Threshold Shift

One sound exposure or control test was conducted
per day, consisting of (1) a pre-exposure hearing
test session in which the baseline hearing thresh-
old of each study animal for 11.3 kHz was quan-
tified; (2) fatiguing sound (the NB sound centered
at 8 kHz) exposure for 1 h or ambient noise expo-
sure for 1 h (control); and (3) post-sound exposure
(PSE) or post-ambient noise exposure (PAE) hear-
ing test session(s) in which the hearing threshold
at 11.3 kHz was quantified for comparison to the
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baseline threshold. The PSE and PAE initial TTS
levels were determined by measuring the mean
unmasked detection threshold in the 1- to 4-min
period immediately after the end of the fatiguing
sound. This mean threshold was compared with
the mean unmasked detection threshold mea-
sured before the fatiguing sound or ambient noise
exposure.

The PSE hearing test commenced within 1 min
after the period of exposure to fatiguing sound or
ambient noise. Following initial trials to estimate
the SELs that were likely to result in TTS, four
or five fatiguing SELs, separated by 6 dB, were
tested. This permitted calculation of 6 dB TTS-
onset levels (as defined by Southall et al., 2019).
We then determined relationships between TTS
and SEL in each of the three species, and also
compared 6 dB TTS-onset levels to the basic
(unmasked) hearing thresholds (Kastelein et al.,
2009a, 2017b, 2023).

Results

Hearing Thresholds at 8 kHz

Basic underwater audiograms showed that at
8 kHz, the 50% hearing thresholds of the three
study animals were similar: for the harbor por-
poise, 61 dB re 1 pPa; for the harbor seal, 59 dB
re 1 pPa; and for the California sea lion, 60 dB re
1 uPa (Figure 1; data from Kastelein et al., 2009a,
2017b,2023).

Temporary Hearing Threshold Shifts
After exposure to the NB sound at 8 kHz, the ini-
tial TTS quantified in the 4 min after the sound
stopped (TTS:4) was compared statistically to
the shifts (which were close to 0 dB) measured
during control sessions. The onset of statistically
significant TTS:4 occurred in the three study ani-
mals at different SELs: harbor porpoise: 168 dB
re 1 pPa’s; harbor seal: 180 dB re 1 pPa’; and
California sea lion: 178 dB re 1 pPa’s (Table 1).
The 6 dB onset of TTS:« (a set value as defined
by Southall et al., 2019) in the three study animals

Table 1. The lowest sound exposure level (SEL) at which
initial statistically significant temporary hearing threshold shift
(TTSi4) occurred in harbor porpoise FO2, harbor seal FO2, and
California sea lion FO1, and the magnitude of the threshold
shift (TS). Also shown are the 6 dB TTS-onset SELs, as
defined by Southall et al. (2019), for the three study animals.

Statistically
significant 6 dB
TTS-onset SEL TS TTS-onset SEL
Species  (dBre 1 pPa’s)  (dB) (dB re 1 pPa%)
Harbor 168 49 169
porpoise
Harbor 180 44 182
seal
California 178 7.1 176
sea lion
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Figure 1. Basic underwater audiograms of three marine mammal species: harbor porpoise FO5 (Kastelein et al., 2017b),
harbor seal FO2 (Kastelein et al., 2009a), and California sea lion FO1 (Kastelein et al., 2023). At 8 kHz, the hearing thresholds

of the three individuals are similar (also at 11.3 kHz).
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Figure 2. Mean initial temporary hearing threshold shift (TTS:4) at 11.3 kHz (half an octave above the center frequency of
the fatiguing sound) in relation to sound exposure level (SEL) of the fatiguing sound (a continuous, constant-amplitude noise
band sound centered at 8 kHz) in three marine mammal species: harbor porpoise FO5 (Kastelein et al., 2024a), harbor seal
FO2 (Kastelein et al., 2025a), and California sea lion FO1 (Kastelein et al., 2022a). The SEL at which 6 dB TTS onset occurs
(as defined by Southall et al., 2019) differs in the three species (indicated by the three arrows), and the rate of increase of TTS
with increasing SEL is less steep in the California sea lion than in the other two species.

Table 2. Mean initial temporary hearing threshold shift (TTS:«in dB) at 11.3 kHz (half an octave above the center frequency
of the fatiguing sound) in relation to sound exposure level (SEL; dB re 1 pPa’) of the fatiguing sound (a continuous,
constant-amplitude noise band sound centered at 8 kHz) in three marine mammal species: harbor porpoise FO5 (Kastelein
et al., 2024a), harbor seal FO2 (Kastelein et al., 2025a), and California sea lion FO1 (Kastelein et al., 2022a).

SEL Harbor porpoise Harbor seal California sea lion
(dB re 1 pPa’) TTS:4+ (dB) TTS:+(dB) TTS:+(dB)

162 0.0

166 12

168 49

172 29

174 130 10

178 7.1

180 229 44

184 13.1

186 10.1

190 18.0

192 21.5
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also occurred at different SELs: harbor por-
poise: 169 dB re 1 pPa’s; harbor seal: 182 dB re
1 uPa’s; and California sea lion: 176 dB re 1 pPa’s
(Figure 2; Table 1). Once TTS occurred, the rates
of increase per dB SEL were higher for the harbor
porpoise and harbor seal than for the California
sea lion (Figure 2; Table 2).

Discussion

Though TTS data from only one individual per spe-
cies were available for comparison here, previous
studies show that the three study animals are rep-
resentative of their species in terms of their hearing
sensitivity (harbor porpoise: Kastelein et al., 2017b;
harbor seal: Kastelein et al.,2009a,2009b; California
sea lion: Kastelein et al., 2023). Comparing the hear-
ing thresholds for 8 and 11.3 kHz to the pre-exposure
hearing thresholds in the TTS studies for each study
animal also shows that their hearing has remained
consistent within a few dB over time (Kastelein
et al., 2009a, 2009b, 2017b, 2022a, 2023, 2024a,
2025a). As well as having representative hearing
sensitivity, the three study animals are representa-
tive of their species in terms of the susceptibility of
their hearing to damage by fatiguing sounds, based
on comparison with one or a few conspecifics tested
with similar methods (harbor porpoise: Kastelein
et al., 2024a; harbor seal: Kastelein et al., 2025a;
California sea lion: Kastelein et al., 2022a).

Comparing the susceptibility to TTS of the
three species shows that the harbor porpoise is
most susceptible (TTS occurs at the lowest SEL:
169 dB re 1 pPa%), followed by the California
sea lion and then the harbor seal (TTS does not
occur until the SEL reaches ~182 dB re 1 uPa’).
As SEL increases after the onset of TTS, the
increase in TTS per dB SEL was ~1.5 dB for the
harbor porpoise, ~1 dB for the California sea lion,
and ~1.5 dB for the harbor seal. Small differences
in the rate of increase of TTS with increasing SEL
can result in big differences in the extrapolated
PTS-onset SEL. PTS is expected to occur close to
when TTS is around 40 dB (Southall et al., 2019).

The differences in susceptibility to hearing
damage between the species mean that the extrap-
olation of data within or between marine mammal
hearing groups (Southall et al., 2019) is unlikely
to be accurate. Predictions of TTS caused by
fatiguing sounds should be based on data from the
target species or from close relatives.

Conclusion

Harbor porpoises, harbor seals, and California
sea lions have similar basic hearing thresholds
at 8 kHz but differ in their TTS-onset SELs (and
SPLs in the present study, as exposures to fatigu-
ing sounds centered at 8 kHz all lasted for 1 h).

For 8 kHz sounds, regulations aimed at protect-
ing the hearing of harbor porpoises may effec-
tively protect the hearing of harbor seals and
California sea lions as well. The hearing of the
harbor porpoise is more susceptible to TTS than
that of another odontocete, the bottlenose dolphin
(Finneran, 2015), so criteria to protect harbor por-
poise hearing from damage by 8 kHz sounds may
also be stringent enough to protect the hearing of
bottlenose dolphins from damage by sounds at
that frequency.

However, hearing damage after exposure to
noise differs in the three study species. The pat-
tern of increase in TTS with increasing SEL is
steeper in harbor porpoises and harbor seals than
in California sea lions. This means that TTS onset
occurs at a different sensation level (i.e., at a
different number of dB above the basic hearing
threshold) in each of the three marine mammal
species. Ideally, different policies, recommenda-
tions, and regulations for permissible sound expo-
sure are needed to protect each marine mammal
species from harm.
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