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Abstract

Temporary hearing threshold shift (TTS) in mam-
mals depends on aspects of the fatiguing sound 
causing the shift: frequency, sound pressure level 
(SPL), exposure duration, and duty cycle (DC). 
Intermittent fatiguing sounds consist of pulses 
alternating with inter-pulse intervals (IPIs). With 
ambient noise below “effective quiet thresholds” 
(Ward et al., 1976, p. 160) hearing can recover 
between pulses. Sounds with the same DC can 
have different combinations of exposure pulse 
and IPI durations, and it is unclear how DC com-
position affects TTS. The effects of IPI on TTS 
and recovery was studied in a harbor porpoise 
(Phocoena phocoena) exposed to one-sixth-
octave noise bands centered at 8 kHz with mean 
SPL of 144 dB re 1 μPa and DCs of 50% (cumu-
lative sound exposure level: 177 dB re 1 μPa2s) 
and 100% (continuous; cumulative sound expo-
sure level: 180 dB re 1 μPa2s). The 50% DCs were 
sounds with equal pulse and IPI durations of 10, 
8, 6, 4, 2, 1, 0.5, 0.25, and 0.1 s. The TTS1-4 min elic-
ited at 11.3 kHz was similar (~18 dB) for fatiguing 
sound IPIs between 10 and 4 s, higher (~20 dB) 
for 2 and 1 s IPIs, higher still (~22 dB) for 0.5 s 
IPI, and highest (~24 dB) for 0.25 and 0.1 s IPIs. 
The continuous sound caused 23.8 dB TTS. 
Hearing recovered during IPIs of 10 to 4 s, less 
during IPIs of 2 to 0.5 s, and very little during IPIs 
of ≤ 0.25 s. Reverberations of the fatiguing sound 
in the pool may have added to the TTS caused 
when IPIs were short. As the effective quiet SPL 
for 8 kHz sounds in harbor porpoises is unknown, 
it is unclear which contributions reverberation 
energy and short recovery times played in causing 
the high TTS during exposures with IPIs < 4  s. 
This study supports research indicating reduced 
TTS after exposure to intermittent sounds relative 

to exposures to continuous sounds, and it high-
lights the importance of quiet intervals between 
exposures for hearing recovery. 
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Introduction

The harbor porpoise (Phocoena phocoena) is 
of particular interest when studying the effects 
of anthropogenic underwater sound on marine 
mammals, as this odontocete species not only 
has a large geographic range in the coastal waters 
of the Northern Hemisphere (Bjorge & Tolley, 
2008), but it also possesses hearing over a wide 
frequency range (0.5 to 140 kHz; Kastelein 
et al., 2017b). Harbor porpoises are also particu-
larly susceptible to temporary hearing threshold 
shifts (TTSs) after exposure to fatiguing sounds 
(sounds causing a hearing threshold shift; Lucke 
et al., 2009; Finneran, 2015; Tougaard et al., 
2015; Houser et al., 2017). In addition, harbor 
porpoises are the only representative of the very 
high-frequency (VHF) cetaceans in U.S. Navy/
National Marine Fisheries Service (NMFS) crite-
ria and thus play a very important role in noise 
effects data (NMFS, 2024). Depending on the 
exposure parameters, sound-induced TTS varies 
in magnitude and duration, and may compromise 
feeding, orientation, communication, and preda-
tor detection in wild harbor porpoises and other 
marine mammals that rely mainly on acoustics for 
these life functions (e.g., Au, 1993). Harbor por-
poises have a high metabolism and feeding rate 
(Wisniewska et al., 2016; Kastelein et al., 2018a, 
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2018b), so disturbances resulting in small TTSs 
may impact them disproportionately, especially if 
such disturbances occur frequently. The cumula-
tive time lost may negatively impact harbor por-
poises’ foraging, health, reproduction, and sur-
vival. As a result, chronic TTSs may have adverse 
population effects in the long term.

The TTS caused by a fatiguing sound depends 
on the exposure duration as well as on its sound 
pressure level (SPL) and frequency (Finneran, 
2015). It is important to quantify and understand 
the effect of fatiguing sounds of various frequen-
cies on the hearing of the harbor porpoise as they 
are used to generate weighting functions in criteria 
(Southall et al., 2007, 2019; Tougaard et al., 2015, 
2022; NMFS, 2016; Houser et al., 2017). For the 
regulation of underwater acoustic levels in areas 
where harbor porpoises occur, complete equal-TTS 
susceptibility contours are desirable, covering the 
entire frequency range of hearing in the harbor por-
poise (i.e., ~0.5 to ~140 kHz). TTS onset (defined 
as 6 dB TTS; Southall et al., 2019; Tougaard et al., 
2022) sound exposure levels for harbor porpoises 
due to fatiguing sound in the 0.5 to 88.4 kHz range 
have been established by Kastelein et al. (2012, 
2013, 2014a, 2014b, 2015, 2017a, 2019a, 2019b, 
2020a, 2020b, 2020c, 2021a, 2024).

Alongside exposure duration, SPL, and fre-
quency, the duty cycle (DC) of the fatiguing sound 
plays a role in the resulting TTS. The equal-energy 
hypothesis (i.e., that exposure to continuous sounds 
of the same sound exposure level [SEL], regardless 
of SPL and exposure duration composition, results 
in the same initial TTS) does not hold for chinchil-
las (Chinchilla lanigera) exposed to intermittent 
sounds (Saunders et al., 1977; Ward, 1991). That 
intermittent sounds elicit lower TTS than continu-
ous sounds of the same cumulative SEL has also 
been observed in marine mammals such as bottle-
nose dolphins (Tursiops truncatus; Mooney et al., 
2009; Finneran et al., 2010; Mulsow et al., 2023) 
and California sea lions (Zalophus californianus; 
Kastelein et al., 2021b, 2022). Several studies with 
harbor porpoises have also shown effects of the DC 
of intermittent fatiguing sound on noise-induced 
TTS, using simulated naval sonar as fatiguing 
sounds (Kastelein et al., 2014b, 2016, 2017b). 
However, the sonar pulse durations in those studies 
were fixed and matched the durations of the pulses 
used in naval sonars, and only the inter-pulse inter-
vals (IPIs) between the pulses were varied to pro-
duce variation in DC. In those studies, the DC had 
a large effect on the resulting TTS, which showed 
that recovery of hearing can occur, partly or fully, 
during the IPIs. However, it is still unclear how the 
various combinations of durations of pulses and 
intervals in intermittent fatiguing sounds affect the 
resulting TTS, or the subsequent recovery pattern.

Therefore, the goal of the present pilot study 
was to determine the effect of different combina-
tions of durations of pulses and IPIs in intermit-
tent fatiguing sounds with the same DC (50%) 
on the elicited TTS and recovery in a harbor por-
poise. TTS was compared to that resulting from 
the same fatiguing sound with a 100% DC (con-
tinuous), and to control periods in which no sound 
exposure took place. The study provides data to 
improve Environmental Impact Assessments and 
the regulation of effects of exposure to intermit-
tent sound on harbor porpoise hearing.

Methods

Study Subject and Site
The study subject, a previously stranded and 
rehabilitated adult female harbor porpoise (identi-
fied as F05; age: ~12 y, body mass: ~43 kg, body 
length: 155 cm, girth at axilla: ~85 cm), had par-
ticipated in previous studies of TTS (Kastelein 
et al., 2021a, 2024). Her hearing threshold at the 
frequency tested in the present study (11.3 kHz) is 
representative of that of similar-aged harbor por-
poises (Kastelein et al., 2017b), confirming that 
her hearing was not compromised by her partici-
pation in previous studies. Unfortunately, F05 was 
only available for a short period of time, so the 
sample sizes in this pilot study are limited.

The study was conducted at the SEAMARCO 
Research Institute in the Netherlands. F05 was 
kept in a quiet pool complex designed and built 
for acoustic research, consisting of an indoor pool 
(8 m × 7 m; 2 m deep; Figure 1) in which the study 
was conducted, connected via a channel (4 m × 
3 m; 1.4 m deep; Figure 1) to an outdoor pool 
(12 m × 8 m; 2 m deep) which F05 had access 
to when the study was not being conducted. For 
details of the pool, equipment, and water flow, see 
Kastelein et al. (2019b).

Equipment Calibration
Acoustical terminology follows International 
Organization for Standardization (ISO) (2017). 
The ambient noise was measured, and the fatiguing 
sound and hearing test signals were calibrated by 
an external sound measurement company (TNO) 
just before and at the end of the study period (for 
calibration methods, see Kastelein et al., 2024). 
Under test conditions (i.e., water circulation system 
off, no rain, and Beaufort wind force 4 or below), 
the ambient noise in the indoor pool was below that 
of sea state 0. 

Hearing Test Signals
The hearing thresholds were tested at 11.3 kHz, 
the hearing frequency that experienced the highest 
TTS after exposure to the fatiguing sound (a noise 
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Figure 1. The indoor pool in which the temporary hearing threshold shift study with harbor porpoise F05 was conducted. On 
each test day, a pre-exposure hearing test was conducted at 11.3 kHz. This was followed, for 1 h, by exposure to a fatiguing 
sound or, in control sessions, to low ambient noise. Fatiguing sounds were one-sixth-octave noise bands centered at 8 kHz, 
with either 100% duty cycle (DC), or 50% DC with a particular combination of similar pulse and inter-pulse interval (IPI) 
durations. Following exposure, one or more hearing tests at 11.3 kHz were conducted to quantify the initial hearing shift and 
recovery.

band centered at 8 kHz; Kastelein et al., 2024). The with 100% DC (continuous), and with 50% DC 
hearing test signal was a linear upsweep which in nine different compositions: combinations of 
started and ended at ± 2.5% of the center frequency. repeated equal-duration pulses followed by IPIs 
The hearing test signal was generated digitally, and with no transmitted sound, tested in the follow-
presentations were calibrated and checked daily, as ing order of IPIs: 10, 8, 6, 4, 2, 1, 0.5, 0.25, and 
explained by Kastelein et al. (2019b). The hear- 0.1 s. The fatiguing sound pulses had a linear rise 
ing test signal duration was 1,000 ms, including a and fall in amplitude of 50 ms for 10 to 4 s pulses, 
linear rise and fall in amplitude of 50 ms. 10 ms for 2 to 0.5 s pulses, and 5 ms for 0.25 and 

0.1 s exposure sounds. The 50% DC was achieved 
Fatiguing Sound by matching the durations of the IPIs with the 
The digitized fatiguing sounds were produced, durations of the pulses making up the fatiguing 
transmitted, calibrated, and checked before each sounds. The rise time period to max amplitude is 
exposure session, as described by Kastelein included as part of the signal; it is not treated as an 
et al. (2024). The sounds were transmitted into independent variable.
the indoor pool by an underwater transducer To determine the fatiguing sound’s distribution 
(Model LL1424HP; Lubell Labs, Columbus, OH, in the pool, the SPL of the noise band was mea-
USA) through an isolation transformer (Model sured at 40 locations in the horizontal plane (on a 
AC1424HP, Lubell Labs). The transducer was horizontal grid of 1 m × 1 m), and at three depths 
placed at 1 m depth in the channel adjacent to per location on the grid (0.5, 1.0, and 1.5 m below 
the pool (Figure 1). The fatiguing sound con- the surface), resulting in a total of 160 measure-
sisted of one-sixth-octave Gaussian white noise ments in the pool (see Kastelein et al., 2024). Apart 
band pulses centered at 8 kHz. It was produced from ~1 m around the transducer, the differences 
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in energetic mean SPL at different locations and 
depths were minimal. To determine the mean SPL 
received by F05, the area where she swam during 
exposure periods was quantified following the 
methods of Kastelein et al. (2019b).

During fatiguing sound exposure sessions, the 
noise band was projected for precisely 1 h at one 
source level (148 dB re 1 μPa m), resulting in an 
energetic mean received SPL experienced by the 
harbor porpoise of 144 dB re 1 μPa (averaged 
over all 160 measurement locations in the pool). 
The cumulative sound exposure level (SELcum) for 
the 50% DC was 177 dB re 1 μPa2s; for the 100% 
DC noise band, it was 180 dB re 1 μPa2s. During 
the IPIs, reverberations from the pool boundaries 
(bottom, wall, and water surface) slightly reduced 
the quiet periods between the pulse transmis-
sions. The average short-term SPL (with rms over 
15 ms) in the pool dropped by 60 dB to ambient 
noise levels with a corresponding reverberation 
time of ~80 to 90 ms.

Experimental Procedures
On each test day, one sound exposure session or 
control session was conducted. It consisted of 
(1) a pre-exposure hearing threshold test starting 
at ~0830 h; (2) exposure to fatiguing sound or 
ambient noise (in control sessions) for 1 h, in the 
morning and/or early afternoon; and (3) a number 
of post-exposure or post-ambient exposure hear-
ing tests.

Post-exposure hearing tests started within 
1  min after the fatiguing sound stopped. F05’s 
hearing thresholds were measured during post-
sound exposure (PSE) periods 1 to 4 min (PSE1-4),  
4 to 8 min (PSE4-8), and 8 to 12 min (PSE8-12),  
and, if hearing had not recovered then, 60 min 
(PSE60), 120 min (PSE120), 240 min (PSE240), and 
1,440 min (PSE1,440) after sound exposure ended. 
Hearing was considered to have recovered when 
the hearing threshold was ≤ 2 dB above the pre-
exposure threshold level since fluctuations of 
≤ 2 dB occurred after control sessions in the quiet 
conditions of the present study (see “Results”) and 
in previous, similar studies with this subject. The 
nine 50% DC compositions of the fatiguing sound, 
and the 100% DC fatiguing sounds, were each 
tested in one or two sessions.

Control sessions were conducted in the same 
way and under the same conditions as sound 
exposure sessions, but without fatiguing sound 
exposure. Each control session started with a 
pre-exposure hearing test, which was followed 
by exposure to the normal ambient noise in the 
indoor pool for 1 h with the transducer in the pool 
as usual, but not emitting sound. Post-ambient 
exposure (PAE; control) hearing tests were per-
formed 1 to 4 min (PAE1-4), 4 to 8 min (PAE4-8), 

and 8 to 12 min (PAE8-12) after the ambient noise 
exposure ended. The 14 control sessions were 
randomly dispersed among the sound exposure 
sessions.

Hearing Test Procedures
A hearing test trial began with F05 at the start/
response buoy; following a hand signal by her 
trainer, she swam to the listening station which 
was 1.0 m deep and 2.0 m from the hearing test 
transducer (Figure 1). She stationed there for a 
random period of 6 to 12 s before the operator 
produced the test signal (in signal-present trials). 
Upon hearing the signal, F05 swam back to the 
start/response buoy (a “go” response) where she 
received a food reward. If she did not hear the 
signal, she stayed at the listening station (a “no-
go” response) until she was asked to return to 
the start/response buoy (by the trainer tapping 
three times on the side of the pool); no food 
reward was given. About two thirds of each ses-
sion consisted of signal-present trials and about 
one third consisted of signal-absent trials (also 
called “catch” trials). During signal-absent trials, 
the trainer used a whistle after F05 had stationed 
for 6 to 12 s at the listening station to instruct 
her to return to the start/response buoy, where 
she received a food reward. Signal-absent trials 
were included to assess and maintain the subject 
response bias.

When F05 returned to the start/response buoy 
before being presented with a test signal (in sig-
nal-present trials) or before hearing the trainer’s 
whistle (in signal-absent trials), her response was 
a pre-stimulus error. The mean incidence of pre-
stimulus errors for both signal-present and signal-
absent trials was calculated as the number of pre-
stimulus errors as a percentage of all trials in each 
hearing test period.

Following each detection of a hearing test signal, 
the next signal’s level was 2 dB lower; following 
each undetected signal, the next signal’s level was 
2 dB higher (staircase method; Cornsweet, 1962). 
The signal level was not changed following any 
response to a signal-absent trial (correct or incor-
rect). A switch from a test signal level that F05 
responded to, to a level that she did not respond to, 
or vice versa, was called a “reversal.” Each com-
plete hearing test session consisted of ~25 trials 
and lasted for up to 12 min. However, the first 
PSE or PAE sessions were subdivided into three 
4-min periods. During pre-exposure and PSE60,  
PSE120, PSE240, and PSE1,440 hearing test sessions, 
the goal was to obtain 10 reversals. During each 
of the 4-min periods within the first PSE and PAE 
sessions, the goal was to obtain a minimum of 
three reversals. If the goals were not met, the ses-
sion was not used for analysis. The methodology 
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is described in more detail in Kastelein et al. 
(2019b). Data were collected from September 
2022 to January 2023.

Data Analysis
The pre-exposure mean 50% hearing threshold 
(PE ) for the hearing test signal was determined 
by calculating 

50%

the mean SPL of all reversal pairs 
obtained during the pre-exposure hearing session. 
TTSs after the sound exposure sessions (TTS , 
TTS4-8, TTS

1-4

8-12, TTS60, TTS120, TTS240, and TTS1,440) 
were calculated by subtracting PE50% from the 
mean 50% hearing thresholds during the PSE , 
PSE4-8, PSE8-12, PSE60, PSE , PSE , and PSE

1-4

 
periods of the same day (Kastelein 

120  240

et al., 2019b). 
1,440

Similarly, “TTSs” measured on control session 
days were calculated by subtracting PE50% from 
the mean 50% hearing thresholds obtained during 
the PAE periods of the same day. The value was 
always close to zero, as no TTS occurred after 
control sessions.

Results

Motivation and Pre-Stimulus Errors
F05 was always motivated and willing to partici-
pate in the hearing tests. The mean incidence of 
pre-stimulus errors for both signal-present and 
signal-absent trials varied in the hearing tests 
between 3.5 and 8.3%, and in the control tests 
between 2.1 and 7.8%. Incidences of pre-stimulus 
errors in the pre-exposure, post-exposure, and 
post-ambient exposure (control) periods were of 
similar orders of magnitude (Table 1).

TTS and Recovery After Exposure to the Noise 
Band at 8 kHz at Two Duty Cycles
The TTS1-4 elicited in the harbor porpoise was 
similar (~18 dB) for fatiguing sounds with IPIs 
between 10 and 4 s, higher (~20 dB) for the 2 and 

1 s IPIs, higher still (~22 dB) for the 0.5 s IPIs, 
and yet higher (~23 dB) for the 0.25 and 0.1 s IPIs 
(Table 2; Figure 2). The 100% DC (continuous) 
fatiguing sound of the same SPL caused 23.8 dB 
TTS. Therefore, hearing recovered a little during 
exposure to fatiguing sounds with IPIs of 10 to 4 s, 
less so with IPIs of between 2 and 0.5 s, and very 
little during IPIs of ≤ 0.25 s. In all but two cases, 
full recovery of hearing (TTS ≤ 2 dB) occurred 
within 240 min post-exposure (Figure 3).

Discussion

Effect of Duration of Inter-Pulse Intervals on 
Temporary Threshold Shifts
The results from the 50% DC fatiguing sound in 
the present study suggest that significant hear-
ing recovery can occur in the IPIs when fatiguing 
sounds are intermittent. TTS was smallest when 
IPIs were 10 to 4 s long, showing that recovery 
during exposure was greatest; recovery was less 
when IPIs were shorter. The TTS1-4 after exposure 
to the fatiguing sound with the two shortest IPIs 

was similar to that occurring after exposure to the 
same fatiguing sound at 100% DC (SELcum was 
3 dB higher; Figure 2).

Our experiment was planned so that SPL and 
SELcum in all 50% DC exposures were consis-
tent. Hence, exposures with longer IPIs provided 
more time between pulses for hearing recovery. 
Higher TTS after exposure to fatiguing sounds 
with shorter IPIs indicated lack of, or reduced, 
recovery between pulses. It is unclear how much 
time is required for recovery of the auditory 
system to occur (von Benda-Beckmann et  al., 
2024), but hearing recovery at timescales of min-
utes to hours depends logarithmically on time 
(Finneran, 2015). It may be that during shorter 
IPIs there is insufficient time for any recovery 
to occur.

Table 1. The incidence of pre-stimulus errors (number of pre-stimulus errors as a percentage of all trials in each hearing test 
period) by harbor porpoise F05 in hearing tests during pre-exposure periods, in seven post-sound exposure periods (PSE: 
after exposure to the fatiguing sound, a noise band centered at 8 kHz), and in three post-ambient exposure periods (PAE: 
after exposure to ambient noise in control sessions). Subscript numbers indicate minutes after exposure ended. All duty 
cycle compositions were pooled for the calculation of percentages. Sample sizes (total numbers of test and catch trials in all 
sessions per period) are shown in parentheses.

Hearing test period

Fatiguing  
sound

Pre-exposure PSE1-4 PSE4-8 PSE8-12 PSE60 PSE120 PSE240 PSE1,440

7.8% 
(283)

8.3% 
(109)

4.8% 
(104)

4.3% 
(116)

7.2% 
(318)

6.6%  
(212)

3.5%
(141)

8.2%
(73)

Control
Pre-exposure PAE1-4 PAE4-8 PAE8-12 -- -- -- --

7.7% 
(298)

4.0% 
(99)

2.1% 
(94)

7.8% 
(103)

-- -- -- --
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Table 2. Temporary hearing threshold shifts (mean TTS1-4) in the first 4 min after exposure and recovery times in harbor 
porpoise F05 after exposure for 1 h to the fatiguing sound (a one-sixth-octave noise band centered at 8 kHz, with a mean sound 
pressure level of 144 dB re 1 μPa) at two duty cycles: (1) 100% (continuous) or (2) 50% for the nine exposure sound pulse 
duration–inter-pulse interval compositions. Hearing was quantified at 11.3 kHz (half an octave above the center frequency of 
the fatiguing sound). One or two sessions were conducted for each duty cycle composition, as shown; SELcum = cumulative 
sound exposure level. Recovery times are based on the test periods in which the hearing threshold was documented as ≤ 2 dB 
above the pre-exposure threshold level, so actual recovery occurred earlier (especially at 1,440 min, as these hearing tests 
were conducted the day after the day of exposure). The mean and standard deviation (SD) of the control sessions are also 
shown (n = 14), confirming that no TTS occurred after exposure to the ambient noise.

Duty 
cycle
(%)

Duration 
of pulses in 
fatiguing 
sounds

(s)

On & off
ramps
(ms)

Duration of 
inter-pulse 
intervals 

(IPIs) 
(s)

No. of  
pulses in 1 h

(whole  
numbers)

SELcum

dB re 1μPa2s

Mean TTS1-4

Session 1
(dB)

Mean TTS1-4

Session 2
(dB)

Recovery 
time

(≤ 2 dB TTS)
(min)

0 Control -- -- Control Ambient 
noise

0.4 (SD ± 1.1) -- --

100 Continuous 50 -- -- 180 23.8 -- 120

50 0.10 5 0.10 18,000 177 22.3 24.2 1,440

50 0.25 5 0.25 7,200 177 23.4 -- 1,440

50 0.50 10 0.50 3,600 177 21.5 -- 240

50 1 10 1 1,800 177 19.9 -- 240

50 2 10 2 900 177 20.4 -- 120

50 4 50 4 450 177 18.4 -- 120

50 6 50 6 300 177 18.1 -- 120

50 8 50 8 225 177 17.6 18.4 240

50 10 50 10 180 177 17.4 18.3 240

Figure 2. Temporary hearing threshold shifts (TTS1-4) in harbor porpoise F05 in the 4 min after exposure for 1 h to the 
fatiguing sound (a one-sixth-octave noise band centered at 8 kHz, with a mean SPL of 148 dB re 1 μPa) at two duty 
cycles (DCs). The DC was 100% (continuous; SELcum 180 dB re 1 μPa2s), or 50% (SELcum 177 dB re 1 μPa2s) for the nine 
pulse duration–inter-pulse interval compositions. Hearing was quantified at 11.3 kHz (i.e., half an octave above the center 
frequency of the fatiguing sound). One or two sessions were conducted for each DC composition, as shown in Table 2. 
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Figure 3. Changes over time in temporary hearing threshold shifts (TTSs), including recovery, in harbor porpoise F05 at 
hearing test frequency 11.3 kHz, after 1 h exposure to the fatiguing sound (a noise band centered at 8 kHz), at a sound 
pressure level of 148 dB re 1 μPa; 50% duty cycle (DC) composed of nine compositions with different inter-pulse intervals 
(IPIs) (SELcum: 177 dB re 1 μPa2s), and 100% DC (continuous sound; IPI = 0 s; SELcum: 180 dB re 1 μPa2s). Each colored 
line connects the datapoints from one session, except for IPIs 0.1, 8, and 10 s, for which the lines connect datapoints 
representing means of two sessions (see Table 2). The dashed black line indicates the mean TTS of the control sessions (n = 
14), confirming that no TTS occurred after exposure to ambient noise. The blue dotted line indicates 2 dB TTS, below which 
hearing is defined as having recovered. Note that the x-axis is not linear or logarithmic.

Reverberations of the fatiguing sound in the 
pool may have slightly extended the periods in 
which the harbor porpoise was exposed to the 
sound. From human studies, it is known that quiet 
exposures with up to 22 dB lower SPLs between 
exposures may hinder recovery of the auditory 
system if they exceed “effective quiet thresholds” 
(Ward et al., 1976, p. 160), but these thresholds are 
unknown for marine mammal species (Finneran, 
2015; Schaffeld et  al., 2020). The lowest SPL 
levels at which TTS has been reported in harbor 
porpoises after 1-h exposures to a continuous one-
sixth-octave noise band centered at 8 kHz was 
132  dB re 1 μPa (at 11.3 kHz; Kastelein et  al., 
2024) and 123 dB re 1 μPa after 1-h exposures to a 
continuous one-sixth-octave noise band centered 
at 16 kHz (Kastelein et al., 2019b). The measured 
times for the exposure sounds in the present study 
to reach 130 dB re 1 μPa and 120 dB re 1 μPa after 
a pulse stopped were 20 and 30 ms, respectively, 
suggesting that after this time, reverberation was 
not expected to contribute to further TTS growth 
(Kastelein et  al., 2019b, 2024). After the fatigu-
ing sounds ended, it took ~80 ms for the measured 
SPL in the pool to reach ambient noise level. 
Effective quiet thresholds are unknown for harbor 
porpoises, but the reduction in recovery time was 
likely to be sometime between 20 and 80 ms. For 
the shorter IPIs tested in the present study (100 
to 250 ms), reverberations within the pool may 
have significantly extended the effective exposure 

time, resulting in shorter effective IPIs (i.e., less 
time for recovery). This may have contributed to 
the relatively high TTSs. For longer IPIs tested, 
the contribution from reverberations was unlikely 
to be significant.

F05 was only available for a short time, so each 
DC composition was tested only once or twice. 
Therefore, care should be taken when interpreting 
and extrapolating the data. However, in previous 
TTS studies with the same harbor porpoise, the 
variation between TTSs after similar exposures was 
small. TTS1-4 in the control sessions of the present 
study was close to zero and varied little (n = 14), 
and the number of pre-stimulus errors were low. 
This suggests that the harbor porpoise’s response 
criteria were stable throughout the study period and 
supports the validity of the data. However, this pilot 
study should be repeated with the goal of producing 
a more extensive dataset.

The findings in the present study are consis-
tent with research in which another harbor por-
poise was exposed for 1 h to tonal sweeps from 
1 to 2 kHz with a duration of 1 s, and the DC 
was reduced from 100 to 50% (i.e., the IPI was 
changed from 0 to 1 s between sweeps). With that 
change in DC, the initial TTS decreased by 5 dB 
(Kastelein et al., 2014b), which is similar to the 
~4 dB reduction in TTS that was experienced by 
the harbor porpoise in the present study when the 
IPI was changed from 0 to 1 s; longer IPIs resulted 
in even lower initial TTSs.
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Some studies of TTS in other odontocete spe-
cies exposed to intermittent fatiguing sounds 
indicate similar effects of changes in IPI as found 
in the present study, whereas other studies indi-
cate no relationship between TTS and recovery, 
with shorter IPIs between exposures. Mooney 
et  al. (2009) exposed bottlenose dolphins to 
blocks of three successive downsweeps sepa-
rated by IPIs of 0.5 s, with each block separated 
by 24 s, as fatiguing sound to simulate a typical 
mid-frequency naval sonar application. During 
multiple intermittent exposures, TTS accumu-
lated, and TTS-onset SELs varied with exposure 
duration (this could be an effect of the different 
combinations of SPL and exposure duration used 
to achieve the same SEL; von Benda-Beckmann 
et  al., 2024). Finneran et  al. (2010) measured 
TTS in a bottlenose dolphin after exposure to a 
sequence of four 16-s 3 kHz tones at SPLs of 
192 dB re 1 μPa, with IPIs of 224 s, resulting in a 
DC of approximately 7%. These exposures were 
designed to approximate a typical DC from mid-
frequency naval sonar, but the temporal spacing 
of the exposures was increased to allow time for 
a hearing test between successive exposures. 
The resulting TTS and recovery were compared 
to experimentally measured TTS in the same 
subject exposed to single continuous tones of 16 
and 64 s with similar SPLs. The results showed 
that the exposure to four consecutive 16 s tones 
produced 3 dB higher TTS than exposure to one 
16 s tone, and that one 64 s tone produced a 5 dB 
higher TTS than exposure to four consecutive 
16 s tones. These results indicate the potential for 
accumulation of TTS after multiple exposures, 
and for recovery of hearing during the quiet IPIs 
between exposures (Finneran et al., 2010).

Mulsow et al. (2023) exposed bottlenose dolphins 
to fatiguing sounds consisting of 10 ms one-sixth-
octave bandwidth pulses centered at 8  kHz with 
SPLs of 175 to 180 dB re 1 μPa. The IPIs (2.5, 5, 
10, 20, and 40 s) and total number of impulses (40, 
80, 160, 320, 640, 1,280, and 2,560) were varied 
to form combinations producing the same SELcum. 
TTS (at 8 and 11.3 kHz) increased with increasing 
SELcum, and there was no apparent effect of IPI for 
exposures with equal SEL. This appears to be con-
sistent with part of the present study, which shows 
little difference in TTS after exposure to fatiguing 
sounds with IPIs of 10 to 4 s. The present study 
indicates that when harbor porpoises are exposed to 
these fatiguing sounds, shorter IPIs lead to higher 
initial TTSs. For shorter IPIs, the present study 
found approximately a 2  dB difference between 
fatiguing sounds with 1 to 2 s IPIs and longer IPIs, 
whereas Mulsow et al. (2023) found similar TTS for 
IPIs of 1.5 and 2 s and for longer IPIs (up to 20 s) in 
bottlenose dolphins. However, the present study has 

only limited replications, and Mulsow et al. (2023) 
show substantial variability between exposure con-
ditions and between individuals.

There may be an interaction between increased 
TTSs associated with increasing pulse duration and 
amplitude and recovery during IPIs. Over longer 
timescales, the recovery rate is correlated with the 
level of TTS induced (Finneran, 2015). The IPI, 
therefore, may not be the only factor related to the 
recovery of hearing rate during the longer IPIs. 
Finneran et al. (2010) proposed a model to predict 
TTS in bottlenose dolphins (Modified Power Law 
[MPL]) after exposure to a particular intermittent 
sound. This model was adapted to predict patterns 
of TTS in harbor porpoises exposed to 1 to 2 kHz 
sonar sounds by using different model parameters 
(von Benda-Beckmann et al., 2024). Although the 
1 to 2 kHz exposure TTS data could be reason-
ably explained using the MPL model, the model 
was limited in its ability to predict TTS increases 
at higher frequencies, and TTS caused by broad-
band impulsive sounds, highlighting the challenge 
of finding a parsimonious set of model parameters 
that can predict the interactive effects of pulse 
duration, IPI, SPL, and frequency of the fatiguing 
sound on TTS in marine mammals (von  Benda-
Beckmann et al., 2024).

Reduced TTS after exposure to intermittent 
sounds could be achieved via marine mammals’ 
ability to self-mitigate by reducing their hear-
ing sensitivity when they anticipate loud sounds 
(Nachtigall & Supin, 2013; Finneran et al., 2023, 
2024). Conditioned reduction in hearing sensitiv-
ity has been demonstrated in a range of marine 
mammal species, including the harbor porpoise 
(Nachtigall et  al., 2018). The mechanism used to 
suppress hearing sensitivity may be neural and/
or involve the middle ear reflex (Kastelein et al., 
2020d; Finneran et al., 2023). It is currently unclear 
under what conditions marine mammals are able to 
reduce their hearing sensitivity, whether longer IPIs 
are required so that they can anticipate the onset 
of a loud sound, and how long the suppressed sen-
sitivity can be sustained (Finneran et al., 2024). It 
is possible that both recovery during IPIs and con-
ditioned reduction in hearing sensitivity are com-
bined to result in less TTS during exposures with 
longer IPIs than during continuous exposures or 
intermittent exposures with very short IPIs.

Evaluation and Future Research
In Environmental Impact Assessments, the dif-
ference between the effects of continuous and 
intermittent fatiguing sounds on harbor porpoise 
hearing must be considered (Mooney et al., 2009; 
Finneran et  al., 2010; Kastelein et  al., 2014b, 
2016, 2017b; Mulsow et  al., 2023). The risk 
of TTS and hearing injury in marine mammals 
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is often predicted from the anticipated SELcum 
(Southall et al., 2019; Tougaard et al., 2022). 
The present study shows that, as well as SPL and 
exposure duration which are required to calculate 
the SELcum, the composition of the DC is impor-
tant in estimations of the TTS elicited by intermit-
tent fatiguing sounds. In particular, the duration 
of the IPIs is important because of the potential 
that longer IPIs allow hearing recovery to occur 
even before the end of the exposure. Data from 
more combinations of alternating (regular or 
irregular) fatiguing sound pulses and IPIs need to 
be collected to inform our understanding of the 
mechanisms’ underlying variations in TTS after 
exposure to various intermittent fatiguing sounds. 
In addition, studies investigating hearing recovery 
over short timescales (< 1 s to seconds) would help 
elucidate the mechanisms for recovery. Finally, 
studies determining effective quiet thresholds 
would help to understand to what extent hearing 
recovery can occur in real-world intermittent or 
amplitude-modulated exposure conditions.
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