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Abstract

Effective quiet is a sound pressure level (SPL) 
that will never cause temporary hearing thresh-
old shifts (TTSs), even after long exposures. TTS 
is typically measured after the end of a fatigu-
ing sound exposure when some recovery may 
have occurred during the threshold measurement. 
Using published data from 24 studies from the 
SEAMARCO Research Institute, we examined 
the recovery from TTS of harbor seals (Phoca 
vitulina), harbor porpoises (Phocoena phocoena), 
and California sea lions (Zalophus californianus) 
to assess whether the measurement procedures 
to determine initial TTSs were compromised by 
recovery from TTS. When initial TTS1-4 (measured 
1 to 4 min post exposure) was < 6.0 dB, recovery 
occurred in 42, 50, and 57% of sessions (respec-
tively for each species) at 4 to 8 min post expo-
sure. By 8 to 12 min post exposure, the complete 
recovery rates were 65, 86, and 92% (respectively 
for each species). A certain amount of recovery 
from TTS occurs during the post-exposure hear-
ing threshold determination. Rapid recovery from 
small TTSs makes determination of the effective 
quiet SPL threshold difficult to measure. An alter-
native to quantifying unmasked hearing sensitiv-
ity to assess small TTSs may be quantifying the 
critical ratio (CR; the difference in dB between a 
tonal signal detection threshold and the spectrum 
level of the masking noise at that frequency) at the 
beginning and just before the end of the fatiguing 
sound exposure. If the CR measured just before 
the fatiguing sound ends is higher than the CR 
measured just after the fatiguing sound began, 
then that difference will be the magnitude of TTS 
that has occurred. Using CR measures will avoid 
recovery occurring during the measurement pro-
cess. CR determinations can be made using more 
trials than during the 1- to 4-min post-exposure 
hearing tests and should result in more accurate 

measurements of TTSs. Determining effective 
quiet SPL thresholds allows the identification 
of “safe” received SPLs that do not cause TTS. 
This information will be useful in environmental 
assessments of anthropogenic sounds. However, 
even “safe” SPLs may reduce the ability of mam-
mals to hear signals by causing acoustic masking.
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Introduction

Anthropogenic sounds may have negative effects on 
marine mammals because exposure to high-ampli-
tude and/or long-duration sounds can result in a tem-
porary hearing threshold shift (TTS) in which the 
detection threshold of a mammal is raised (Finneran, 
2015). Such a shift interferes with the detection of 
sounds that could be important to the animal and, 
thus, may interfere with behavioral functions such 
as courtship, mating, social interactions, prey detec-
tion, and orientation (Duarte et al., 2021). Recovery 
from small TTSs (< ~6.0 dB) can take minutes, but 
recovery from large TTSs (> ~20.0 dB) can take 
hours or days. Sound exposures resulting in TTSs 
have been measured for a few marine mammal 
species (e.g., Kastak et al., 2005; Finneran, 2015; 
Southall et al., 2019; Kastelein et al. references cited 
in Table 1) to provide guidance for regulatory noise 
exposure limits (Southall et al., 2019).

TTS in marine mammals is typically measured 
by determining the unmasked hearing detection 
threshold and then exposing the animal to a fatigu-
ing sound at a specific sound pressure level (SPL) 
for some duration (resulting in a sound exposure 
level [SEL]). Following cessation of the fatiguing 
sound, the unmasked detection threshold is deter-
mined. TTS is present if the second threshold is 
higher than the threshold measured before exposure 
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Table 1. Numbers of individual initial temporary hearing threshold shift (TTS1-4) determinations that were between 2.0 
and 15.9 dB for harbor seals (Phoca vitulina), harbor porpoises (Phocoena phocoena), and California sea lions (Zalophus 
californianus). The fatiguing sounds were narrow Gaussian noise bands (except for the harbor seal at 6.5 kHz which was 
exposed to a tonal sound), and the exposure time was always 60 min. The initial TTSs were estimated 1 to 4 min after the 
cessation of the fatiguing sound. FF = fatiguing sound center frequency (kHz); 0, 1/3, 1/2, 2/3, and 1 refer to the fraction of 
an octave that the hearing test frequency at which TTS was measured was above the FF.

Species
FF

(kHz)

Number of TTS determinations at  
each hearing test frequency octave above FF

Kastelein et al. 
references0 1/3 1/2 2/3  1

Harbor seal 0.5  1 2020e 

Harbor seal 1.0 3 2020e 

Harbor seal 2.0 13 12 18 2020e  

Harbor seal 4.0 13 2012b

Harbor seal 6.5 31 16 2019a

Harbor seal 16.0  8  9 2019c

Harbor seal 32.0 23 11 2020d 

Harbor seal 40.0 15 15  4 2020f

Harbor porpoise 0.5  3 2021a

Harbor porpoise 1.5  6 17 13 2020b

Harbor porpoise  4.0 11 2012a

Harbor porpoise 8.0  7 8  3  2024a

Harbor porpoise 16.0 20 14  5 2019d

Harbor porpoise 32.0 16  5 2019b

Harbor porpoise 63.0 27 16 2020a

Harbor porpoise 88.4 12 6 11 2020c

California sea lion 0.6  1 12  1 2022b

California sea lion 1.0  8 15  5 2022b

California sea lion 2.0 24 20 17 2021b

California sea lion 4.0 16 13 11 2021b

California sea lion 8.0 16 17 10 2022a

California sea lion 16.0 17 10 2022a

California sea lion 32.0 12 18 12 2024b

California sea lion 40.0  8 10 22  8  9 2025

to the fatiguing sound (e.g., Kastak et  al., 2005; 
Finneran et  al., 2010; Kastelein et  al. references 
cited in Table 1). The accuracy of hearing thresh-
old determinations in marine mammals is typically 
within ~2.0 to 3.0 dB (e.g., Finneran et al., 2010; 
Kastelein et  al., 2023). For environmental assess-
ment purposes concerning marine mammals, varia-
tion in measuring low levels of TTSs led to the prac-
tical definition of the “onset” of TTS as a shift of at 
least 6.0 dB (Schlundt et al., 2000; Southall et al., 

2019). A TTS of 6.0 dB is assumed to interfere with 
the perception of sounds of importance to marine 
mammals—that is, signals. Statistically significant 
levels of TTS can be measured below 6.0 dB, how-
ever (Kastelein et al. references cited in Table 1).

Noise can cause acoustic masking if it overlaps in 
frequency and time with the signal (Jeffress, 1970). 
Masking interferes with the distance at which a 
signal can be detected, and small increases in the 
degree of masking can result in disproportionate 
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decreases in detection distance. For example, in 
deep water where spherical spreading of sound 
occurs, the received SPL decreases (theoreti-
cally) by 6.0 dB for every doubling of the distance 
between the signal source and the receiver. Thus, 
relative to the maximum communication distance in 
quiet surroundings, a 6.0 dB increase in the back-
ground noise reduces the communication distance 
by half in deep water (Terhune & Killorn, 2021). 
Similarly, if a mammal experiences a 6.0 dB TTS 
(i.e., its hearing sensitivity is temporarily reduced 
by 6.0 dB), then in quiet surroundings its maxi-
mum communication or sound detection distance 
is reduced by ~50%. Thus, large TTSs can result 
in severe reductions in sound detection by marine 
mammals (Finneran, 2015; Southall et  al., 2019). 
Temporary hearing loss estimations are used in 
environmental impact assessments of anthropo-
genic sound sources, especially if large TTSs are 
likely to occur.

Not all anthropogenic sounds result in TTS in 
marine mammals. “Effective quiet” refers to sound 
levels below a SPL threshold which does not cause 
TTS or delay recovery from TTS (Ward et al., 1976). 
Anthropogenic sounds in the ocean can cause TTS, 
so it is important to determine the effective quiet 
SPL thresholds that are likely to result in TTS or 
prohibit the recovery from TTS in marine mammals. 
Effective quiet thresholds can be approximated by 
determining the lowest SPL and exposure durations 
that result in small TTSs (Finneran & Branstetter, 
2013). Such information will be useful in assessing 
the potential impact of anthropogenic noise sources 
for environmental protection purposes.

Our aim is to examine the hearing recovery pat-
terns of three species of marine mammals from dif-
ferent families: harbor seals (Phoca vitulina), harbor 
porpoises (Phocoena phocoena), and California 
sea lions (Zalophus californianus). The study ani-
mals experienced small TTSs in a set of parallel 
studies conducted at the SEAMARCO Research 
Institute in The Netherlands. For all three species, 
the experimental conditions in which similar sound 
exposures and TTS determination procedures were 
used were similar (Kastelein et al. references cited 
in Table 1). These studies indicated that small TTSs 
often recovered 8 to 12 min after cessation of the 
fatiguing sound. This suggested that the methods 
currently used to quantify TTS might not be appro-
priate for measuring effective quiet threshold SPLs. 
Herein, we will (1) assess whether the measurement 
procedures to determine TTSs were compromised 
by recovery by studying TTS recovery patterns; 
(2) assess whether recovery from TTS is related to 
fatiguing sound frequency or hearing test frequency; 
and (3) suggest improved methods to measure very 
small TTSs so that the effective quiet SPL threshold 
can be quantified. Measuring recovery patterns of 

TTS levels below 6.0 dB will help assess the valid-
ity of adopting that level as a TTS “onset” level for 
environmental impact assessments (Southall et al., 
2019). Determining SPLs that do not result in TTS, 
even after long exposures to continuous, variable, or 
intermittent anthropogenic sounds, will aid in devel-
oping regulatory limits to protect marine mammals 
from temporary reductions in hearing sensitivity.

Methods

Data Sources
TTS and recovery were quantified in three marine 
mammal species (harbor seals, harbor porpoises, and 
California sea lions) at the SEAMARCO Research 
Institute (Kastelein et al. references cited in Table 1). 
The methods used involved measuring the unmasked 
hearing threshold of the subject using the go/no go 
staircase technique, exposing the subject for 1 h to 
a continuous constant-amplitude fatiguing sound 
(usually a noise band [NB]), and then measuring 
the unmasked hearing threshold after cessation of 
the sound to determine if there was a TTS. This was 
done with the NBs at various SPLs across the hear-
ing frequency range of each species. Post-exposure 
thresholds were determined in at least three time 
periods: 1 to 4 min, 4 to 8 min, and 8 to 12 min after 
cessation of the fatiguing sound. During each of the 
4-min periods, the goal was to obtain a minimum of 
three reversals (of correct detections and misses and 
vice versa). If this goal was not met, the session was 
not used for analysis. In the resulting publications 
(Kastelein et al. references cited in Table 1), TTS1-4, 
TTS4-8, and TTS8-12 were calculated from repeating 
the number of sessions until at least 60 reversals in 
total were obtained, typically in four to six sessions. 
If TTS was still present in the 8- to 12-min period, 
thresholds were determined 60 to 72 min post expo-
sure, or even later, until hearing had fully recovered. 
The threshold measurement accuracy was estimated 
to be ± 2.0 dB; therefore, TTS1-4 was assumed to 
have occurred if the post-exposure threshold was 
≥ 2.0 dB higher than the pre-exposure threshold. 
Similarly, recovery from TTS was assumed to have 
occurred once the unmasked threshold was < 2.0 dB 
above the pre-exposure threshold. Full details of 
the experimental procedures are presented in the 
individual studies. The methodology is described 
in more detail by Kastelein et al. (2012b, 2019b, 
2021b). Note that the analyses performed in this 
study were made using data from individual sessions 
(see “Data Analyses” section).

The SEAMARCO studies were not designed 
to measure fatiguing sound exposures resulting in 
very small TTSs. TTS was measured at the center 
frequency of the fatiguing sound and at hearing 
frequencies up to one octave above that frequency 
(Kastelein et al. references cited in Table 1) and 
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was often highest when measured half an octave 
above the center frequency of the fatiguing sound 
(Kastelein et al., 2019a). The data included in the 
analyses of the present study were limited to ses-
sions in which the initial TTS1-4 magnitudes were 
between 2.0 and 15.9 dB. TTSs of ≥ 16.0 dB were 
too few to permit meaningful analyses. Hearing 
recovery was measured 4 to 8 min and 8 to 12 min 
after cessation of the fatiguing sound for each of 
the individual sessions.

Two harbor seals, three harbor porpoises, and 
two California sea lions were exposed to eight 
fatiguing sound center frequencies and up to five 
hearing test signal frequencies, as outlined in the 
Kastelein et al. references cited in Table 1. For 
each species, most of the determinations were from 
one individual, with a few TTS thresholds from a 
second or third individual (Kastelein et al. refer-
ences cited in Table 1). The numbers of threshold 
determinations for the harbor seals, harbor por-
poises, and California sea lions were 195, 229, and 
317, respectively.

Data Analyses
For each individual threshold measurement, the 
TTS magnitudes at 4 to 8 and 8 to 12 min post expo-
sure were subtracted from the TTS1-4 magnitude at 
1 to 4 min post exposure to determine if recovery 
had occurred. The numbers of the samples that did 
or did not recover (threshold < 2.0 dB above the 
pre-exposure threshold) were determined per dB 
level of the initial TTS1-4 and graphed for visual 
inspection. The proportions of TTSs that recover 
during the 4- to 8-min and 8- to 12-min post-expo-
sure measurement times will indicate whether or 
not recovery from TTS could be compromising 
the measurement process in a significant manner. 
The proportions of samples that did, or did not, 
recover were determined for initial TTS1-4 mag-
nitudes that were 5.9 dB or lower and 6.0 dB or 
higher. The less than, or greater than, 6.0 dB TTS 
threshold categories were chosen to reflect the 
practical definition of the “onset” of TTS used by 
Southall et al. (2019) to assess potential anthropo-
genic noise environmental impacts. Determining 

the recovery patterns for TTSs below 6.0 dB will 
help assess the validity of adopting that level as 
a practical TTS “onset” level for environmental 
impact assessments (Southall et al., 2019).

The rates of recovery from TTS associated 
with the fatiguing frequencies and hearing test 
frequencies were examined using general linear 
model (GLM) analyses with the packages ‘tidy-
verse,’ ‘lme4,’ and ‘DHARMa’ in R (R Core 
Team, 2023). The dependent variable (recovery) 
was the number of dB that the initial TTS1-4 levels 
had dropped to in the 8- to 12-min periods. Within 
each species, only the fatiguing sound frequen-
cies that had hearing frequency data at both 0 and 
0.5 octaves above the fatiguing frequency were 
included in the analyses (Table 1). The dataset was 
too unbalanced to include other fatiguing frequen-
cies or hearing frequencies that were 0.33, 0.66, or 
1.0 octaves above the fatiguing frequencies.

Results

For all three species, there was substantial recov-
ery from small TTSs1-4 by 8 to 12 min post expo-
sure (Figure 1). When the initial TTS1-4 magni-
tudes were ≤ 5.9 dB, close to half the cases had 
recovered (TTS < 2.0 dB) by 4 to 8 min post expo-
sure, and 65 to 93% had recovered by 8 to 12 min 
post exposure (Table 2). In a few cases, there was 
complete recovery from initial TTS1-4 magnitudes 
that were well above 6.0 dB (Figure 1).

For all three species, examinations of the 
‘DHARMa’ residuals (R Core Team, 2023) did 
not indicate any problems. McFadden’s Pseudo 
R2 values were 0.26, 0.42, and 0.54 for the harbor 
seal, harbor porpoise, and California sea  lion 
analyses, respectively. The statistical signifi-
cances of the R2 values were all p < 0.00001. 
There were very strong relationships between 
recovery and the initial TTS1-4 levels for all three 
species, and weaker relationships with the fatigu-
ing sound frequency and recovery for harbor 
porpoises and California sea lions (Table 3). The 
hearing octave was not a significant factor in all 
three species.

Table 2. Full recovery (% of TTS < 2.0 dB) of TTS1-4 with initial TTS less than or greater than 6.0 dB at two post-fatiguing 
sound times for harbor seals, harbor porpoises, and California sea lions. The number of times TTS was measured in each 
species at each magnitude is shown in parentheses.

Full recovery, 4-8 min post exposure Full recovery, 8-12 min post exposure

Species TTS1-4 ≤ 5.9 dB TTS1-4 ≥ 6.0 dB TTS1-4 ≤ 5.9 dB TTS1-4 ≥ 6.0 dB

Harbor seal 42% (125) 1% (70) 65% (125) 36% (70)

Harbor porpoise 50% (141) 6% (88) 86% (141) 28% (88)

California sea lion 57% (122)   4% (195) 93% (122)   28% (195)
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Figure 1. The numbers of observations in which initial temporary hearing threshold shifts (TTSs1-4, measured 1 to 4 min after 
exposure to fatiguing sounds of various frequencies and tested at various hearing frequencies) had recovered by 8 to 12 min 
post exposure in harbor seals (Phoca vitulina), harbor porpoises (Phocoena phocoena), and California sea lions (Zalophus 
californianus). The light grey areas indicate complete recovery while the black areas indicate a lack of recovery (i.e., TTSs 
were ≥ 2.0 dB by 8 to 12 min post exposure). Note that the majority of TTSs1-4 below 4.0 dB had recovered before the end of 
the 8- to 12-min measurement period. Results are based on the studies shown in Table 1.

Table 3. Coefficients of the general linear model (GLM) analyses of recoveries from TTS after 8 to 12 min related to the initial 
TTS1-4 level (TTS), fatiguing frequency, and hearing test octave. Only hearing test frequencies that included both 0.0 and 0.5 octaves 
higher than the fatiguing sound frequency were included in the analyses (see Table 1). Sample sizes for the harbor seals, harbor 
porpoises, and California sea lions are 125, 165, and 192, respectively. Statistically significant (p < 0.05) variables are in bold.

Species Variable Estimate SE z p

Harbor seal Intercept 2.778 0.651 4.268 < 0.00002
Harbor seal TTS -0.649 0.134 -4.865 < 0.00001
Harbor seal Frequency 0.00003 0.000002 1.619 0.105
Harbor seal Octave 0.475 0.499 0.952 0.341
Harbor porpoise Intercept 5.541 0.829 6.685 < 0.00001
Harbor porpoise TTS -0.704 0.110 -6.383 < 0.00001
Harbor porpoise Frequency -0.00002 < 0.00001 -2.194 0.028
Harbor porpoise Octave -0.682 0.449 -1.519 0.129
California sea lion Intercept 6.281 0.967 6.498 < 0.00001
California sea lion TTS -0.967 0.126 -7.114 < 0.00001
California sea lion Frequency 0.000044 0.00001 2.741 0.0061
California sea lion Octave 0.366 0.00048 0.750 0.453
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Discussion

Variability in the Dataset
The intent of the original SEAMARCO TTS 
studies (Kastelein et al. references cited in Table 
1) was to examine the onset of, and recovery 
from, TTS after the 60-min exposures to the 
continuous fatiguing sound. At each fatiguing 
sound frequency and hearing test frequency, the 
low SELs were expected to result in no or small 
TTSs. If no or very small TTSs1-4 occurred, then 
that SEL was not examined further, and higher 
SELs were presented in subsequent trials. The 
hearing test frequencies that were examined 
varied with species and fatiguing sound frequen-
cies (Kastelein et al. references cited in Table 1) 
and were limited by the time available during the 
various studies. As a result, the dataset analyzed 
in this study was unbalanced, which resulted in 
some fatiguing frequencies and hearing test fre-
quencies being presented to only one or two spe-
cies; this precluded some comparative analyses.

The data used herein are from individual thresh-
old measurements (i.e., only from one sound expo-
sure per day), while the thresholds reported in the 
resulting publications (Kastelein et al. references 
cited in Table 1) were derived from a number of 
exposures (typically 3 to 5) which were combined 
to obtain ~60 reversals. Also, the TTS values 
reported in the resulting publications (Kastelein 
et al. references cited in Table 1) included some 
individual measures in which the TTSs1-4 were 
< 2.0 dB and are not included in this study.

The GLM analyses revealed a strong negative 
relationship between the initial TTSs1-4 and the 
recovery by 8 to 12 min post exposure in all three 
species (Table 3). The low TTSs1-4 often had fully 
recovered at that point, which was not the case for 
the higher TTSs1-4. For the harbor seals, there was 
no relationship between recovery and the fatigu-
ing frequency; for the harbor porpoises, there 
was a very weak negative relationship between 
recovery and the fatiguing frequency; and for the 
California sea lions, the relationship was very 
weak and positive. There were no relationships 
between the hearing test octave and recovery in 
all three species (Table 3). These results support 
our assumption that once TTS has occurred, the 
recovery is not influenced by the original fatigu-
ing sound frequency or the hearing test frequency. 
Thus, within each species, all of the recoveries 
from TTS are considered to be independent of the 
fatiguing sound frequencies and hearing test fre-
quencies for the results presented in Table 2 and 
Figure 1.

Recovery Patterns
The recovery patterns indicate that recovery from 
small TTSs1-4 can take place during the first 4-min 
measurement period. An implication of this is that 
these TTSs1-4 magnitudes may be underestimated 
because some recovery occurred before the mea-
surements could be completed. This is an impor-
tant constraint in determining the effective quiet 
threshold SPL. TTSs 8 to 12 min post exposure 
are invalid for that purpose if any recovery has 
occurred, or if the TTS1-4 was underestimated. In 
both these situations, the effective quiet threshold 
will be overestimated. 

Difficulties in accurately measuring low levels 
of TTS (Schlundt et al., 2000) led Southall et al. 
(2019) to adopt 6.0 dB TTS as a practical mea-
sure of TTS “onset” threshold. The high levels of 
recovery (to TTS < 2.0 dB) from TTS < 6.0 dB 
after 8 to 12 min post exposure in all three spe-
cies in the present study suggest that the arbitrary 
6.0 dB “onset” threshold is an appropriate value. 
While animals with 6.0 dB TTS will experience 
hearing reduction, the effect is relatively short-
lived. There will be some variability associated 
with determining the SPL of the effective quiet 
thresholds. Once effective quiet threshold SPLs 
and 6.0 dB TTS “onset” threshold  are established, 
there is likely to be a small zone of uncertainty 
between these two measures. SPLs in this region 
are likely to occasionally create small TTSs that 
recover quickly following the end of the fatiguing 
sound exposure.

Using Critical Ratios to Measure Small TTSs
To determine the effective quiet threshold SPL 
(Martin et  al., 2020), it is necessary to measure 
TTSs before the end of the exposure to the puta-
tive fatiguing sound. We propose that this can be 
accomplished by measuring critical ratios (CRs) 
in the presence of the fatiguing sound. The CR 
is the difference, in dB, between the tonal detec-
tion threshold and the spectrum level at that fre-
quency of a continuous masking NB (Scharf, 
1970). To determine if a TTS has occurred, the 
CR is measured immediately after the fatiguing 
sound begins and, thus, before TTS has occurred. 
Then, after a long exposure, 6 h for example, the 
CR is measured again while the low-level fatigu-
ing sound is still present. If the CR measured just 
before the fatiguing sound ends is higher than the 
CR measured just after the fatiguing sound began, 
then the difference will be the highest TTS that 
has occurred. If a TTS has occurred during the 
exposure period, then the second CR measure 
will be higher than the first by an amount equal 
to the TTS. This procedure assumes that it will 
take some time after the start of the low-level 
fatiguing sound for TTS to develop. It would not 
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be applicable using moderate to high-amplitude 
fatiguing sound exposures that would create TTS 
within a few minutes. Also, this procedure is not 
applicable to impulsive fatiguing sounds because 
CR estimates require continuous constant-ampli-
tude masking noise (bands).

The advantage of measuring TTS using CRs 
is that the CR threshold measured just before the 
fatiguing sound ends can be based on a larger 
number of trials than the 1- to 4-min post-expo-
sure measure—that is, the threshold calculations 
can be based on reversals that occur over a 1- to 
12-min period rather than just the 1 to 4 min post 
exposure. This will increase the accuracy of the 
detection threshold determinations relative to 
those measured with fewer trials. If CR is mea-
sured in the presence of the low-level fatiguing 
sound, there is no opportunity for recovery during 
the measurement period. If the fatiguing sound 
SPL is too low to create a TTS, then the initial 
and last CR values will be similar. In this case, 
the noise level (and SPL value) will be below the 
effective quiet threshold. In a series of sessions in 
which the putative fatiguing sound level is varied 
in amplitude per session, it will be possible to 
determine the highest SPL at which ≤ 2.0 dB TTS 
occurs (after a long-duration exposure); this is the 
effective quiet threshold SPL.

The durations over which TTS measurements 
to quantify the effective quiet threshold are con-
ducted are important. For marine mammals 
exposed to continuous anthropogenic sounds, 
24-h exposures would be appropriate. This may 
be possible for cetaceans in pools or net pens but 
is less practical for pinnipeds. Though wild pinni-
peds often remain at sea for considerable periods 
of time, for captive animals in pools, restricted 
opportunities to haul out and rest may result in 
stress. Exposures lasting 6 h may be more practi-
cal for pinnipeds. This is a sufficient amount of 
time to ensure that TTS is unlikely to occur due 
to longer exposures, although a 24-h continuous 
exposure to the fatiguing sound is often consid-
ered to be appropriate in effective quiet determi-
nations (Martin et al., 2020).

Amplitude-modulated or intermittent fatigu-
ing sounds cause smaller TTSs than continuous 
sounds (e.g., Kastelein, 2021b). Thus, in a worst-
case scenario, the largest TTSs would be caused 
by a fatiguing NB that was continuous and of con-
stant amplitude. Effective quiet threshold SPLs 
derived from exposure to such sounds would be 
very conservative in that those SPLs would not be 
expected to cause TTSs, especially if the fatiguing 
sound fluctuated in amplitude.

Measuring the effective quiet thresholds across 
the hearing frequency range of a species by using 
CR determinations will be less time-consuming 

than quantifying TTS (Kastelein et al. references 
cited in Table 1) because with CRs, an accurate 
determination of the presence or absence of TTS 
can be made during a single fatiguing sound expo-
sure. Previously, four to six exposures at each 
SEL were required to obtain a sufficient number 
of reversals to calculate the unmasked thresh-
old levels immediately after the cessation of the 
fatiguing sound (Kastelein et al. references cited 
in Table 1).

Anthropogenic sound SPLs below the effective 
quiet threshold could still be capable of masking 
or behavioral disruption (e.g., Kastelein et al., 
2009; Southall et al., 2021). In environmental 
impact assessments, it will be important to dis-
tinguish between (1) SPLs that are “safe” with 
respect to creating TTS and (2) lower SPLs that 
can still result in masking. 

Conclusion
Using CR increases to measure small TTSs and 
the effective quiet threshold SPL would avoid 
recovery that occurs during TTS measurements 
made in quiet surroundings after the end of the 
fatiguing sound. CR thresholds can be measured 
using more trials than can be conducted during the 
1- to 4-min post-exposure TTS measurement peri-
ods; therefore, the TTS measurements are likely 
to be more accurate. Continuous constant-ampli-
tude fatiguing sounds result in higher TTSs than 
intermittent sounds because in intermittent sound 
exposures some hearing recovery occurs during 
the time between sounds (e.g., Kastelein et al., 
2021b, 2022a). Using continuous constant-ampli-
tude fatiguing sounds with SPLs that just begin 
to result in TTS will provide a conservative mea-
sure of the effective quiet threshold SPL. No TTS 
will be elicited during exposures of intermittent 
or variable-amplitude sounds at the same SPL. 
Determining effective quiet thresholds at hear-
ing frequencies at and above the fatiguing sound 
center frequencies will identify SPLs that are 
“safe” in that they will not cause TTS. Such data 
will be useful in environmental impact assess-
ments because many anthropogenic sounds have 
amplitudes below the effective quiet threshold so 
TTS generation will not be an issue.
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