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Abstract

Small odontocetes produce echolocation clicks to feed and navigate, making it an essential
function for their survival. Recently, the effect of vessel noise on small odontocetes behavior
has attracted attention owing to increase in vessel activities; however, the effects of the sur-
rounding environmental factor, vessel noise, and day/night on echolocation click character-
istics have not been well studied. Here, we examined the effects of vessel noise and day/
night on variations in echolocation clicks and click trains parameters. Passive acoustic moni-
toring of on-axis echolocation clicks produced by free-ranging finless porpoises (Neopho-
caena asiaeorientalis sunameri) was performed at two sites in Japan, Seto Inland Sea and
Mikawa Bay, in June—September 2021 and March—August 2022, using A-tag and Sound-
Trap 300HF. Generalized Linear Model was used to elucidate the effect of vessel noise,
day/night, and surrounding environmental factors (water temperature, synthetic flow veloc-
ity, and noise level) on echolocation click and click train parameters. Echolocation click and
click train parameters were strongly affected by day/night, whereas the absence/presence
vessel noise did not exhibit statistically significant influence. Particularly, -3 dB bandwidth
was wider, click duration was shorter, and inter-click intervals in a train were shorter at night,
which may facilitate information processing at night, thereby compensating for the lack of
visual information. The interaction between day/night and the absence/presence of vessel
noise affected the source level of finless porpoises, with higher levels observed in the
absence of vessel noise during the daytime compared to other conditions at the site with low
vessel traffic. Overall, these results suggest that echolocation clicks by finless porpoise
were likely to fluctuate to adapt with surrounding complex environmental conditions, espe-
cially day/night.

Introduction

Small odontocetes produce three types of vocalization sounds: whistles, burst pulses, and echo-
location clicks [1]. Whistles and burst pulses are used for communication [2, 3], while
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echolocation clicks are used for navigation and feeding [4], making it crucial for their survival.
Global vessel noise has increased rapidly over the past several decades [5]. Therefore, the
impact of vessel noise on behavior and vocalization in aquatic species [6-12], including small
odontocetes [6-9], has attracted increasing attention. Over the years, several studies have been
performed to elucidate the impact of vessel noise on echolocation clicks. For instance, Atlantic
bottlenose dolphins (Tursiops truncatus) and harbor porpoises (Phocoena phocoena) decreased
emitting buzz rate, feeding trial sound and one of the echolocation clicks [13, 14], in response
to the presence of vessels, indicating a decrease in their feeding activity [15, 16]. Additionally,
Lahille’s bottlenose dolphins (T. truncatus gephyreus) emitted significantly fewer echolocation
clicks in the presence of vessels in ~ 250-m radius [17]. Moreover, melon-headed whales
(Peponocephala electra) increased echolocation click source level in correlation with the level
of ambient sound pressure [18]. However, previous studies were mainly focused on the effects
of vessel noise on the echolocation click train emitting rate, with limited studies on variations
in echolocation click and click train parameters like the study of Baumann-Pickering et al.
[18]. In contrast, the effects of vessel noise on whistle parameters have been extensively stud-
ied. For example, common bottlenose dolphins were observed to shift whistle frequency [19]
and increase sound pressure in the presence of vessels [20]. Similarly, studies are necessary to
identify echolocation parameters that are affected by vessel noise, especially in small cetaceans
to improve conservation efforts.

Previous findings suggest that echolocation click and click train parameters are affected by
the surrounding environment [21], and diel changes in echolocation click characteristics have
been observed in some species. For instance, melon-headed whales exhibit higher center fre-
quencies at night [18], and harbor porpoises emitted high proportion of click trains with lon-
ger inter-click intervals (ICIs) to explore the environment at great distance [22]. Additionally,
the diel behavior of harbor porpoises likely depends on changes in the diel behavior of their
prey [23-26]. However, studies on the variations in echolocation click characteristics during
the day/night have not been conducted in several species, and it is unclear if diel variations in
echolocation click are associated with vessel noise. Therefore, it is necessary to examine varia-
tions in echolocation click during the day/night and in the absence/presence of vessel noise.

Narrow-ridged finless porpoises (Neophocaena asiaeorientalis) are small odontocetes found
in the shallow waters of East Asia, consisting of two subspecies, sunameri (found in ocean
water; hereafter referred to as finless porpoise) and asiaeorientalis (found mainly in the Yang-
tze River; hereafter referred to as Yangtze finless porpoise) [27]. Finless porpoises are often
found in shallow sandy areas (< 50 m depth), exposing them to the impacts of anthropogenic
activities, such as vessel noise [28]. Both finless porpoise and Yangtze finless porpoise do not
emit whistle, but emit narrow-band high frequency echolocation clicks [21, 29-31]. Addition-
ally, Yangtze finless porpoise emits an average of one click train every 5-6 seconds [32-35].

Recently, some studies have examined the impact of vessel noise on Yangtze finless por-
poise. For example, increase in vessel noise have been shown to affect Yangtze finless porpoise
distribution [36, 37], cortisol levels [38], and activity [39]. Additionally, Yangtze finless por-
poise emit more buzz at night for foraging [35, 40], finless porpoises avoid passing boats by
diving [41]. However, relatively few studies have investigated changes in echolocation click
and click train characteristics for small odontocetes, and no study has been conducted on fin-
less porpoises.

Echolocation click of wild finless porpoise have been reported in the coastal waters of main-
land China, Liao-dong-wan Bay in the Bohai Sea, and the western coast of the Taiwan Strait
[29, 42]; however, such study has not been performed on wild finless porpoise in Japanese
coastal areas. Wild finless porpoises are genetically and morphologically divided into five pop-
ulations [43-45], each of which is highly vulnerable to anthropogenic impacts due of low level
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of genetic diversity [46]. Therefore, understanding the impacts of vessel noise is necessary for
the conservation of the finless porpoise in the Japanese coastal areas.

Here, we measured on-axis echolocation clicks and click train parameters of finless por-
poises in Seto Inland Sea (St. S) and Mikawa Bay (St. M) in Japan, to elucidate the effects of
vessel noise (absence/presence) and day/night on echolocation click and click train parame-
ters. The two recording sites contained genetically and morphologically different local popula-
tions of finless porpoises [43-45], with different levels of vessel noise to enable the comparison
of changes in echolocation characteristics in response to absence/presence of vessel noise and
day/night. It is anticipated that the results of this study would provide valuable information for
the conservation of this species.

Materials and methods
Study area and recording system

Acoustic recording was conducted at two sites: the Seto Inland Sea (St. S) and Mikawa Bay
(St. M), Japan (Fig 1, Table 1), from June-September 2021 and April-August 2022. The St. S
finless porpoise belonged to the Inland Sea-Hibiki Nada population, whereas the St. M finless
porpoise belonged to the Ise-Mikawa Bay population [43]. Both recording sites had sandy bot-
tom sediments, and fishing boats were the predominant vessels in these areas. A total of 114
and 453 fishing boats were identified in the nearby fishing ports at St. S in 2018 [47] and St. M
in 2017 [48], respectively. The data for 2021 and 2022 were unavailable; however, the trend of
more vessels at St. M than at St. S was expected to persist. Additionally, there were several ferry
routes with more than 30 trips per day within a few hundred meters of the recording site in
St. M.

Acoustic and environmental data were recorded at the recording sites, using two A-tags
(ML 200-AS8, MMT, Japan), one SoundTrap 300HF (Ocean Instruments, New Zealand), and
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Fig 1. Recording sites and acoustic array system. (a) Distribution of finless porpoise in Japanese coastal areas (blue)
[45]. This map was modified using data set (https://cyberjapandata.gsi.go.jp/xyz/pale/{z}/{x}/{y}.png) under CC BY 4.0
and QGIS 3.30 (https://qgis.org/it/site/). Shoreline data was derived from: United States. National Imagery and
Mapping Agency. "Vector Map Level 0 (VMAPO)." Bethesda, MD: Denver, CO: The Agency; USGS Information
Services, 1997. (b, c) Maps of the recording points in Seto Inland Sea (St. S) and Mikawa Bay (St. M), Japan. These
maps were modified using data set (https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-C23.html) under CC BY 4.0 and
QGIS software. The locations of the arrays are depicted by circles, and the dotted lines denote the ferry routes. (d)
Configuration of the arrays. From the top, the instruments (black in the figure) were placed with their sensors at 2 m
(INFINITY-EM), 3 m (A-tag), 3.5 m (SoundTrap), and 4 m (A-tag) from the water surface (blue line).

https://doi.org/10.1371/journal.pone.0288513.g001
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one INFINITY-EM current meter (JFE Advantech, Japan). The instruments were assembled
on a vertical array, with the INFINITY-EM at a depth of 2 m, A-tag at 3 m, SoundTrap at 3.5
m, and A-tag at 4 m from the surface (Fig 1D). The monitoring arrays were attached to surface
buoys, which were anchored and deployed under the supervision of the local fisheries associa-
tion. Data were obtained by multiple continuous recordings for ~ 8 d. The experimental proto-
col of this study was non-invasive and was approved by the Animal Experiment Committee of
Kyoto University (Inf-K21008).

The A-tag is a stereo event recorder of pulse information capable of recording the time,
sound pressure levels of each of the two hydrophones, and the relative azimuth of a pulsed
sound that exceeds a set sound pressure threshold. The A-tag was not able to record the fre-
quency information, but the echolocation click train was detected by using smooth changes in
sound pressure and the ICI of the consecutive clicks [34, 35, 49]. The two hydrophones of the
A-tag had different frequency responses (maximum sensitivities at 130 and 70 kHz) and were
placed 190 mm apart. The time difference between the arrival of the sound from the two
hydrophones was measured to determine the relative azimuth, and the sound pressure ratio
was used to differentiate between Delphinidae and Phocoenidae [50, 51]. The distance to the
sound source from the array was calculated using the relative azimuth values and a trigono-
metric function [52, 53]. The bandpass filter in the A-tags was adjusted to 55-235 kHz, and
amplification was modified to + 60 dB. The sampling rate was set to 0.5 ms and the amplitude
threshold to 360 counts (approximately 6.3 Pa).

The SoundTrap 300HF was used to obtain sound information, such as the frequency and
sound pressure. The SoundTrap 300HF parameters were set as follows: sampling frequency,
576 kHz; high-pass filter, 600 Hz; clip levels, 172 dB re 1 pPa; and self-noise, 37 dB re 1 uPa
(> 2 kHz), with 16-bit resolution. The frequency response was flat in the range of 20 Hz -150
kHz, with 174.9, 175, and 176.3 dB re 1 pPa (+3 dB) at St. S and 174.9, 175.9, and 176.3 dB re
1 pPa (+3 dB) at St. M (Table 1).

The INFINITY-EM current meter was used to record the water temperature and tidal cur-
rent directional velocities. Water temperature and synthetic flow velocity were considered as
one of the environmental factors in the study, and water temperature was also used to calculate

Table 1. Location and device information for acoustic recording of finless porpoise at Seto Inland Sea (St. S) and Mikawa Bay (St. M), Japan, in 2021 and 2022.

Recording GPS position
site
St. S 33°51.151IN, 132°
06.893E
St. M 34°41.833N, 136°
59.555E

Bottom depth Recording periods Total recording SoundTrap 300HF
duration sensitivity
16 m July 20, 2021, 00:00 -July 26, 2021, 19:00 1103 h July, 2021 -April 2022
August 12, 2021, 00:00 ~August 18, 2021, 12:30 175.9 dB (+ 3 dB)
August 31, 2021, 00:00 -September 6, 2021, 15:30 June, 2022
April 24, 2022 00:00 —April 30, 2022, 7:00 174.9 dB (+ 3 dB)
June 6, 2022, 00:00 -June 12, 2022, 12:30 July, 2022 —August, 2022
July 4, 2022, 00:00 —July 10, 2022, 11:30 175.9 (+ 3 dB)
August 3, 2022, 17:00 -August 10, 2022, 10:00
15m June 16, 2021, 00:00 —June 20, 2021, 20:30 1528.5h June, 2021 -May 21, 2022

https://doi.org/10.1371/journal.pone.0288513.t001

July 1, 2021, 00:00 —July 6, 2021, 7:00
July 13, 2021, 00:00 —July 18, 2021, 8:00
August 7, 2021, 00:00 -August 12, 2021, 8:30
August 26, 2021, 00:00 -August 31, 2021, 10:00
September 14, 2021, 00:00 —-September 19, 2021,
13:00
March 21, 2022, 00:00 —March 26, 2022, 17:00
April 18, 2022, 00:00 —April 23, 2022, 8:30
May 16, 2022, 00:00 -May 21, 2022, 00:00
May 23, 2022, 00:00 -May 28, 2022, 5:30
June 13, 2022, 00:00 —June 18, 2022, 4:30
July 9, 2022, 00:00 —July 14, 2022, 10:00

174.9 dB (+ 3dB)

May 23, 2022 ~May 28, 2022
175.9 dB (+ 3dB)
June, 2022 -July, 2022
176.3 dB (+ 3dB)
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sound velocity. The data were recorded in burst mode (10 times at 0.1-s intervals, once every 5
min).

Echolocation click and click train analysis

Echolocation click trains of finless porpoise were screened using the A-tag data. Specifically,
on-axis sounds were examined using the A-tag and SoundTrap data, and the source parame-
ters of echolocation click and click train were measured using the SoundTrap data. A-tag data
were analyzed using Igor Pro 8.03 (WaveMetrics, USA), and the SoundTrap data were ana-
lyzed using both Adobe Audition 14.4 (Adobe, USA) and MATLAB R2021a (MathWorks,
USA).

At first, the A-tag data were filtered based on the following parameters to detect echoloca-
tion click trains of the finless porpoise: a series of clicks with a duration of 1-200 ms and con-
sisting of a minimum of six pulses were categorized as a click train, while reflected waves (i.e.
waves within < 1 ms interval of the previous wave) were excluded [34]. Following Kameyama
etal. [50] and Kimura et al. [51], the sound pressure ratio of the two hydrophones in the A-tag
was set to > 0.6 to enable the detection of the click trains of most of Phocoenidae, including
the finless porpoise. Each click train detected was visually inspected to confirm whether it met
the criteria for a click train, using Igor software, according to the procedures described by Aka-
matsu et al. [33, 34] and Kimura et al. [49]. The number of click trains (on-axis and off-axis)
produced by the finless porpoise was calculated based on the data obtained from the A-tag
placed at a 4-m depth. Five consecutive clicks with ICI < 10 ms was defined as buzz (feeding
sound) [13, 26], and the number of buzz and the ratio of buzzes were calculated. Additionally,
click trains and buzzes were categorized as day/night [54, 55], and their hourly average was
calculated.

Subsequently, the click arrival time recorded by the A-tag were used as reference to filter
the click trains from the SoundTrap data using Adobe Audition. Based on the previous studies
[56-58], six criteria were defined to extract on-axis click or click train from the A-tag and
SoundTrap 300HF data: (1) click trains must be measured by all five hydrophones in two A-
tags and one SoundTrap 300HF; (2) the relative azimuth must be within -35.5° to 35.5%; (3)
the amplitude of the series of click trains should first increase and then decrease (sensu [59]);
(4) the maximum amplitude of the click must be higher than the reflected wave from the sea
surface or the seabed when present; (5) the on-axis sound should not be distorted; and (6) the
distance between the estimated source and the acoustic array should be within 60 m. Clicks
with the highest amplitude in the series of click trains were analyzed. Analysis was conducted
only when the signal-to-noise ratio (peak-to-peak amplitude) of the series of click trains
was > 20 dB. Criterion (1) was analyzed using the A-tag and SoundTrap data, (2) and (6) were
analyzed using the A-tag data, and (3), (4), and (5) were analyzed using the SoundTrap data.
The distance between the finless porpoise and acoustic array was estimated using the equation
provided by Kimura et al. [52, 53].

Click and click train parameters for on-axis echolocation click of finless porpoises were cal-
culated using MATLAB. Click parameters included the apparent source level (ASL) in dB re
1 pPa, peak frequency and center frequency in kHz, -3 dB bandwidth (BW) in kHz, click dura-
tion in ps, as well as click train parameters such as ICI in milliseconds (ms) and the number of
clicks per train. ASL was calculated using Eq (1) by Mghl et al. [60]:

ASL = RL+ TL (1)

where RL is the received level and TL is the transmission loss. TL was calculated using Eq (2):

TL = 20logr + ro (2)
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where r is the estimated distance from the finless porpoise to the acoustic array and « is calcu-
lated using the Francois and Garrison equation [61]. Water temperature data used for ¢ calcu-
lation was obtained using INFINITY-EM. Salinity data at St. S were obtained from the Hirae
Iwakuni fixed-line survey conducted by the Inland Sea Research Department of the Yamagu-
chi Prefectural Fisheries Research Center at 33°50’12"N, 132°02’04"E (~ 7.7 km from St. S)
once a month during the same period, using the Yamaguchi Prefecture submarine and fisher-
ies research vessel “Seto” [62]. Salinity data were measured at St. M at a 3.5 m depth, using the
No. 2 Automatic Oceanographic Observation Buoy in Mikawa Bay (34°44’42"N, 137°04°'19"E;
~ 9 km from St. M), which is owned by the Aichi Fisheries Research Institute [63]. When data
could not be obtained due to equipment maintenance on the buoy, the salinity data obtained
at the closest observation time were used. The ¢ (0.048 + 0.005 dB/m; average + SD) was calcu-
lated using variable water temperature and salinity values. The frequency of the maximum
amplitude was defined as the peak frequency, the average of frequencies at -3 dB from the
amplitude of the peak frequency was defined as the center frequency, and the frequency band-
width was defined as -3 dB BW. The click duration referred to the time from when the ampli-
tude of the click became larger than the background noise to when it became smaller than the
background noise. ICI was calculated as the average interval between two ICIs before and after
the click with the maximum amplitude. Finally, the number of clicks per train was measured.

Environmental data analysis

The absence/presence of vessel noise was determined by manually listening to the sounds 1
min before and after on-axis click train detection. Additionally, the detected click trains were
categorized into day or night based on the time of detection and sunset information at each
site. Data from timeanddata.com [54, 55] were used as a reference for sunset and sunrise infor-
mation; “Yamaguchi” and “Aichi” were used as the reference points for St. S and St. M, respec-
tively. Although some diel behavioral studies on odontocetes used civil twilight times in their
analyses [64], we used day and night categories (based on sunset and sunrise), due to the small
sample size. The time from sunrise to sunset was defined as day, and the time from sunset to
sunrise was defined as night. Water temperature data and synthetic flow velocity were
obtained from INFINITY-EM data averaged over 10 recordings at 0.1-s intervals, once every 5
min. The root mean square (rms) amplitudes at 1 min before and after each click train were
calculated using the rms function in MATLAB and defined as the noise level (dB re 1 uPa).

Statistical analysis

All statistical analyses were performed using the R software (version 3.6.3) [65]. The environ-
mental parameters (temperature, synthetic flow velocity, and noise level) at each site were
compared using Mann-Whitney U-test. Similarly, click and click train parameters at each site
were compared using Student’s t-test or Mann-Whitney U-test. Generalized Linear Models
(GLMs) with logit link function were generated to analyze the relationship between each
parameter and absence/presence of vessel noise, day/night, environmental parameters, and
recording sites using Ime4 package [66] and ImerTest [67] in R. Click and click train parame-
ters were the response variables; absence/presence of vessel noise (factor type), day/night (fac-
tor type), interaction between absence/presence of vessel noise and day/night, temperature,
synthetic flow velocity, noise level, recording sites (factor type) were the explanatory variables.
ASL was analyzed using GLM with gaussian family and other parameters were analyzed using
GLMs with gamma family. The full model was generated, and the best model was estimated
with respect to the Akaike’s Information Criterion (AIC) using the dredge function included
in the MuMIn package [68].
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Fig 2. Typical echolocation click of finless porpoise. (a) Waveforms and (b) signal frequency. Both (a) and (b) are
sounds obtained from the Seto Inland Sea (St. S) data.

https://doi.org/10.1371/journal.pone.0288513.g002

Results
Echolocation click and click train parameters

A total of 136 and 180 on-axis echolocation click trains of Japanese coastal finless porpoise were
detected at St. S and St. M, respectively (Fig 2, Tables 2 and 3). Specifically, 75 and 46 click trains
were detected at St. S and St. M during the daytime, while 61 and 134 click trains were detected
during nighttime (Table 2). Additionally, at St. S and St. M, vessel noise was detected before or
after 80 and 66 click trains, while vessel noise was not detected 56 and 114 click trains (Table 2).

A total of 1,257 on- and off-axis click trains (excluding buzz) were recorded at St. S (810
and 447 at day and night, respectively), whereas 4,104 click trains were recorded at St. M (925
and 3,179 at day and night, respectively). Additionally, 110 (81 and 29 at day and night, respec-
tively) and 120 buzzes (38 and 82 buzzes at day and night, respectively) were recorded at St. S
and St. M, respectively. Moreover, the buzz ratios (percentage of total buzz to the total click
train) at St. S and St. M were 8.8% (10.0% and 6.5% at day and night, respectively) and 2.9%
(4.1% and 2.6% at day and night, respectively), respectively.

Furthermore, the average ASL and peak frequency at both sites were 174 + 10 dB re 1 pPa
(average + SD) (n=316; 172+ 11 at St. S,n = 136 and 175+ 9 dB re 1 puPa St. M, n = 180;
Table 3), and 134 + 6 kHz (n = 316; 134 £ 6 at St. S, n = 136 and 134 + 6 kHz St. M, n = 180;
Table 3). There were significant differences in temperature, synthetic flow velocity, noise level,
ASL, -3 dB BW, click duration, and number of clicks per train between St. S and St. M; how-
ever, there was no significant difference in range from array, peak frequency, center frequency,
and ICI and between both sites (Table 3).

GLM model selection

For ASL, the best model was the one with the absence/presence of vessel noise (p = 0.94, S1
Table), day/night (p < 0.01, SI Table), interaction between the absence/presence of vessel

Table 2. Number of echolocation click trains at Seto Inland Sea (St. S) and Mikawa Bay (St. M) during day/night in the absence/presence of vessel noise.

St. S (n=136) St. M (n = 180)
Vessel condition Absence Presence Absence Presence
Day 31 44 8 38
Night 49 12 58 76

https://doi.org/10.1371/journal.pone.0288513.t002
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Table 3. Summary of environmental parameters, finless porpoise echolocation click and click train parameters at Seto Inland Sea (St. S) and Mikawa Bay (St. M).
The summary shows environmental parameters (temperature, synthetic flow velocity, and noise level), echolocation click parameters (ASL, peak frequency, center fre-
quency, -3 dB BW, and click duration), and click train parameters (ICI, number of clicks per train, and range from array). ASL was compared using Student’s t-test, while
the other parameters were compared using Mann-Whitney U-test to determine significant differences between the sites. 0.01 < p < 0.05 is denoted as > or < and

p < 0.01is denoted as >> or <<; > and >> indicate that the parameter in St. S were larger than that at St. M, while < and << indicate that the parameters in St. M were

larger than those in St. S.

Total (n = 316) St. S (n=136) St. M (n = 180)
Source parameter Average + SD Range Average + SD Range p Average + SD Range
range from array (m) 17413 2-59 18+13 3-56 0.94 17412 2-59
temperature (°C) 2145 12-29 25+2 22-28 < 30+3 13-32
synthetic flow velocity (cm/sec) 21+18 1-60 5+3 1-14 << 34+15 1-60
noise level (dB,,, re 1 pPa) 11742 112-124 1161 112-121 << 118+2 114-124
ASL (dB re 1 uPa) 174+10 137-198 172+11 137-198 << 17519 152-197
peak frequency (kHz) 1346 117-149 1346 117-148 0.97 1346 120-149
center frequency (kHz) 134+4 119-152 134+4 119-144 0.77 134+5 120-152
-3 dB BW (kHz) 259 7-68 22+7 7-37 << 2810 11-68
click duration (us) 65+15 38-116 73+15 45-116 >> 59+12 38-104
ICI (ms) 41422 5-162 45+25 5-162 0.05 37+19 5-144
number of clicks per train 21+17 5-137 24+16 6-80 >> 19+18 5-137

Abbreviations: ASL, apparent source level; ICI, inter-click interval; BW, bandwidth.

https://doi.org/10.1371/journal.pone.0288513.t003

noise and day/night (p < 0.01, S1 Table), temperature (p < 0.01, S1 Table), and sites (p < 0.01,
S1 Table) as the explanatory variables (AIC = 2327.8, null deviance = 31291, residual devi-
ance = 27969, Table 4). ASL was higher during the day in the absence of vessel noise at St. S
(Fig 3A).

For peak frequency, the null model using a GLM (AIC = 2050.4, null deviance = 0.67,

Table 4) was selected as the best model. None of the explanatory variables had a significant
effect on peak frequency.

For center frequency, the best model was the one with the absence/presence of vessel noise
(p =0.12, S1 Table), day/night (p = 0.10, S1 Table), temperature (p < 0.01, S1 Table), and noise
level (p = 0.03, S1 Table) as the explanatory variables (AIC = 1830.0, null deviance = 0.35,
residual deviance = 0.32, Table 4), performed using GLM. The absence/presence of vessel
noise and day/night did not affect the center frequency.

For -3 dB BW, the best model was the one with the day/night (p < 0.01, S1 Table), tempera-
ture (p < 0.01, S1 Table), noise level (p = 0.02, S1 Table), and site (p < 0.01, S1 Table) as the
explanatory variables (AIC = 2139.6, null deviance = 38.54, residual deviance = 27.10, Table 4).
A wider -3 dB BW was observed during nighttime at both sites (Fig 3B).

For click duration, the best model was the one with the day/night (p < 0.01, S1 Table), tem-
perature (p = 0.13, S1 Table), noise level (p = 0.15, S1 Table), and site (p < 0.01, S1 Table) as
the explanatory variables (AIC = 2458.8, null deviance = 15.31, residual deviance = 10.50,
Table 4). Click duration was significantly shorter at night in both sites (Fig 3C).

For ICI, the best model was the one with the day/night (p < 0.01, S1 Table) and noise level
(p < 0.01, S1 Table) as the explanatory variables (AIC = 2725.3, null deviance = 89.57, residual
deviance = 77.79, Table 4). ICI was significantly shorter at night at both sites (Fig 3D).

For the number of clicks per train, the best model was the one with the day/night (p = 0.17,
S1 Table), temperature (p < 0.01, S1 Table), and noise level (p = 0.01, S1 Table) as the explana-
tory variables (AIC = 2454.4, null deviance = 145.72, residual deviance = 136.08, Table 4). The
absence/presence of vessel noise and day/night did not significantly affect the number of clicks
per train.
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Table 4. Selection of the best model generalized linear models (GLM) for echolocation click and click train parameters. The first column shows the ranks, numbered
from the smallest Akaike’s Information Criterion (AIC). This table shows models with AICs < 2. The second column shows the explanatory variables for GLMs

(vessel = absence/presence of vessel noise, DN = day/night, vessel: DN = interaction between day/night and absence/presence of vessel noise, temp = temperature,

flow = synthetic flow velocity, noise level = noise level, site = recording site). Bold text indicates the respective response variable. df: degrees of freedom.

Rank Model AIC AAIC LogLik df weight
ASL
1 vessel + DN + vessel :DN + temp + site 2327.8 0.00 -1156.718 7 0.341
2 vessel + DN + vessel :DN + temp + flow + site 2327.9 0.07 -1155.700 8 0.330
3 vessel + DN + vessel :DN + temp + noise level + site 2329.7 1.86 -1156.594 8 0.135
vessel + DN + vessel :DN + temp + flow + noise level + site 2329.7 1.94 -1155.577 9 0.129
peak frequency
1 null 2050.4 0.00 -1023.171 2 0.072
2 DN 2050.8 0.44 -1022.372 3 0.058
3 temp 2051.5 1.13 -1022.717 3 0.041
4 flow 2051.8 1.43 -1022.868 3 0.035
5 DN + flow 2051.8 1.45 -1021.852 4 0.035
6 vessel 2052.1 1.75 -1023.028 3 0.030
7 DN + temp 2052.2 1.78 -1022.016 4 0.030
8 vessel + DN 2052.2 1.79 -1022.021 4 0.029
9 noise level 2052.2 1.83 -1023.068 3 0.029
10 site 2052.3 1.96 -1023.134 3 0.027
center frequency
1 vessel + DN + temp + noise level 1830.0 0.00 -908.874 6 0.104
2 DN +temp + noise level 1830.4 0.37 -910.096 5 0.086
3 vessel + temp + noise level 1830.7 0.64 -910.233 5 0.075
4 DN + temp 1831.3 1.24 -911.567 4 0.056
5 DN + vessel + temp + noise level + flow 1831.3 1.30 -908.477 7 0.054
6 DN + temp + noise level + flow 1831.4 1.37 -909.560 6 0.052
7 DN + vessel + temp + noise level + site 1831.9 1.89 -908.772 7 0.040
-3dB BW
1 DN + temp + noise level + site 2139.6 0.00 -1063.659 6 0.239
2 DN + temp + noise level + flow + site 2140.9 1.31 -1063.270 7 0.124
3 DN + temp + flow + noise level 2140.9 1.34 -1064.329 6 0.122
4 vessel + DN + temp + noise level + site 2141.6 1.97 -1063.599 7 0.089
click duration
1 DN + temp + noise level + site 2458.8 0.00 -1223.286 6 0.145
2 DN + temp + site 2459.0 0.18 -1224.416 5 0.133
3 DN + noise level + site 2459.2 0.37 -1224.509 5 0.121
4 DN + slte 2459.9 1.06 -1225.888 4 0.085
5 DN + vessel + temp + site 2460.7 1.90 -1224.236 6 0.056
ICI
1 DN + noise level 2725.3 0.00 -1358.583 4 0.196
2 DN + flow + noise level 2726.3 1.01 -1358.057 5 0.118
3 DN + temp + noise level 2726.9 1.59 -1358.348 5 0.088
4 vessel + DN + noise level 2727.0 1.74 -1358.422 5 0.082
5 DN + noise level + site 2727.1 1.82 -1358.459 5 0.079
number of clicks per train
1 DN + temp + noise level 2454.5 0.00 -1222.167 5 0.139
2 temp + noise level 2455.1 0.60 -1223.502 4 0.103
3 temp + noise level + site 2455.4 0.89 -1222.615 5 0.089
(Continued)
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Table 4. (Continued)

Rank Model AIC AAIC LogLik df weight
4 DN + temp + noise level + site 2456.2 1.65 -1221.952 6 0.061
5 vessel + DN + vessel :DN + temp + noise level 2456.5 1.97 -1221.065 7 0.052
6 DN + temp + flow + noise level 2456.5 1.98 -1222.119 6 0.052

https://doi.org/10.1371/journal.pone.0288513.t004

Discussion

Effects of presence of vessel noise on echolocation click and click train
parameters

ASL was higher during the day in the absence of vessel noise at St. S than under other condi-
tions, whereas ASL decreased in the presence of vessel noise, which was contrary to previous
findings. Most previous studies showed an increase in echolocation click source level in beluga
(Delphinapterus leucas) in the presence of ferry [69], and melon-headed whales increased
echolocation click source level with increasing ambient noise regardless of day and night [18].
The phenomenon of increased vocalizations in the presence of noise is known as the Lombard
effect [70], which has been observed in cetaceans [20, 71] as well as in birds and bats [72],
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Fig 3. Box plots for the relationship between the explanatory variables and respective response variables. The
box plots represent (a) ASL, (b) -3 dB BW, (¢) click duration, (d) ICIL The lower box limit represents the 1st quartile
and the top box limit represents the 3rd quartile. The middle line in the box represents the median. Refer to Table 3 for
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p” means presence of vessel noise.
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indicating a common response to noise. However, contrary to this pattern, the finless por-
poises in this study exhibit a decrease in sound pressure under vessel noise. Some studies
showed that the vocalization rate of echolocation clicks decreases in the presence of vessels due
to acoustic interference and enhanced vigilance [15, 73]. Moreover, cetaceans have been
shown to exhibit similar responses to predators and anthropogenic noise [74]. Therefore, it is
possible that the observed decrease in ASL in response to vessel noise in the present study may
be attributed to vigilance behavior in the presence of vessels. The solo impact of vessel noise
on ASL was not significant; instead, distinct influences were observed with the interaction
between vessel noise and day/night. Finless porpoise may be more cautious at night than dur-
ing the day owing to shorter visual range at night. On the other hand, the decrease in ASL may
lead to a reduction in search range, potentially leading to a decline of feeding opportunities.

ASL showed different changes between the two recording sites in response to factors of
day/night variations and the presence of vessels. At St. S, ASL was affected by the absence/pres-
ence of vessel noise and day/night, with a notably higher ASL during the daytime in the
absence of vessel noise. In contrast, only slight changes were observed in ASL between the day/
night or the absence/presence of vessel noise at St. M. The differences in response between the
recording sites might be due to various factors, such as habituation to vessel noise, prey spe-
cies, and other complex environmental factors. For instance, Indo-pacific bottlenose dolphins
in areas with low vessel noise have been shown to respond more strongly to vessels than dol-
phins in areas with high vessel noise [75]. In the present study, variation in ASL was low at the
site with high vessel noise (St. M), whereas variations in ASL was high at the site with low
noise (St. S). Therefore, the variation in ASL in finless porpoises could be attributed to differ-
ent responses to changes in vessel noise, and it is possible that habituation occurred. However,
some findings indicate that harbor porpoise do not exhibit habituation to vessel noise, even
after living in an environment with high levels of vessel noise [7, 16]. Therefore, further studies
are necessary to comprehensively elucidate the influence of habituation to vessel noise on click
parameters.

In the present study, buzz ratio was higher during the day at the two sites; additionally,
there was no significant difference in the number of prey species captured in St. S and St. M.
The prey species of finless porpoise [76] were similar at St. S and St. M, with the main prey spe-
cies consisting of whitespotted conger (Conger myriaster), Japanese sea bass (Lateolabrax japo-
nicus), octopus, shrimp, and squid [77-79]. Additionally, the following non-prey species of the
finless porpoise were captured at both sites: Japanese jack mackerel (Trachurus japonicus), red
tilefish (Brachiostegus japonicus), chubmackerel (Scomber japonicu), Japanese spanish mack-
erel (Scomberomorus niphonicus), largehead hairtall (Trichiurus lepturus), righteye flounder
(Pleuronectidae sp.), and bastard halibut (Paralichthys olivaceus), pufferfish (Tetraodonidae
sp.), and crab (Brachyura) [77-79]. Furthermore, there were no differences in depth or bottom
sediments at both sites. Variations in ASL at both sites may likely not be due to differences in
feeding time or prey species. However, we can not rule out the possibility that other parame-
ters not examined in this study may have affected the behavior of finless porpoises. Therefore,
further studies are necessary to comprehensively elucidate the effect of environmental factors
on finless porpoises.

Effects of day/night on echolocation click and click train parameters

In the present study, day/night had a greater impact on echolocation click and click train char-
acteristics than vessel noise. Specifically, -3 dB BW was wider, click duration was shorter, and
ICI was shorter in both sites at night. A wider bandwidth provides more information, includ-
ing noise information [80]. The shorter the click duration, the higher the accuracy of binaural
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time measurements, resulting in improved localization ability. Atlantic bottlenose dolphins
localize using interaural differences in the arrival time of sound, binaural phase differences
due to each ear being at a different point in the phase angle, or binaural intensity differences
[81]. The shorter ICI observed in the present study indicated that finless porpoises scan their
surrounding environment more frequently per time. During darkness, one captive harbor por-
poise increased the number of echolocation click trains emitted per unit time [82]. The varia-
tions in ICI observed in the present study were consistent with a previous finding [82], and it
is possible that finless porpoise exhibit a higher searching intensity of their surrounding envi-
ronment during the night than during the day. Based on these findings, it is probable that fin-
less porpoises rely more on acoustic information at night owing to relatively lower visual
information at night. Therefore, the increase in bandwidth, the decrease in click duration, and
shorter ICI are necessary to improve localization accuracy and information acquisition to
compensate for low visual information at night.

In the present study, there was no significant difference in peak frequency and center fre-
quency between day and night. Although the center frequency of melon-headed whale has
been shown to increase at night [18], the frequency bands emitted by melon-headed whale and
finless porpoise are different. Specifically, finless porpoises emit echolocation clicks at frequen-
cies of 125-135 kHz [21, 29-31], whereas melon-headed whales produce echolocation clicks at
frequencies of 25-30 kHz [83], which is a difference of approximately 100 kHz. Therefore, the
fluctuation of frequency changes caused by surrounding environment of finless porpoises and
melon-headed whales could be attributed to differences in frequency band. Additionally, a pre-
vious study indicated that narrow-band high-frequency species are less likely to exhibit fluctu-
ations in frequency [84]. The range of fluctuation in frequencies in the present study was
small, necessitating further studies with more data for narrow-band high-frequency species.

Comparison of echolocation click and click train parameters with previous
findings

Compared with the click and click train parameters of the finless porpoise in the Liao-dong
wan Bay, Bohai Sea [29], and the Taiwan strait [42], finless porpoise examined in the present
study had a higher peak frequency, wider bandwidth, and shorter click duration [29, 42].
These differences were more significant than those between St. S and St. M and may be caused
by factors such as skull morphology [43, 45], environmental characteristics, and behavior. In
some bat species, skull morphology has been suggested to be associated with echolocation
parameters [85, 86]. Moreover, the skull morphology of harbor porpoise exhibits evolutional
adaptation to prey species [87]. However, it is unclear whether there are differences in skull
morphology between finless porpoises in Liao-dong wan bay, Taiwan strait, and the Japanese
coastal area. Therefore, further studies are necessary to elucidate the relationship between skull
morphology, click and click train parameters, and environmental factors. Harbor porpoise
exhibited variations in click train parameters for communication [88]. Thus, it is necessary to
examine whether variations in click and click train parameters are dependent on the behav-
ioral state of finless porpoise.

Conclusions

In the present study, echolocation click and click train parameters were influenced by the day/
night. ASL was higher in the absence of vessel noise during the daytime at the site with low ves-
sel traffic. Additionally, finless porpoise increased their resolution and amount of sound infor-
mation by shortening the click duration, increasing -3 dB BW, and reducing ICI at night.
Overall, these findings contribute to our understanding of species adaptation in response to
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day/night change. To accurately assess the impact of vessel noise on echolocation characteris-
tics, it is important to consider day/night factors. However, only acoustic monitoring was per-
formed in this study, and factors, such as the behavioral state of vocalizing individuals and the
speed and size of vessels were not considered, indicating the need for further studies on the
effects of these factors on echolocation.

Supporting information

S1 Dataset. Click, click train, and environmental parameters for each on-axis echolocation
click recorded at Seto Inland Sea (St. S), Japan.
(XLSX)

$2 Dataset. Click, click train, and environmental parameters for each on-axis echolocation
click recorded at Mikawa Bay (St. M), Japan.
(XLSX)

S1 Table. Results of the best fitting GLMs analysis for several echolocation characteristics.
The explanatory variables were listed in descending order of the absolute values of their esti-
mates, except for Intercept.

(DOCX)

Acknowledgments

Data acquisition for St. M and St. S was supported by Tsunemi Suzuki, Kengo Ueda, Tetsuya
Kohama, and Dr. Shinichi Watanabe. We also thank Dr. Tomonari Akamatsu and the staff at
the Fisheries and Environment Oceanography Laboratory at Kyoto University for their sup-
port and cooperation. In particular, we would like to thank Dr. Junichi Takagi, Dr. Manabu
Kume, Hirotaka Tajima, and Haruka Nakajin for data acquisition and useful discussions.
Finally, we would like to thank Editage for editing and reviewing this manuscript.

Author Contributions

Conceptualization: Mayu Ogawa, Satoko S. Kimura.
Data curation: Mayu Ogawa, Satoko S. Kimura.

Formal analysis: Mayu Ogawa.

Funding acquisition: Mayu Ogawa, Satoko S. Kimura.
Investigation: Mayu Ogawa, Satoko S. Kimura.
Methodology: Mayu Ogawa, Satoko S. Kimura.

Project administration: Mayu Ogawa, Satoko S. Kimura.
Resources: Mayu Ogawa, Satoko S. Kimura.

Software: Mayu Ogawa.

Supervision: Satoko S. Kimura.

Validation: Mayu Ogawa, Satoko S. Kimura.
Visualization: Mayu Ogawa.

Writing - original draft: Mayu Ogawa.

Writing - review & editing: Mayu Ogawa, Satoko S. Kimura.

PLOS ONE | https://doi.org/10.1371/journal.pone.0288513  August 4, 2023 13/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288513.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288513.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288513.s003
https://doi.org/10.1371/journal.pone.0288513

PLOS ONE

Changes in echolocation click of finless porpoise

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Herman LM, Tavolga WN. The communication systems of cetaceans. Cetacean Behavior. 1980:149—
209.

Tyack P. Population biology, social behavior and communication in whales and dolphins. Trends Ecol
Evol. 1986; 1(6): 144—150. https://doi.org/10.1016/0169-5347(86)90042-X PMID: 21227802.

Lammers MO, Au WW, Aubauer R, Nachtigall PE. A comparative analysis of the pulsed emissions of
free-ranging Hawaiian spinner dolphins (Stenella longirostris). Echolocation in bats and dolphins. 2004;
414-419.

Au WW. The sonar of dolphins. Springer-Verlag New York Inc; 1993.

Hildebrand JA. Anthropogenic and natural sources of ambient noise in the ocean. Mar Ecol Prog Ser.
2009; 395: 5-20. https://doi.org/10.3354/meps08353

Guerra M, Dawson SM, Brough TE, Rayment WJ. Effects of boats on the surface and acoustic behav-
iour of an endangered population of bottlenose dolphins. Endang Species Res. 2014; 24: 221-236.
https://doi.org/10.3354/esr00598

Dyndo M, Wisniewska DM, Rojano-Dofate L, Madsen PT. Harbour porpoises react to low levels of high
frequency vessel noise. Sci Rep. 2015; 5: 11083. https://doi.org/10.1038/srep11083 PMID: 26095689.

Marley SA, Salgado Kent CP, Erbe C, Parnum IM. Effects of vessel traffic and underwater noise on the
movement, behaviour and vocalisations of bottlenose dolphins in an urbanised estuary. Sci Rep. 2017;
7:13437. https://doi.org/10.1038/s41598-017-13252-z PMID: 29044128.

Duarte CM, Chapuis L, Collin SP, Costa DP, Devassy RP, Eguiluz VM, et al. The soundscape of the
Anthropocene ocean. Science. 2021; 371(6529): eaba4658. https://doi.org/10.1126/science.aba4658
PMID: 33542110.

Velasquez Jimenez L, Fakan EP, McCormick MI. Vessel noise affects routine swimming and escape
response of a coral reef fish. PLOS ONE. 2020; 15: e0235742. https://doi.org/10.1371/journal.pone.
0235742 PMID: 32702032.

Popper AN, Hastings MC. The effects of anthropogenic sources of sound on fishes. J Fish Biol. 2009;
75(3): 455-489. https://doi.org/10.1111/j.1095-8649.2009.02319.x PMID: 20738551

Hudson DM, Krumholz JS, Pochtar DL, Dickenson NC, Dossot G, Phillips G, et al. Potential impacts
from simulated vessel noise and sonar on commercially important invertebrates. Peerd. 2022; 10:
e12841. https://doi.org/10.7717/peerj.12841 PMID: 35127295

Verfuss UK, Miller LA, Pilz PK, Schnitzler HU. Echolocation by two foraging harbour porpoises (Pho-
coena phocoena). J Exp Biol. 2009; 212(6): 823—834. https://doi.org/10.1242/jeb.022137 PMID:
19251999.

Akamatsu T, Wang D, Wang K, Li S, Dong S. Scanning sonar of rolling porpoises during prey capture
dives. J Exp Biol. 2010; 213(1): 146—152. https://doi.org/10.1242/jeb.037655 PMID: 20008371.

Pirotta E, Merchant ND, Thompson PM, Barton TR, Lusseau D. Quantifying the effect of boat distur-
bance on bottlenose dolphin foraging activity. Biol Conserv. 2015; 181: 82—89. https://doi.org/10.1016/j.
biocon.2014.11.003

Wisniewska DM, Johnson M, Teilmann J, Siebert U, Galatius A, Dietz R, et al. High rates of vessel
noise disrupt foraging in wild harbour porpoises (Phocoena phocoena). Proc Biol Sci. 2018;285. https://
doi.org/10.1098/rspb.2017.2314 PMID: 29445018.

Pellegrini AY, Romeu B, Ingram SN, Daura-Jorge FG. Boat disturbance affects the acoustic behaviour
of dolphins engaged in a rare foraging cooperation with fishers. Anim Conserv. 2021; 24: 613-625.
https://doi.org/10.1111/acv.12667

Baumann-Pickering S, Roch MA, Wiggins SM, Schnitzler HU, Hildebrand JA. Acoustic behavior of
melon-headed whales varies on a diel cycle. Behav Ecol Sociobiol. 2015; 69: 1553—1563. https://doi.
0rg/10.1007/s00265-015-1967-0 PMID: 26300583.

Heiler J, Elwen SH, Kriesell HJ, Gridley T. Changes in bottlenose dolphin whistle parameters related to
vessel presence, surface behaviour and group composition. Anim Behav. 2016; 117: 167-177. https:/
doi.org/10.1016/j.anbehav.2016.04.014

Kragh IM, McHugh K, Wells RS, Sayigh LS, Janik VM, Tyack PL, et al. Signal-specific amplitude adjust-
ment to noise in common bottlenose dolphins (Tursiops truncatus). J Exp Biol. 2019; 222(23):
jeb216606. https://doi.org/10.1242/jeb.216606 PMID: 31704900.

FangL, WangD, Li Y, Cheng Z, Pine MK, Wang K, et al. The source parameters of echolocation clicks
from captive and free-ranging Yangtze finless porpoises (Neophocaena asiaeorientalis asiaeorientalis).
PLOS ONE. 2015; 10: e0129143. https://doi.org/10.1371/journal.pone.0129143 PMID: 26053758.

Carlstrom J. Diel variation in echolocation behavior of wild harbor porpoises. Mar Mamm Sci. 2005; 21:
1-12. https://doi.org/10.1111/j.1748-7692.2005.tb01204.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0288513  August 4, 2023 14/18


https://doi.org/10.1016/0169-5347%2886%2990042-X
http://www.ncbi.nlm.nih.gov/pubmed/21227802
https://doi.org/10.3354/meps08353
https://doi.org/10.3354/esr00598
https://doi.org/10.1038/srep11083
http://www.ncbi.nlm.nih.gov/pubmed/26095689
https://doi.org/10.1038/s41598-017-13252-z
http://www.ncbi.nlm.nih.gov/pubmed/29044128
https://doi.org/10.1126/science.aba4658
http://www.ncbi.nlm.nih.gov/pubmed/33542110
https://doi.org/10.1371/journal.pone.0235742
https://doi.org/10.1371/journal.pone.0235742
http://www.ncbi.nlm.nih.gov/pubmed/32702032
https://doi.org/10.1111/j.1095-8649.2009.02319.x
http://www.ncbi.nlm.nih.gov/pubmed/20738551
https://doi.org/10.7717/peerj.12841
http://www.ncbi.nlm.nih.gov/pubmed/35127295
https://doi.org/10.1242/jeb.022137
http://www.ncbi.nlm.nih.gov/pubmed/19251999
https://doi.org/10.1242/jeb.037655
http://www.ncbi.nlm.nih.gov/pubmed/20008371
https://doi.org/10.1016/j.biocon.2014.11.003
https://doi.org/10.1016/j.biocon.2014.11.003
https://doi.org/10.1098/rspb.2017.2314
https://doi.org/10.1098/rspb.2017.2314
http://www.ncbi.nlm.nih.gov/pubmed/29445018
https://doi.org/10.1111/acv.12667
https://doi.org/10.1007/s00265-015-1967-0
https://doi.org/10.1007/s00265-015-1967-0
http://www.ncbi.nlm.nih.gov/pubmed/26300583
https://doi.org/10.1016/j.anbehav.2016.04.014
https://doi.org/10.1016/j.anbehav.2016.04.014
https://doi.org/10.1242/jeb.216606
http://www.ncbi.nlm.nih.gov/pubmed/31704900
https://doi.org/10.1371/journal.pone.0129143
http://www.ncbi.nlm.nih.gov/pubmed/26053758
https://doi.org/10.1111/j.1748-7692.2005.tb01204.x
https://doi.org/10.1371/journal.pone.0288513

PLOS ONE

Changes in echolocation click of finless porpoise

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Clausen KT, Teilmann J, Wisniewska DM, Balle JD, Delefosse M, van Beest FM. Echolocation activity
of harbour porpoises, Phocoena phocoena, shows seasonal artificial reef attraction despite elevated
noise levels close to oil and gas platforms. Ecol Solut Evid. 2021; 2(1): €12055. https://doi.org/10.1002/
2688-8319.12055

Todd VLG, Pearse WD, Tregenza NC, Lepper PA, Todd IB. Diel echolocation activity of harbour por-
poises (Phocoena phocoena) around North Sea offshore gas installations. ICES J Mar Sci. 2009; 66:
734-745. https://doi.org/10.1093/icesjms/fsp035

Brandt MJ, Hansen S, Diederichs A, Nehls G. Do man-made structures and water depth affect the diel
rhythms in click recordings of harbor porpoises (Phocoena phocoena)? Mar Mamm Sci. 2014; 30:
1109-1121. https://doi.org/10.1111/mms.12112

Zein B, Woelfing B, Dahne M, Schaffeld T, Ludwig S, Rye JH, et al. Time and tide: Seasonal, diel and
tidal rhythms in Wadden Sea Harbour porpoises (Phocoena phocoena). PLOS ONE. 2019; 14(3):
€0213348. https://doi.org/10.1371/journal.pone.0213348 PMID: 30893334.

Wang JY, Frasier TR, Yang SC, White BN. Detecting recent speciation events: the case of the finless
porpoise (genus Neophocaena). Heredity. 2008; 101: 145—155. https://doi.org/10.1038/hdy.2008.40
PMID: 18478026.

Kasuya T, Yamamoto Y, Iwatsuki T. Abundance decline in the finless porpoise population in the Inland
Sea of Japan. Raffles Bull Zool. 2002; 50: 57-66.

Li S, Wang D, Wang K, Akamatsu T, Ma Z, Han J. Echolocation click sounds from wild inshore finless
porpoise (Neophocaena phocaenoides sunameri) with comparisons to the sonar of riverine N. p.
asiaeorientalis. J Acoust Soc Am. 2007; 121(6): 3938—3946. https://doi.org/10.1121/1.2721658 PMID:
17552740.

Goold JC, Jefferson TA. Acoustic signals from free-ranging finless porpoises (Neophocaena phocae-
noides) in the waters around Hong Kong. Raffles Bull Zool. 2002 May 1; 50: 131-140.

Kamminga C, Kataoka T, Engelsma FJ. Investigations on cetacean sonar VII: Underwater sounds of
Neophocaena phocaenoides of the Japanese coastal population. Aquat Mamm. 1986; 12(2): 52—60.

Akamatsu T, Wang D, Wang K, Naito Y. A method for individual identification of echolocation signals in
free-ranging finless porpoises carrying data loggers. J Acoust Soc Am. 2000 Sep; 108(3 Pt 1): 1353—
1356. https://doi.org/10.1121/1.1287841 PMID: 11008838.

Akamatsu T, Wang D, Wang K, Naito Y. Biosonar behaviour of free-ranging porpoises. Proc Biol Sci.
2005; 272(1565): 797-801. https://doi.org/10.1098/rspb.2004.3024 PMID: 15888412.

Akamatsu T, Teilmann J, Miller LA, Tougaard J, Dietz R, Wang D, et al. Comparison of echolocation
behaviour between coastal and riverine porpoises. Deep Sea Res Il. 2007; 54: 290—297. https://doi.
org/10.1016/j.dsr2.2006.11.006

Kimura S, Akamatsu T, Wang D, Li S, Wang K, Yoda K. Variation in the production rate of biosonar sig-
nals in freshwater porpoises. J Acoust Soc Am. 2013; 133(5): 3128—-3134. https://doi.org/10.1121/1.
4796129 PMID: 23654415.

Mei Z, Han Y, Turvey ST, Liu J, Wang Z, Nabi G, et al. Mitigating the effect of shipping on freshwater
cetaceans: the case study of the Yangtze finless porpoise. Biol Conserv. 2021; 257: 109132. https://doi.
org/10.1016/j.biocon.2021.109132

Zhou L, Chen X, Duan P-X, Wang D, Wang Z-T, Wang K-X. Spatial-temporal variations in biosonar
activity of Yangtze finless porpoise in the lower reaches of the Yangtze River and its correlation with
underwater noise: are quieter non-shipping branches the remaining shelters? Aquat Conserv Mar
Freshw Ecosyst. 2021; 31: 964—978. https://doi.org/10.1002/aqc.3535

Nabi G, Hao Y, McLaughlin RW, Wang D. The possible effects of high vessel traffic on the physiological
parameters of the critically endangered Yangtze Finless porpoise (Neophocaena asiaeorientalis ssp.
asiaeorientalis). Front Physiol. 2018; 9: 1665. https://doi.org/10.3389/fphys.2018.01665 PMID:
30546317.

Wang Z, Akamatsu T, Mei Z, Dong L, Imaizumi T, Wang K, et al. Frequent and prolonged nocturnal
occupation of port areas by Yangtze finless porpoises (Neophocaena asiaeorientalis): forced choice for
feeding? Integr Zool. 2015; 10(1): 122—-132. https://doi.org/10.1111/1749-4877.12102 PMID:
24920210.

Wang Z, Akamatsu T, Wang K, Wang D. The diel rhythms of biosonar behavior in the Yangtze finless
porpoise (Neophocaena asiaeorientalis asiaeorientalis) in the port of the Yangtze River: the correlation
between prey availability and boat traffic. PLOS ONE. 2014; 9(5): €97907. https://doi.org/10.1371/
journal.pone.0097907 PMID: 24823945.

Morimura N, Mori Y. Social responses of travelling finless porpoises to boat traffic risk in Misumi West
Port, Ariake Sound, Japan. PLOS ONE. 2019; 14: e0208754. https://doi.org/10.1371/journal.pone.
0208754 PMID: 30601827.

PLOS ONE | https://doi.org/10.1371/journal.pone.0288513  August 4, 2023 15/18


https://doi.org/10.1002/2688-8319.12055
https://doi.org/10.1002/2688-8319.12055
https://doi.org/10.1093/icesjms/fsp035
https://doi.org/10.1111/mms.12112
https://doi.org/10.1371/journal.pone.0213348
http://www.ncbi.nlm.nih.gov/pubmed/30893334
https://doi.org/10.1038/hdy.2008.40
http://www.ncbi.nlm.nih.gov/pubmed/18478026
https://doi.org/10.1121/1.2721658
http://www.ncbi.nlm.nih.gov/pubmed/17552740
https://doi.org/10.1121/1.1287841
http://www.ncbi.nlm.nih.gov/pubmed/11008838
https://doi.org/10.1098/rspb.2004.3024
http://www.ncbi.nlm.nih.gov/pubmed/15888412
https://doi.org/10.1016/j.dsr2.2006.11.006
https://doi.org/10.1016/j.dsr2.2006.11.006
https://doi.org/10.1121/1.4796129
https://doi.org/10.1121/1.4796129
http://www.ncbi.nlm.nih.gov/pubmed/23654415
https://doi.org/10.1016/j.biocon.2021.109132
https://doi.org/10.1016/j.biocon.2021.109132
https://doi.org/10.1002/aqc.3535
https://doi.org/10.3389/fphys.2018.01665
http://www.ncbi.nlm.nih.gov/pubmed/30546317
https://doi.org/10.1111/1749-4877.12102
http://www.ncbi.nlm.nih.gov/pubmed/24920210
https://doi.org/10.1371/journal.pone.0097907
https://doi.org/10.1371/journal.pone.0097907
http://www.ncbi.nlm.nih.gov/pubmed/24823945
https://doi.org/10.1371/journal.pone.0208754
https://doi.org/10.1371/journal.pone.0208754
http://www.ncbi.nlm.nih.gov/pubmed/30601827
https://doi.org/10.1371/journal.pone.0288513

PLOS ONE

Changes in echolocation click of finless porpoise

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Song Z, Zhang Y, Wang X, Wei C, Wu F, Miao X. Vocalizations of a Wild Finless Porpoise (Neopho-
caena asiaeorientalis sunmeri) in the Western Coast of the Taiwan Strait, China. J Biobased Mater
Bioenergy. 2017; 11: 45-52. https://doi.org/10.1166/jomb.2017.1642

Yoshida H, Shirakihara K, Shirakihara M, Takemura A. Geographic Variation in the Skull Morphology of
the Finless Porpoise Neophocaena phocaenoides in Japan Waters. Fish Sci. 1995; 61: 555-558.
https://doi.org/10.2331/fishsci.61.555

Yoshida H, Yoshioka M, Shirakihara M, Chow S. Population structure of finless porpoises (Neopho-
caena phocaenoides) in coastal waters of Japan based on mitochondrial DNA sequences. J Mammal.
2001; 82: 123-130. https://doi.org/10.1644/1545-1542(2001)082<0123:PSOFPN>2.0.CO;2.

Yoshida H, Shirakihara M, Takemura A, Shirakihara K. Population structure of finless porpoises (Neo-
phocaena phocaenoides) in coastal waters of Japan. Raffles Bull Zool. 2002; 50: 35—42.

Yang G, Guo LI, Bruford MW, Wei F, Zhou K. Mitochondrial phylogeography and population history of
finless porpoises in Sino-Japanese waters. Biol J Linn Soc. 2008; 95(1): 193-204. https://doi.org/10.
1111/j.1095-8312.2008.0932.x

e-Stat, Fisheries Census: Final Results of the 2018 Fisheries Census, Volume 3—Statistics on Coastal
Fisheries by Municipality. [cited 2023 March 29]. In: e-Stat. [Internet]. Japan. Available from: https://
www.e-stat.go.jp/stat-search/database?statdisp_id=0003420678. (in Japanese).

Himaka Island Torisum Church, Himaka Island Tourism Navi, Himaka Island Data. 2017 July [cited
2023 June 22]. In: Himaka Island Torisum Church Official Website. [Internet]. Japan. Available from:
https://www.himaka.net/about. (in Japanese).

Kimura S, Akamatsu T, Wang K, Wang D, Li S, Dong S, et al. Comparison of stationary acoustic moni-
toring and visual observation of finless porpoises. J Acoust Soc Am. 2009; 125: 547-553. https://doi.
org/10.1121/1.3021302 PMID: 19173440.

Kameyama S, Akamatsu T, Dede A, Oztlirk AA, Arai N. Acoustic discrimination between harbor por-
poises and delphinids by using a simple two-band comparison. J Acoust Soc Am. 2014; 136: 922—929.
https://doi.org/10.1121/1.4884763 PMID: 25096126.

Kimura SS, Sagara T, Yoda K, Ponnampalam LS. Acoustic identification of the sympatric species Indo-
Pacific finless porpoise and Indo-Pacific humpback dolphin: an example from Langkawi, Malaysia. Bio-
acoustics. 2021: 1-17. https://doi.org/10.1080/09524622.2021.1998796

Kimura S, Akamatsu T, Fang L, Wang Z, Wang K, Wang D, et al. Apparent source level of free-ranging
humpback dolphin, Sousa chinensis, in the South China Sea. J Mar Biol Assoc UK. 2016; 96(4): 845—
851. https://doi.org/10.1017/S0025315414000071

Kimura S, Akamatsu T, Li S, Dong S, Wang K, Wang D, et al. Tracking trials of echolocating finless por-
poise by two stationary passive acoustic monitoring systems. Proceedings of the 5th international sym-
posium on SEASTAR2000 and Asian Bio-logging Science (The 9th SEASTAR2000 workshop);

2010. pp. 73-76.

Time and data, Yamaguchi. Japan—Sunrise, Sunset, and Daylength. [cited 2023 June 22]. In: Time and
data. [Internet]. Available from: https://www.timeanddate.com/sun/@ 1848692.

Time and data, Aichi-ken, Aichi-ken, Japan—Sunrise, Sunset, and Daylength. [cited 2023 June 22]. In:
Time and data. [Internet]. Available from: https://www.timeanddate.com/sun/@ 1865694.

Villadsgaard A, Wahlberg M, Tougaard J. Echolocation signals of wild harbour porpoises, Phocoena
phocoena. J Exp Biol. 2007; 210(1): 56—64. https:/doi.org/10.1242/jeb.02618 PMID: 17170148,

Kyhn LA, Jensen FH, Beedholm K, Tougaard J, Hansen M, Madsen PT. Echolocation in sympatric
Peale’s dolphins (Lagenorhynchus australis) and Commerson’s dolphins (Cephalorhynchus commer-
sonii) producing narrow-band high-frequency clicks. J Exp Biol. 2010; 213(11): 1940—1949. https://doi.
org/10.1242/jeb.042440 PMID: 20472781.

Kyhn LA, Tougaard J, Jensen F, Wahlberg M, Stone G, Yoshinaga A, et al. Feeding at a high pitch:
source parameters of narrow band, high-frequency clicks from echolocating off-shore hourglass dol-
phins and coastal Hector’s dolphins. J Acoust Soc Am. 2009; 125: 1783-1791. https://doi.org/10.1121/
1.3075600 PMID: 19275335.

Mghl B, Wahlberg M, Madsen PT, Heerfordt A, Lund A. The monopulsed nature of sperm whale clicks.
J Acoust Soc Am. 2003; 114(2): 1143—1154. https://doi.org/10.1121/1.1586258 PMID: 12942991.

Mghl B, Wahlberg M, Madsen PT, Miller LA, Surlykke A. Sperm whale clicks: directionality and source
level revisited. J Acoust Soc Am. 2000; 107: 638—648. https://doi.org/10.1121/1.428329 PMID:
10641672.

Francois RE, Garrison GR. Sound absorption based on ocean measurements: Part |: Pure water and
magnesium sulfate contributions. J Acoust Soc Am. 1982; 72: 896—907. https://doi.org/10.1121/1.
388170

PLOS ONE | https://doi.org/10.1371/journal.pone.0288513  August 4, 2023 16/18


https://doi.org/10.1166/jbmb.2017.1642
https://doi.org/10.2331/fishsci.61.555
https://doi.org/10.1644/1545-1542%282001%29082
https://doi.org/10.1111/j.1095-8312.2008.0932.x
https://doi.org/10.1111/j.1095-8312.2008.0932.x
https://www.e-stat.go.jp/stat-search/database?statdisp_id=0003420678
https://www.e-stat.go.jp/stat-search/database?statdisp_id=0003420678
https://www.himaka.net/about
https://doi.org/10.1121/1.3021302
https://doi.org/10.1121/1.3021302
http://www.ncbi.nlm.nih.gov/pubmed/19173440
https://doi.org/10.1121/1.4884763
http://www.ncbi.nlm.nih.gov/pubmed/25096126
https://doi.org/10.1080/09524622.2021.1998796
https://doi.org/10.1017/S0025315414000071
https://www.timeanddate.com/sun/@1848692
https://www.timeanddate.com/sun/@1865694
https://doi.org/10.1242/jeb.02618
http://www.ncbi.nlm.nih.gov/pubmed/17170148
https://doi.org/10.1242/jeb.042440
https://doi.org/10.1242/jeb.042440
http://www.ncbi.nlm.nih.gov/pubmed/20472781
https://doi.org/10.1121/1.3075600
https://doi.org/10.1121/1.3075600
http://www.ncbi.nlm.nih.gov/pubmed/19275335
https://doi.org/10.1121/1.1586258
http://www.ncbi.nlm.nih.gov/pubmed/12942991
https://doi.org/10.1121/1.428329
http://www.ncbi.nlm.nih.gov/pubmed/10641672
https://doi.org/10.1121/1.388170
https://doi.org/10.1121/1.388170
https://doi.org/10.1371/journal.pone.0288513

PLOS ONE

Changes in echolocation click of finless porpoise

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Yamaguchi Prefectural Fisheries Research Center, Sea Ringing Network. 2022. [cited 2023 June 22].
In: Yamaguchi Prefecture. [Internet]. Japan. Available from: https://www.pref.yamaguchi.lg.jp/cms/
a16403/uminari_network/suion_enbun.html. (in Japanese).

Aichi Fisheries Research Institute, Mikawa Bay sea condition automatic buoy information. 2022. [cited
2023 June 22]. Aichi Fisheries Research Institute. [Internet]. Japan. Available from: http://suisanshiken-
buoy.jp/top/index.html. (in Japanese).

Holdman AK, Haxel JH, Klinck H, Torres LG. Acoustic monitoring reveals the times and tides of harbor
porpoise (Phocoena phocoena) distribution off central Oregon, USA. Mar Mamm Sci. 2019; 35(1): 164—
186. https://doi.org/10.1111/mms.12537

R Core Team. R: A Language and Environment for Statistical Computing; 2021. Available: https://www.
R-project.org/. R Foundation for Statistical Computing, Vienna, Austria.

Bates D, Méchler M, Bolker B, Walker S. Fitting linear mixed-effects models using Ime4. 2014. arXiv
preprint arXiv:1406.5823.

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear Mixed Effects Mod-
els. J Stat Softw. 2017; 82: 1-26.

Barton K. MuMIn: Multi-Model Inference. R package version 1.46.0. 2022.[cited 2023 April 9]. In: The R
Project for Statistical Computing. [Internet]. Available from: https://CRAN.R-project.org/package=
MuMIn.

Lesage V, Barrette C, Kingsley MCS, Sjare B. The effect of vessel noise on the vocal behavior of belu-
gas in the St. Lawrence River estuary, Canada. Mar Mamm Sci. 1999; 15(1): 65-84. https://doi.org/10.
1111/j.1748-7692.1999.tb00782.x

Zollinger SA, Brumm H. The lombard effect. Current Biology. 2011 Aug 23; 21(16):R614-5. https://doi.
org/10.1016/j.cub.2011.06.003 PMID: 21854996.

Guazzo RA, Helble TA, Alongi GC, Durbach IN, Martin CR, Martin SW, et al. The Lombard effect in
singing humpback whales: Source levels increase as ambient ocean noise levels increase. The Journal
of the Acoustical Society of America. 2020 Aug 4; 148(2):542-55. https://doi.org/10.1121/10.0001669
PMID: 32873020.

Brumm H, Zollinger SA. The evolution of the Lombard effect: 100 years of psychoacoustic research.
Behaviour. 2011 Jan 1; 148(11-13):1173-98.

Hu W-C, Siddagangaiah S, Chen C-F, Pieretti N. Impact of vessel transit on vocalizations of the Taiwan-
ese humpback dolphin. Diversity. 2022; 14: 426. https://doi.org/10.3390/d14060426

Miller PJO, Isojunno S, Siegal E, Lam FA, Kvadsheim PH, Curé C. Behavioral responses to predatory
sounds predict sensitivity of cetaceans to anthropogenic noise within a soundscape of fear. Proc Natl
Acad SciU S A. 2022; 119(13): €2114932119. https://doi.org/10.1073/pnas.2114932119 PMID:
35312354.

Bejder L, Samuels A, Whitehead H, Gales N. Interpreting short-term behavioural responses to distur-
bance within a longitudinal perspective. Anim Behav. 2006; 72: 1149-1158. https://doi.org/10.1016/j.
anbehav.2006.04.003

Shirakihara M, Seki K, Takemura A, Shirakihara K, Yoshida H, Yamazaki T. Food habits of finless por-
poises Neophocaena phocaenoides in Western Kyushu, Japan. J Mammal. 2008; 89(5): 1248—1256.
https://doi.org/10.1644/07-MAMM-A-264.1

Ministry of Agriculture, Forestry and Fisheries, Catch of Fishery by Fish Type. Statistical Survey of Fish-
ery Production. Kaminoseki Town Detailed Data, Yamaguchi Prefecture, Select Prefecture, My Town
My Village, Statistical Information. 2008. [cited 2023 June 22]. In: In Ministry of Agriculture. [Internet].
Japan. Available from: http://www.machimura.maff.go.jp/machi/contents/35/341/details.html. (in
Japanese).

Himaka Island Fishery Cooperative Association, Catch by Fishery Type. 2016. [cited 2023 June 22]. In:
Himaka Island Fishery Cooperative Association. [Internet]. Japan. Available from: http://jf-himakajima.
com/fish.php. (in Japanese).

Minamichta town, Catch of Fishery Type, Minamichita-town fish information. 2019 Jul. [cited 2023 June
22]. In: Minamichita town. [Internet]. Japan. Available from: https://www.town.minamichita.lg.jp/
kankosangyou/gyogyou/1001466.html. (in Japanese).

Morisaka T, Karczmarski L, Akamatsu T, Sakai M, Dawson S, Thornton M. Echolocation signals of Hea-
viside’s dolphins (Cephalorhynchus heavisidii). J Acoust Soc Am. 2011; 129(1): 449-457. https://doi.
org/10.1121/1.3519401 PMID: 21303024.

Renaud DL, Popper AN. Sound localization by the bottlenose porpoise Tursiops truncatus. J Exp Biol.
1975; 63(3): 569-585. https:/doi.org/10.1242/jeb.63.3.569 PMID: 1214118

PLOS ONE | https://doi.org/10.1371/journal.pone.0288513  August 4, 2023 17/18


https://www.pref.yamaguchi.lg.jp/cms/a16403/uminari_network/suion_enbun.html
https://www.pref.yamaguchi.lg.jp/cms/a16403/uminari_network/suion_enbun.html
http://suisanshiken-buoy.jp/top/index.html
http://suisanshiken-buoy.jp/top/index.html
https://doi.org/10.1111/mms.12537
https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1111/j.1748-7692.1999.tb00782.x
https://doi.org/10.1111/j.1748-7692.1999.tb00782.x
https://doi.org/10.1016/j.cub.2011.06.003
https://doi.org/10.1016/j.cub.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21854996
https://doi.org/10.1121/10.0001669
http://www.ncbi.nlm.nih.gov/pubmed/32873020
https://doi.org/10.3390/d14060426
https://doi.org/10.1073/pnas.2114932119
http://www.ncbi.nlm.nih.gov/pubmed/35312354
https://doi.org/10.1016/j.anbehav.2006.04.003
https://doi.org/10.1016/j.anbehav.2006.04.003
https://doi.org/10.1644/07-MAMM-A-264.1
http://www.machimura.maff.go.jp/machi/contents/35/341/details.html
http://jf-himakajima.com/fish.php
http://jf-himakajima.com/fish.php
https://www.town.minamichita.lg.jp/kankosangyou/gyogyou/1001466.html
https://www.town.minamichita.lg.jp/kankosangyou/gyogyou/1001466.html
https://doi.org/10.1121/1.3519401
https://doi.org/10.1121/1.3519401
http://www.ncbi.nlm.nih.gov/pubmed/21303024
https://doi.org/10.1242/jeb.63.3.569
http://www.ncbi.nlm.nih.gov/pubmed/1214118
https://doi.org/10.1371/journal.pone.0288513

PLOS ONE

Changes in echolocation click of finless porpoise

82.

83.

84.

85.

86.

87.

88.

Akamatsu T, Hatakeyama Y, Kojima T, Soeda H. The rate with which a harbor porpoise uses echoloca-
tion at night. In Thomas JA, Kastelein RA, Supin AY, editors. Marine mammal sensory systems. Bos-
ton: Springer; 1992. pp. 299-315.

Baumann-Pickering S, Wiggins SM, Hildebrand JA, Roch MA, Schnitzler H-U. Discriminating features
of echolocation clicks of melon-headed whales (Peponocephala electra), bottlenose dolphins ( Tursiops
truncatus), and Gray’s spinner dolphins (Stenella longirostris longirostris). J Acoust Soc Am. 2010; 128:
2212-2224. https://doi.org/10.1121/1.3479549 PMID: 20968391.

Kyhn LA, Tougaard J, Beedholm K, Jensen FH, Ashe E, Williams R, et al. Clicking in a killer whale habi-
tat: narrow-band, high-frequency biosonar clicks of harbour porpoise (Phocoena phocoena) and Dall’'s
porpoise (Phocoenoides dall). PLOS ONE. 2013; 8(5): e63763. https://doi.org/10.1371/journal.pone.
0063763 PMID: 23723996.

Jacobs DS, Bastian A, Bam L. The influence of feeding on the evolution of sensory signals: a compara-
tive test of an evolutionary trade-off between masticatory and sensory functions of skulls in southern
African Horseshoe bats (Rhinolophidae). J Evol Biol. 2014; 27(12): 2829—-2840. https://doi.org/10.1111/
jeb.12548 PMID: 25393780.

Giacomini G, Herrel A, Chaverri G, Brown RP, Russo D, Scaravelli D, et al. Functional correlates of
skull shape in Chiroptera: feeding and echolocation adaptations. Integr Zool. 2022; 17(3): 430—442.
https://doi.org/10.1111/1749-4877.12564 PMID: 34047457.

Galatius A, Kinze CC, Teilmann J. Population structure of harbour porpoises in the Baltic region: evi-
dence of separation based on geometric morphometric comparisons. J Mar Biol Assoc U K. 2012; 92:
1669-1676. https://doi.org/10.1017/S0025315412000513

Sgrensen PM, Wisniewska DM, Jensen FH, Johnson M, Teilmann J, Madsen PT. Click communication
in wild harbour porpoises (Phocoena phocoena). Sci Rep. 2018; 8(1): 9702. https://doi.org/10.1038/
s$41598-018-28022-8 PMID: 29946073.

PLOS ONE | https://doi.org/10.1371/journal.pone.0288513  August 4, 2023 18/18


https://doi.org/10.1121/1.3479549
http://www.ncbi.nlm.nih.gov/pubmed/20968391
https://doi.org/10.1371/journal.pone.0063763
https://doi.org/10.1371/journal.pone.0063763
http://www.ncbi.nlm.nih.gov/pubmed/23723996
https://doi.org/10.1111/jeb.12548
https://doi.org/10.1111/jeb.12548
http://www.ncbi.nlm.nih.gov/pubmed/25393780
https://doi.org/10.1111/1749-4877.12564
http://www.ncbi.nlm.nih.gov/pubmed/34047457
https://doi.org/10.1017/S0025315412000513
https://doi.org/10.1038/s41598-018-28022-8
https://doi.org/10.1038/s41598-018-28022-8
http://www.ncbi.nlm.nih.gov/pubmed/29946073
https://doi.org/10.1371/journal.pone.0288513

