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Abstract

While echolocation is vital to the sensory ecol-
ogy of odontocetes, we have few data charac-
terizing the signals of most species, limiting our
understanding of key attributes of these animals,
especially for those with a diverse range of habi-
tats. Beluga whales (Delphinapterus leucas) have
successfully overcome the pressures of living in
both shallow and deep open water habitats. We
characterized the echolocation clicks of 13 wild
beluga whales during temporary capture-and-
release events in Bristol Bay, Alaska (USA). We
extracted and examined 556 high-quality clicks
from approximately 22 hours of recordings. As a
group, the duration (41.1 £ 17.3 ps; mean + SD),
peak frequency (97.9 + 34.4 kHz), centroid fre-
quency (101.9 £23.9kHz), -3 dB bandwidth (29.1
+ 144 kHz), -10 dB bandwidth (67.7 + 31.8 kHz),
and root mean square (RMS) bandwidth (27.8 +
8.1 kHz) were assessed. These are the first on-
axis data from wild belugas in their natural shal-
low water habitat within 1 m. Beluga whales emit
clicks with high frequency and high source level
in extremely shallow waters regardless of the
potential strong reverberations and clutter. These
results provide a foundation for future studies on
how this species manipulates its sonar to success-
fully operate in acoustically challenging shallow
waters.
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Introduction

Beluga whales (Delphinapterus leucas) are a coastal
species widely distributed across often shallow
Arctic and subarctic waters (O’Corry-Crowe, 2009).
They produce a wide range of sounds and are gener-
ally considered a vocally active species (Belkovich
& Shchekotov, 1992, 1993). Sounds produced
include more than a dozen types of frequency-mod-
ulated calls and whistles. Belugas can also modify
the acoustic properties of calls during social activi-
ties or when vessel noise is present. These have been
fairly well examined (Caldwell et al., 1990; Angiel,
1996; Lesage et al., 1999; Belikov & Belkovich,
2007; Chmelnitsky & Ferguson, 2012; Garland
et al., 2015). Given the general increase in human-
produced ocean noise in the Arctic and beyond
(Belkovich & Shchekotov, 1992; O’Corry-Crowe,
2009; Hobbs et al., 2019), characterizing acoustic
behavior is vital as we seek to estimate, mitigate,
and manage noise impacts. Certainly, understand-
ing their acoustic signals would aid and support
passive acoustic monitoring and evaluating impacts
by noise. Such data may be particularly important
for endangered populations such as the Cook Inlet
beluga whale (Hobbs et al.,2019; Muto et al., 2019),
and for those facing development and encroachment
into their coastal habitats.

Much of our understanding of beluga echoloca-
tion clicks comes from studies of belugas in aquaria.
Overall, their echolocation clicks generally have
short durations and peak frequency ranges from 40
to 160 kHz (Auetal., 1985,1987; Zahn et al., 2021).
Under behaviorally controlled conditions, belugas
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have shown that they are able to vary their clicks in
a variety of ways (Au et al., 1985; Turl & Penner,
1989). For example, they can vary their peak fre-
quency of emitted clicks from 40 to 120 kHz (Au
et al., 1985). Belugas can also adjust source levels
(SLs) and spectral distribution of clicks with more
energy, extending to high frequency and increas-
ing output in higher noise environments (Au et al.,
1985).

This basic understanding of echolocation behav-
ior of aquaria belugas has been extended with a few
assessments of the echolocation behavior of wild
individuals (Roy et al.,2010; Zahn et al.,2021). Yet,
despite being a relatively well-studied odontocete,
only two papers addressed the click parameters of
wild belugas foraging in open waters (Roy et al.,
2010; Zahn et al., 2021). Neither of these papers
considered clicks emitted in shallow waters where
beluga whales often forage (Martin & Smith, 1992;
Ezer et al., 2008; Goetz et al., 2012). Information
on click behavior in shallow waters over natural
substrates will help define the natural parameters
of wild beluga clicks and provide key information
on how belugas use their capabilities in the acoustic
environment to which they reside, as well as sup-
port the evaluation of potential noise impacts on the
echolocation function of this species.

Beluga populations often reside in embayments
or fjords. In these habitats, belugas take advantage
of tidal cycles to swim to shallow waters, such as
tidal flats, which are inundated by the rising tide, to
follow runs of salmon and other anadromous fish
spawning in rivers (Ezer et al., 2008; Citta et al.,
2016). In Cook Inlet, for example, over 80% of the
year is spent in shallow estuary waters and tidal
areas (Goetz et al., 2012). In these shallow habi-
tats, turbidity is often high, and sediment dynamics
continuously change the configuration of channels
such that echolocation is critical for navigation.
Despite this unique scenario, the clicks produced
by belugas during prey detection in shallow and
turbid waters have not been quantified, and it is

unknown how such signals may compare to those
of open-water and trained animals.

The goal of this study was to quantitatively ana-
lyze the patterns of clicks emitted by restrained wild
beluga whales in their natural shallow water habitat
(~1 m) and characterize their signals. Sounds were
recorded at 1 m (a standard distance for SL mea-
surements) directly in front of the animal during a
temporary capture-and-release health assessment.
These data provide examples of the variability of
echolocation signals by belugas clicking in shallow
waters within their habitat in Bristol Bay, Alaska,
and may reflect strategies that belugas use under
such shallow water scenarios.

Methods

Data Collection

We recorded vocalizations of belugas during two
study periods— August-September 2014 and May
2016—for a total of 14 d in their natural shallow
water habitat (Figure 1). We collected the record-
ings as part of a program aimed to assess the biol-
ogy of individual belugas and the overall population
health in Bristol Bay, Alaska. Work was co-coordi-
nated by the Marine Mammal Laboratory (MML) at
the Alaska Fisheries Science Center and the Alaska
SeaLife Center. The research was conducted under
National Marine Fisheries Service (NMFS) Marine
Mammal Research Permit #14245 and approved
by the Woods Hole Oceanographic Institute
(WHOI), MML, and the Alaska Department of
Fish and Game’s Institutional Animal Care and
Use Committees (Protocol IDs BI1166330, AFSC-
NWEFSC2012-1, ADFG2014-03, and ADFG2016-
23). More details of the capture-and-release pro-
cedures on the beluga whales can be found in
previous papers (Castellote et al., 2014; Mooney
et al., 2018). Briefly, belugas were captured using
nets and temporarily restrained (2-h maximum) for
health assessment sampling and attachment of bio-

logging tags.
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Figure 1. (a) Beluga (Delphinapterus leucas) groups in shallow waters, upriver in the Nushagak Bay, Alaska; (b) beluga
groups in Black Slough, near the Nushagak River mouth; and (c) beluga pods near Clark’s Point and Clark’s Sough. Note the
nearshore, shallow depth at which the belugas reside; their backs (dorsal surface) are often visible above the water. (Photos
taken under NMFS Marine Mammal Research Permit #14245)
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Acoustic signals were recorded during the health
assessment process using a DMON broadband
acoustic recorder (Kaplan et al., 2015). The DMON
is a custom-built underwater audio recording system
containing three configurable channels, all with
a low-noise preamplifier (20 dB gain), 13.2-dB
user programmable gain, a 6-pole Sallen-Key anti-
alias filter, a 16-bit analog-to-digital converter, and
32 GB of flash memory. Data from the high-fre-
quency channel were used as belugas can produce
clicks over 100 kHz (Au et al., 1985, 1987). The
sampling rate was 480 kHz with a bandpass filter
of 1 to 160 kHz for the high-frequency channel. The
preamplifier and ADC converter were embedded
inside its main body, and the tool functioned as one
unit, suspended 1 m directly in front of the beluga at
a depth of 15 cm.

Care was taken to ensure on-axis recordings (Au
etal., 1987). The instrument was handheld to main-
tain an on-axis alignment with the head during the
recording period. The person responsible for the
acoustic recording had the specific task of main-
taining the recorder at 1 m from the tip of the ros-
trum by using a 1 m piece of rope attached to the
recorder as reference and constantly following the
belugas’ head movements as closely as possible
during recordings to maintain the hydrophone on
the echolocation main beam axis. Veterinary evalu-
ations and procedures often occurred concurrently
with recordings; however, these were typically
caudal of the blowhole, and no person or object
was between the animal and the DMON recorder.
The goal was to obtain clicks within the main beam
axis of the echolocation emissions at 1 m distance
from the beluga’s rostrum, a distance outside the
acoustic near field and relevant for SL and spectral
measurements (Au et al., 1987).

During the tests, the respective belugas were
maintained in ~1 m or less of water using a belly-
band under their thorax, both anterior and poste-
rior to their pectoral flippers. The dorsal surface
was exposed to air, but the head and melon were
underwater except when they exposed their blow-
hole to breathe. The belugas’ underside usually
rested on the sandy or muddy bottom. The belly-
band had handholds for moving and controlling
the belugas to help keep them in a constant posi-
tion, although belugas could move their heads
from side to side, hence the need to hold the
recorder by hand to adjust position. The substrate
was typically soft mud or fine-grain sand, and the
water was turbid, precluding any visual subsurface
observations. Capture-and-release events as well
as the signal recordings were carried out through-
out the Nushagak estuary, part of the Bristol Bay
estuary system; the substrate and the level of tur-
bidity varied by location. Within the sonar field of
the belugas were the DMON recorder at 1 m, the

lower body of the DMON handler at 1.5 to 2 m,
and the soft substrate, thus the clicks that the belu-
gas made were likely to image these objects and to
monitor the waters directly ahead.

Data Analysis

Data recordings from 16 beluga whales were
audited manually to identify click trains, while 13
belugas produced qualified clicks for subsequent
analysis. These belugas are numbered as DLI1,
DL2, DL3, DL4, DL5, DL6, DL7, DL8, DL9,
DL10, DL11, DL12, and DL13, corresponding
to the whale IDs DLBBB16_01, DLBBB16_02,
DLBBB16_03, DLBBB16_04, DLBBBI16_05,
DLBBB16_07, DLBBB16_09, DLBBBI14 01,
DLBBB14_02, DLBBBI14_03, DLBBBI14_06,
DLBBB14 07, and DLBBB14_09, respectively,
in a previous study (Mooney et al., 2018). Signals
were then filtered using a Butterworth high-pass
filter with a cutoff frequency of 5 kHz to dispel
the low-frequency noise such as seawater fluc-
tuation. Customized MATLAB scripts were then
developed to extract individual clicks from the
trains. Briefly, click trains were transformed into
a time-frequency domain (Figure 2a). For signals
sampled at 480 kHz, spectrogram P(f, m) was cal-
culated using the following formula:

P(f, m) =10 loguw (abs(F(f, m)) (1)

where F(f, m) represents the short-time Fourier
transform of the click and is calculated using a
1,024-point fast Fourier transform (FFT) with a
43.5% overlap and a Hann window (Yang et al.,
2017), providing a time resolution of 1.2 ms and
frequency resolution of 468.8 Hz. A median filter
was then used to eliminate noise. In the spectro-
gram representation of the clicks, the higher pixel
values P(f, m) of the clicks could be distinguished
from the lower values of surrounding noise.

Click Processing—To avoid off-axis and
clipped clicks, and to extract quality ones, sev-
eral steps of treatments were presented. To begin,
a pixel threshold was determined in spectrogram
(Figure 2a), and pixel values lower than the thresh-
old were set to zero to isolate the clicks from the
surrounding background noise (Figure 2b). The
clicks were presented as separate vertical bands in
a time-frequency domain. Thus, the time location
of each click can be roughly determined, which
was then used to extract clicks.

Then, in most extracted clicks, reflections fol-
lowed the main (highest amplitude and Ist arrival)
portion of the click (Figure 2c). To separate the
principal part from each click, we used the time
of the signal peak as a reference point and then
selected a certain number of neighboring data
points, which varied and depended on the specific
click. A click clearly presents a broadband property
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Figure 2. (a) A typical click train in time-frequency domain, (b) a typical click train presented after thresholding, (c) time
series of a typical click extracted from the train, (d) fast Fourier transform (FFT) spectrum distribution of the click, (e) an
example of a clipped click, and (f) an example of clicks with strong reverberations and reflections for which the principal

part of the click is hard to extract.

(Figure 2d). For each click, the starting point was
determined when the click oscillations rose from
the background noise, while the ending point was
set when the oscillations descended back into the
background noise prior to the beginning of the
reflection. The ultimate goal was to obtain a clean
click without reflections. After extraction, clicks
were examined manually to determine if they met
the quality criterion for subsequent analysis.

The sensitivity of the hydrophone embedded
in DMON had a mean value of -180.2 + 6.2 dB
re 1 pPa, ranging from -189.4 dB at 160 kHz to
-174.2 dB at 5 kHz. Due to this variation, sensitiv-
ity at each frequency was used instead of applying
the mean value to all frequencies. We used three
criteria to select quality clicks from trains for fur-
ther analysis. First, clicks with a signal/noise ratio
(SNR) below 20 dB were removed from further
analysis. Peak-to-peak noise levels were com-
puted from 100-point (0.2 ms) time segments of

the raw signal without clicks and averaged over
the duration of the recording for each beluga. The
peak-to-peak level of click was compared to this
noise level, and clicks with SNR;, > 20 dB were
used in subsequent analysis.

Second, clipped clicks were excluded from
subsequent analysis. In subsequent review, these
clipped waveforms had characteristic flattened
peaks and a squared waveform (Figure 2e).

Third, clicks with strong reverberations were
also rejected for subsequent analysis. In some
cases, strong reverberations were noted (Figure 2f)
that overlapped the principal part of the clicks. For
these cases, it is often not possible to extract the
principal part of the clicks. We did not use a click if
the principal part of the click could not be extracted.
Following these steps, off-axis and clipped clicks
were omitted in the analysis, and we selected high-
quality clicks (556 of 3,952) produced by the belu-
gas from approximately 22 h of recordings.
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Click Parameters—We measured the following
parameters for each click: peak-to-peak source
level (SLy; dB re 1pPa), source level root mean
square (SLrus; dB re 1pPa), source energy flux
density (SLew; dB re 1pPa’), duration (7), peak
frequency (f), centroid frequency (f.), -3 dB
bandwidth (BWaas), -10 dB bandwidth (BW-i0s),
and root mean square bandwidth (BWrws) (fol-
lowing Madsen & Wahlberg, 2007; Au et al.,
2016). Here, SLkrvs and SL.. were both calculated
over the -10 dB duration of the signal, consis-
tent with previous studies (Madsen & Wahlberg,
2007; Fang et al., 2015; Au et al., 2016). Duration
was determined by the difference of two times
between which the integrated energy included
95% of the total signal energy. The spectrum
level, inter-click-interval (ICI), and the param-
eters described above for each animal were given
to show a cross-individual comparison. The clicks
from all individuals are analyzed together to esti-
mate parameters for the Bristol Bay population
and beluga species.

Results

Following strict procedures to guarantee that the
clicks we selected were on-axis, we extracted 556
high-quality clicks out of a total of 3,952 clicks
produced by 13 of the 16 restrained and sampled

belugas, and determined these samples as suit-
able for analyses (i.e., high SNR, non-clipped,
with low reverberation); this included seven
animals from 2016 and six from 2014 (Mooney
et al., 2018). Clicks from the 13 belugas were
fully characterized, providing 56 click trains and
556 clicks. These pulsed signals were generally
similar in waveform to those of other odontocetes
(Figure 2c). The spectrum distribution of the
example click clearly shows a broadband property
(Figure 2d). The spectra show variability among
individuals with respect to peak frequency and
bandwidth (Figure 3). Some animals produced
clicks peaking at frequencies lower than 60 kHz.

Compiled, the median ICI for all the belugas
was 25.2 ms. Beluga clicks had a mean duration
of 41.1 ps; a centroid frequency of 101.9 kHz; a
peak frequency of 97.9 kHz; and a bandwidth-as,
bandwidth.ios, and bandwidthrus of 29.1, 67.7, and
27.8 kHz, respectively (Figure 4). Peak frequency
varied substantially among belugas, and two belu-
gas (DL2 and DL10) produced clicks peaking at
51.5+149kHz and 52.9 + 17.9 kHz, respectively,
much lower than others (Figure 4c). The remaining
ten belugas produced only occasional clicks with
such low peak frequencies. In general, peak fre-
quency ranged from 27 to 168 kHz. The inter-indi-
vidual variability was notable in click bandwidths,
duration, and centroid frequency.
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Figure 3. Power spectral density of the clicks for each beluga, background noise, and the mean spectrum of the clicks
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Histograms of the parameters were shown in less than 5% of the durations were over 90 s
Figure 5. Interestingly, peak frequency showed (Figure 5a). Most clicks had a -3 dB bandwidth
a bimodal distribution (Figure 5c). Thirty-four lower than 30 kHz and a -10 dB bandwidth between
percent of the click peak frequencies were found 20 and 100 kHz. The RMS bandwidth approached
between 20 and 60 kHz, and a second, slightly a normal distribution, with approximately 90% of
larger distribution (66%) was found between 80 the clicks between 15 and 40 kHz.
and 140 kHz. Centroid frequency had a high pro- The relationships between SLy, and other
portion from 100 to 130 kHz (Figure 5b). Almost parameters were estimated using linear regression
90% of click durations were less than 60 s, and analysis (Figure 6). The slopes for duration and
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Figure 4. Bar distributions of (a) duration, (b) centroid frequency, (¢) peak frequency, (d) -3 dB bandwidth, (e) -10 dB bandwidth,
and (f) root mean square (RMS) bandwidth of echolocation signals for 13 restrained beluga whales from Bristol Bay, Alaska.
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beluga whales.

bandwidthrws were negative (p < 0.001), while
slopes for the remaining parameters were posi-
tive (p < 0.001), which means clicks with higher
SLy» have a lower duration and bandwidthrus.
The rates of changes of centroid frequency and
peak frequency with SL were close and not very
high. The mean SLy, for clicks produced by these
belugas were 172.7, 166.8, 166.0, 165.6, 1754,
179.7, 169.7, 167.5, 181.3, 169.9, 173.0, 169.5,
and 177.3 dB. The maximum SL we noted was
189.9 dB from beluga DL6; beyond that, signals
were clipped. The lowest SLyynoted was 149.1 dB
(DL2).

Over the bandwidth from 1 to 160 kHz, we
evaluated the mean background noise level (dB
re 1pPa) for each beluga as 120.7, 119.1, 121.8,
117.7, 122.6, 117.8, 127.6, 120.0, 121.5, 120.9,
120.0, 121.5, and 117.5 dB when clicks were
recorded during the capture-and-release events.
The background noise was relatively consistent
across animals.

Discussion

Some populations of belugas are coastal using
habitats that are typically shallow and exposed
to tidal waters. For example, Goetz et al. (2012)
quantified the foraging behaviors of belugas in
Cook Inlet, Alaska, across 3 y and found that they
tended to prefer shallow inshore waters through-
out the year. Belugas were also found to take
advantage of large tides (8 to 10 m range) to swim

toward river mouths in shallow regions that are
inaccessible during low tide (Ezer et al., 2008).
These shallow waters with constantly chang-
ing depths present an acoustically complex envi-
ronment for belugas to navigate and forage. Yet,
their broadband echolocation clicks are poorly
understood, especially in shallow waters. In this
article, the data provide the first analyses of on-
axis echolocation clicks for wild beluga whales
echolocating in extremely turbid shallow waters.
This turbid water is the natural habitat for these
animals where they carry out vital behaviors,
including foraging and avoiding predators. The
on-axis data provide a key reference when com-
paring and analyzing echolocation clicks of belu-
gas from other populations (Roy et al., 2010; Zahn
et al., 2021). These individuals showed the abil-
ity to produce clicks that differed substantially in
SL, peak frequency, centroid frequency, duration,
and bandwidth. These variabilities were found in
clicks within and across individuals. Similar phe-
nomena have been observed in trained (Au et al.,
1985, 1987; Turl & Penner, 1989) and wild (Au &
Benoit-Bird, 2003; Atem et al., 2009; Jensen et al.,
2009) odontocetes, often as a result of changing
range, target type, or background noise condi-
tions. We sought to record clicks 1 m from the
beluga as is standard for SL. measurements (Au,
1993; Madsen & Wahlberg, 2007; Au & Hastings,
2009). This would also reduce the effect of reflec-
tions that would be more prevalent at greater dis-
tances, which later proved to be challenging given
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that at 1 m, some signals were clipped, and in
some cases, it was impossible to reduce all rever-
beration. However, we were able to discern and
remove those problematic signals from further
analyses to ensure reliability. Despite the need to
exclude many clicks, the sample size of 556 clicks
from 13 beluga whales allowed a complete analy-
sis and characterization of the echolocation clicks
emitted by belugas in their shallow habitat.

The analysis provided insights into the acous-
tic nature of beluga echolocation clicks. Beluga
whales from this study produced clicks that peaked
simultaneously at two different frequency ranges:
(1) a relatively low peak value between 20 and
60 kHz and (2) a higher frequency range between
80 and 140 kHz. This bimodal structure of peak
frequency has also been noted in captive belugas
(Castellote et al., 2013), in wild tucuxi (Sotalia
Sfluviatilis; Yamamoto et al., 2015), as well as in
a single false killer whale (Pseudorca crassidens;
Au et al., 1995). These studies are based on record-
ings from animals swimming around the hydro-
phone system, and this bimodal structure reflects
the overall distribution from a population aspect.
Our findings herein show these bimodal clicks can
also be generated by a single animal. For many
other odontocetes, the peak frequency distribu-
tion of clicks nearly follow a normal distribution
(Au et al., 1999; Li et al., 2005; Fang et al., 2015).
Au et al. (1985) found that a beluga can shift its
click to higher frequencies when exposed to higher
background noise levels, demonstrating the adapt-
ability of its biosonar system. The background
noise remained similar when the acoustic record-
ings were conducted on each of the 13 belugas, but
many belugas produced clicks with bimodal peak
frequency. Addressing the reason for this bimodal
distribution may be best resolved using acous-
tic observations of free-swimming animals and
addressing their broader sensory ecology.

There were some notable differences between
the click parameters quantified here and those mea-
sured in other wild populations or in captive belu-
gas (Au et al., 1985, 1987; Roy et al., 2010; Zahn
et al., 2021). The clicks of belugas from Pointe-
Noire, Québec, Canada, had a mean duration of
163 ps (Roy et al.,2010), longer than the 41.1 ps (n
=556) reported here. Roy et al. (2010) recorded sig-
nals from remotely deployed passive hydrophones
in the water column, which might result in off-axis
recordings that could lead to reflections following
the main part of the click, causing longer dura-
tions. The peak frequency reported by Roy et al.
was substantially lower (30 to 50 kHz) than that
of the 96.9 kHz reported for wild belugas in West
Greenland (Zahn et al., 2021), which was simi-
lar to our mean peak frequency of 97.9 kHz from
individual belugas. Our findings show variability

among individuals with some belugas capable of
clicks peaking consistently over 100 kHz.

The SLy» of a trained beluga reported by Au
et al. (1985, 1987) was more than 195 dB, much
higher than 170.5 dB as reported in this study. This
is probably due to a downward bias of our data
by removing certain clipped signals of the highest
amplitude and perhaps also because of Au et al.’s
(1985) noisy test environment with abundant
broadband snapping shrimp pulses, which could
have led to belugas increasing their SLs to achieve
target detection within elevated background noise.
Further, Au et al. (1985, 1987) likely tested the
beluga in more challenging echolocation tasks
that may have required higher amplitude clicks,
thus their data may have been less similar to a
“natural” situation. Also, only one beluga was
tested in their study (compared to the 13 individu-
als examined here), thus individual differences
might have contributed to the SL,, difference. In
our experimental scenario, recordings were made
when the DMON, along with the person hold-
ing it, were likely the only two objects within the
beluga’s acoustic window in highly turbid waters.
Much of what was recorded may be the beluga’s
efforts to image these two objects 1 to 2 m away,
which might represent a limited click demonstra-
tion for the population and lead to a lower SLy
than their full potential range.

Yet, SLs still approached up to 189.9 dB
despite the fact that the clipped clicks with a
higher SL were removed from our current data-
set. The results reflected that the clicks examined
in our shallow water habitat were comparable to
those emitted by belugas foraging in deep waters
with regard to SL, peak frequency, centroid fre-
quency, and bandwidths (Zahn et al., 2021).
Jensen et al. (2013) hypothesize those clicking in
shallow waters might tend to produce clicks with
low SLs and broad beam to avoid high acoustic
clutter and reverberation. They examined the
clicks from Irrawaddy dolphins (Orcaella bre-
virostris) and Ganges river dolphins (Platanista
gangetica gangetica) in waters at 6.5 m and
above, much deeper than our recording waters.
The acoustic parameters of the clicks emitted by
belugas during our study do not seem to follow
the consistent low amplitude strategy in shallow
waters as stated above. However, the belugas in
our study did click at a higher rate, with a median
ICI of 25.2 ms, comparable to those of Irrawaddy
dolphins (30.1 ms) and Ganges river dolphins
(27.8 ms) (Jensen et al., 2013), and much higher
than that of the belugas (97.4 ms) in open waters
(Zahn et al., 2021). A high repetition of clicks can
ensure timely information updates, which are ben-
eficial to life in shallow waters and may indicate a
biosonar adaptation to shallow waters for belugas.
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Of course, there may be variability across spe-
cies. Ganges river dolphins may have a broader
beam width, while the high-frequency and strong
clicks in our dataset may correspond to a narrow
beam for belugas (Au et al., 1985, 1987; Zahn
et al., 2021), leading to a potentially narrow acous-
tic gaze, which seemed to have been a disadvan-
tage for the livelihood in shallow waters. This
may reflect belugas’ specific biosonar adaptations
to their diverse habitats in the Arctic and subarc-
tic areas and result in a greater sonar variability
in this species. Or, the beluga whales might have
evolved other means to manipulate beam formation
to compromise the adverse effect of emitting clicks
of high frequency and high SL in shallow waters.
This demonstrates the complexity of mechanism
on echolocation process across the odontocetes.

A constraint of the work was consider-
ing whether the signals were on- or off-axis.
Movements of the head could not always be pre-
cisely followed by the DMON positioning at the
time of recording, and the capacity to visually
estimate the on-axis location of the DMON was
obviously limited, which might have led to occa-
sional off-axis recordings. The beam width of a
beluga was measured as 6.5° both in horizontal
and vertical planes (Au et al., 1987). The DMON
was positioned 1 m from the rostrum tip. Adding
this value to an approximate head length of 0.4 m
(horizontal distance between tip and blowhole),
the distance between the DMON and the sound
source was ~1.4 m. To ensure recorded clicks are
within the main transmission beam width, as head
movements occurred in horizontal and vertical
planes, the DMON should be maintained within
15 cm of the beam axis at 1 m from the rostrum,
which could be roughly estimated using

(tan 6.5°/2) x 1.4 (m) 2)

While the belugas’ heads were usually directed
toward the DMON, we cannot rule out that belugas
might occasionally orient their heads off this medial-
axis, beyond the estimated 15 cm, thus distorting
some recorded clicks. Despite it being a “natural”
water depth environment for the belugas, record-
ing at this low depth turned out to be challenging
as can be seen in the rejection of a large number
of recorded clicks (only 556 clicks qualified out of
3,952). Reflections from the seafloor, surface, or
nearby objects did seem to influence the record-
ings at times. However, we were able to success-
fully exclude distorted clicks from further analysis
by applying the set of selection criteria described in
the “Methods” section. Because only clicks with a
clean waveform were used in this study (Au et al.,
1985, 1987; Li et al., 2007; Madsen & Wahlberg,
2007), our final sample size was limited to 556
clicks. This sample size was not unreasonable for

odontocete call analyses when selection criteria is
needed and data are collected from focal animals
(Kaplan et al., 2014; Silva et al., 2016, 2019).

A hydrophone array was often used in other
field studies for which head orientation could not
always be observed with respect to the hydro-
phone (Au et al., 1995, 2003; Fang et al., 2015).
Here, we could not fulfill a recording array using a
single DMON, yet it was surely helpful to directly
observe the belugas during the recordings to
ensure the head was underwater, directed toward
the hydrophone, while allowing for corrections in
the position of the DMON following the head’s
movements.

This study provides a basic echolocation signal
database for wild belugas in shallow waters in
Bristol Bay, Alaska. These data also provide a foun-
dation from which we may compare echolocation
in other shallow or estuary habitats such as Cook
Inlet, St. Lawrence River, or Somerset, Manitoba,
Canada. Further, one key step, perhaps valuable for
noise-stressed belugas of other habitats, would be
to evaluate how click parameters of Bristol Bay
belugas change in the presence of anthropogenic
noise and what frequencies might be more sensible
to masking or echolocation interference by noise.

The data showed that beluga whales can produce
clicks containing high frequencies and of high SLs
at a high repetition rate (short ICI), and probably a
narrow beam in extremely shallow waters, despite
the potential severe reverberations and clutter.
This suggests that beluga whales may have devel-
oped ways to inhabit their diverse habitats. These
belugas showed variability in click spectrum and
amplitude parameters. This degree of variability
suggests that, at least in belugas, there may not
be a stereotypical echolocation click that can be
used to describe this species’ echolocation signal.
Certainly, more recordings and analyses of on-
axis echolocation clicks from multiple (separately
recorded) individuals at consistent distances and
orientations are needed to better evaluate varia-
tion within a population or species. As man-made
noise sources are increasing within the habitats of
belugas and other odontocetes, it is important to
work toward a comprehensive understanding of
the acoustic repertoire and niche to better estimate
the potential effects of anthropogenic noise on the
daily lives of beluga whales and other odontocetes
that depend on sound to survive.
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