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Abstract

Beluga (Delphinapterus leucas) and narwhal (Mondon monoceros) echolocation signals have been described in numerous
acoustic studies but reported characteristics of their clicks vary across studies. Here, a year of acoustic recordings was col-
lected in the Chukchi Sea where belugas are abundant, and narwhals are not present. A second year was recorded in Eclipse
Sound, Nunavut, where beluga sightings are rare and narwhals abundant. The same calibrated hydrophone was used at both
locations to facilitate data comparison. Click detection and signal parameter measurements were carried out using a single
analysis method. Peak frequency of detected clicks decreased with peak-to-peak received sound pressure level (RL) for
both species. High RL beluga clicks (n=23,946) and narwhal clicks (n=25,433) had a modal peak frequency of 56 kHz.
Lower RL modal peak frequency of beluga clicks (n=688,601) was 53 kHz and for narwhal clicks (n=616,536) was
22.5 kHz. Modal inter-click interval (ICI) for beluga clicks (n =872,336) was 49 ms. Narwhal ICI distribution (n=791,905)
was bimodal and right skewed with modal values of 4 and 144 ms. Clicks of belugas and narwhals are distinguishable by
frequency spectra and ICI distribution. These parameters provide a reliable way to discriminate between the monodontid
species in large acoustic datasets. Received sound levels substantially influence measured frequency spectra and must be
carefully accounted for in acoustic identification of monodontid echolocation. Frequency-dependent acoustic absorption of
seawater results in longer propagation and detection distance predictions for narwhal clicks that show greater energy below
30 kHz than found in beluga click spectra.
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Introduction

Toothed whales produce impulsive clicks for navigation,
foraging and for social communication. Acoustic charac-
teristics of these echolocation clicks can be used to identify
and discriminate among odontocete species in underwater
recordings, making them valuable for studies of click-pro-
ducing species using passive acoustic methods (Morrissey
et al. 2006; Baumann-Pickering et al. 2013; Frasier et al.
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2017; Hildebrand et al. 2019). Echolocation characteristics
particularly useful for species identification include fre-
quency spectrum, pulse duration, and rate of click produc-
tion, measured as inter-click-interval (ICI). These features of
odontocete sound production have enabled the study of their
seasonal movements and distribution using passive acoustic
monitoring (PAM) methods in remote locations where other
methods of marine mammal research, such as aerial or ship-
based observations are problematic or impractical (Trickey
et al. 2015). Echolocation click detections also have been
used for density estimation where ancillary information such
as clicking rates are known (Marques et al. 2009; Kiisel et al.
2011; Hildebrand et al. 2015).

The use of PAM for studies of echolocating marine mam-
mals requires an understanding of the differences between
the signals emitted by the animals, and what is recorded at
the acoustic receiver. Differences in these signals can be
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caused by physiological attributes and swimming behavior
of the animals, and environmental effects on sound propa-
gation (Hildebrand et al. 2019). Echolocation clicks with
energy > 30 kHz attenuate rapidly due to frequency depend-
ent absorption (Ainslie 2013), potentially lowering the fre-
quency content of the received signals. Odontocetes often
exhibit highly directional projection of acoustic energy, with
more energy directed forward in the direction the head is
oriented (Au 1993). Both horizontal and vertical beam pat-
terns have been measured experimentally in species includ-
ing narwhals (Monodon monoceros) (Koblitz et al. 2016),
beluga whales (Delphinapterus leucas) (Au et al. 1987),
bottlenose dolphins (Tursiops truncatus) (Au et al. 1986),
Cuviers beaked whale (Ziphius cavirostris) (Gassmann
et al. 2015) and False killer whale (Pseudcorca crassidens)
(Au et al. 1995). Recording system characteristics can also
cause differences in recorded signals unrelated to changes in
the acoustic behavior of the animals producing the sounds.
Hydrophone and recording system sensitivity are needed to
translate recorded signals back into sound pressure. These
aspects of acoustic monitoring produce challenges that must
be addressed to improve the quality of passive acoustic
detections as inputs to monitoring methods, such as studies
of seasonal presence and acoustic density estimation.

In the Arctic, autonomous passive acoustic monitoring
provides opportunities to study odontocete species under
conditions that would be difficult to conduct with human
observers, such as at night or under ice-cover. Arctic waters
present unique challenges to studying behavior and seasonal
movements due to the remoteness of much of their range,
the inaccessibility to ships during months of sea ice cover,
and absence of sunlight during winter. These factors make
passive acoustic monitoring with autonomous underwater
acoustic packages an important tool that can record data for
months in remote areas where other research methods are
not practical (Jones et al. 2014; Frouin-Muoy et al. 2017;
Seger and Miksis-Olds, 2020).

Belugas (D. leucas) and narwhals (M. monoceros), the
two members of the odontocete family Monodontidae, are
the only odontocetes endemic to Arctic waters. These deep-
diving whales produce high-frequency echolocation clicks
with energy between 20 and 120 kHz that have been pre-
viously described (Au et al. 1985; Miller et al. 1995; Roy
et al. 2010; Rasmussen et al. 2015; Koblitz et al. 2016;
Frouin-Mouy et al. 2017; Zahn et al. 2021). Although these
studies provide descriptions for the echolocation signals of
belugas and narwhals, differences in characteristics of the
hydrophones and recording systems, as well as differences
in methods used to analyze acoustic recordings, make dis-
criminating between these species challenging. A literature
review of beluga and narwhal echolocation signals yielded
arange of values for frequency spectra, ICI, and pulse dura-
tion (Au et al. 1985; Au et al. 1987; Mohl et al. 1990; Turl
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et al. 1991; Miller et al. 1995; Roy et al. 2010; Rasmussen
et al. 2015; Koblitz et al. 2016; Zahn et al. 2021) (Table 1).
More recently, a novel approach to differentiation between
the echolocation clicks of the two species was developed,
focusing on the frequency spectra of detected clicks (Frouin-
Mouy et al. 2017). Narwhal clicks consistently contained
significantly more energy than beluga clicks in the 16 and
20 kHz 1/3rd octave band sound pressure levels (SPL). This
characteristic, when combined with the increased presence
of whistle-type signals from belugas, allowed discrimina-
tion between the two species in autonomous acoustic record-
ings. Likewise, Zahn et al. (2021) present one hour of beluga
recordings and ~ eight hours of narwhal recordings that were
collected using a hand-deployed hydrophone array in the
pack ice of Baffin Bay, West Greenland, during 2013. These
data provide information on an estimated 22-36 individual
belugas and 63—120 narwhals sampled across seven encoun-
ters. Their results suggest that differences exist between the
two species echolocation clicks, distinguished by higher fre-
quencies for beluga (> 60 kHz) than for narwhal (< 60 kHz)
with overlap between 40 and 60 kHz.

To improve confidence in identification of beluga and
narwhal echolocation signals, we analyzed a large data-
set of clicks (beluga~900,000 and narwhal ~ 800,000)
detected with the same acoustic sensor and recording sys-
tem deployed at two Arctic locations where overlap between
these species is minimal and their seasonal presence is well
known. A full year of recordings were analyzed from one
location in the northeast Chukchi Sea where belugas are
present, but narwhals are absent. Another year of record-
ings were analyzed from the Eastern Canadian Arctic in a
summering location for narwhals where presence of belugas
is minimal. These data allowed characterization of echolo-
cation clicks with attention to the variability in the signals
likely caused by animal behavior and environmental effects
on sound propagation. This work shows that the clicks of the
two species can be reliably differentiated based on frequency
spectra and rhythmic patterns in the clicks.

Methods
Acoustic recording

Acoustic recordings were collected at two locations in the
Arctic (Fig. 1), each with only one monodontid species
commonly present—either beluga or narwhal. One record-
ing location in the northeast Chukchi Sea (Fig. 1, site CS)
was 160 km north-northwest of Pt. Barrow, Alaska at sea-
floor depth 323 m along the continental slope between
the Chukchi Sea shelf and Canada Basin. Beluga annual
presence between May and November has been established
at this location through acoustic detection of echolocation
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Table 1 Review of published beluga and narwhal click parameters

Species  Click n (clicks) Peak fre- -3dB —-10dB click duration Inter-click Source Reference
description quency (kHz) bandwidth  bandwidth (pns) interval (ms) level (dB re
(kHz) (kHz) 1 pPa, @
1 m)
Beluga  Click trains 1427 [40-60] [15-25] - ~100 - [197.9- Au et al.
202.1] (1985)
Click trains 321 [100-120] [20-40] - ~50 - 206.5+5.5
Beluga  Mode 1 563 ~115 - - - 193 £37 218+5 Au et al.
Mode 2 1938 - - - - 44£12 21047 (1987)
Mode 3 2416 - - - - 1.7+1.0 2066
Beluga  Click trains ~ ~40,000 [85-105] [30-35] - - [16-21] [200—>210]  Turl et al.
(1991)
Beluga  All clicks 787 40.5+5.5 13.4+44 29.1+£9.9 163 +152 22.6+33 164.4+9.5 Roy et al.
Regular - - - - - 61.5+41.0 — (2010)
clicks
Buzzes - - - - - 6.9+4.8 -
Beluga  Echolocation 2537 68.7+10.1 9.2+6.9 3434159 659.7+£479.9 177.9+174.6 - Zahn et al.
clicks (2021)
Narwhal Clicks 62 ~20 ~35 ~50 [5-500] 195+17 Mohl et al.
(1990)
Narwhal Click train 172 48+10 - 71+ ~6 29+6 [100-250] Miller et al.
(n=160) (1995)
Click burst 566 19+1 - 4143 45+3 [3-9]
(n=88) (n=288) (n=51) (n=566)
Narwhal High- 300 69+ 14 30+11 52+11 23+9 - - Rassmus-
[frequency sen et al.
clicks (2015)
Narwhal Echolocation 11 71.3+15.1 31.1+8.7 81.5+25.4 18.3+3.7 - 215+6 Koblitz et al.
clicks (2016)
Narwhal Echolocation 8782 43.7+£7.8 6.5+39 26.2+12.1 592.9+488.0 143.5+70 - Zahn et al.
clicks (2021)

Mean and standard deviation listed when available. Values reported as range are listed in brackets. Approximated values from text are noted
with~. Studies included only if two or more parameters reported for a species

clicks and whistles in year-round acoustic recordings
and from satellite telemetry locations of tagged animals
(Hauser et al. 2017; Stafford et al. 2018). Belugas are the
only odontocetes commonly detected in this area, with
occasional annual presence of killer whales (Orcinus orca)
closer to the north coast of Alaska (Hannay et al. 2013).
The second recording site (Fig. 1, site PI) was in northwest
Baffin Bay, 60 km east of the north Baffin Island commu-
nity of Pond Inlet at the eastern entrance to Eclipse Sound
at seafloor depth 670 m. Narwhal annual presence occurs
in the Eclipse Sound region between July and November,
with an estimated summering population of approximately
10,400 narwhal (Doniol-Valcroze et al. 2019). Narwhal are
the dominant odontocete species in this region, with occa-
sional presence of sperm whales (Physeter macrocepha-
lus) and killer whales (Frouin-Mouy et al. 2017; Lefort
et al. 2020). Both recording locations are covered with sea
ice for approximately nine months annually, with freeze-up

and break-up occurring in October-Nov and July-Aug,
respectively (Tivy et al. 2011; Stroeve et al. 2014).
Acoustic recordings were made using High-frequency
Acoustic Recording Packages (HARPs), which are bottom-
mounted acoustic recorders capable of recording broadband
(100 kHz) underwater sound for periods of up to a year
(Wiggins and Hildebrand 2007). The HARP units recorded
at a sampling rate of 200 kHz, with the CS HARP on a
schedule of 10 min recording followed by 5 min of non-
recording, for a duty-cycle of 66.7% between May 28 and
October 10, 2014, while the Pl HARP recorded continuously
between May 28 and Nov 1, 2016. The same hydrophone
was used during both deployments; these data were selected
from among other years of acoustic data collected at the CS
and PI locations to simplify comparisons of acoustic meas-
urements between the recording sites. The hydrophone con-
sisted of two stages, one for low-frequency (<25 kHz) and
one for high-frequency (> 25 kHz). The low-frequency stage
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Fig. 1 High-frequency acoustic recording packages (HARPs; yellow
squares) were deployed at locations in the northeast Chukchi Sea,
northeast Baffin Bay, and Barrow Strait. The Chukchi Sea HARP
(CS) was deployed to depth 323 m on the Chukchi Sea outer shelf.

was composed of six cylindrical transducers (Benthos AQ-1)
wired in series (3) and parallel (2), providing a hydrophone
sensitivity of — 187 decibels (dB) re: V/uPa and with an
additional 55 dB of preamp gain. The high-frequency stage
consisted of a spherical omni-directional transducer (ITC-
1042; www.itctransducers.com) with an approximately flat
frequency response of — 200 dB root mean squared (RMS)
re 1 V/pPabetween 1 and 100 kHz with an additional 50 dB
of preamplifier gain.

Signal detection and description

To facilitate data analysis, long-term spectral averages
(LTSAs) were calculated from consecutive 5 s averaged
sound pressure spectrum levels with 100 Hz frequency bins
for all data. Received sound pressure level (SPL) measure-
ments are reported in units of decibels (dB) with reference
pressure of 1 pPa, and sound pressure spectrum levels are
reported in units of dB re 1 pPa?/Hz.
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The pond inlet HARP (PI) was deployed to depth 670 m 60 km east
of the community of pond inlet, Nunavut, at the eastern entrance to
Eclipse Sound

Echolocation clicks were detected and characterized
using automated signal detection, confirmed with visual
validation. All signal processing was performed using cus-
tom software written in MATLAB (Mathworks). Acoustic
data were first processed using a band-pass filter between
5 and 90 kHz. Individual echolocation clicks were then
detected within the filtered data using a two-stage process.
In the first stage, a suite of energy detection criteria were
used to identify impulsive signals (Frasier et al. 2017).
A 200-sample window was analyzed for each detection,
centered on the detected peak. Spectra for each detected
impulse were calculated from the 200-sample window
using a Hanning window to yield spectrum level measure-
ments with frequency bin spacing of 500 Hz. Inter-click
interval (ICI) was estimated from successive window start
times. Detections that had peak frequencies between 15
and 90 kHz, received levels greater than 120 dB pp, and
inter-click intervals less than 1 s were retained for the sec-
ond stage of analysis.
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In the second stage of analysis, detected signals were
classified into impulse types using an unsupervised learn-
ing technique based on spectral shape and ICI distributions
(Frasier et al. 2017). The process aided in the removal of
false detections. Distinct impulse types were identified
within 5-min time bins, collected into groups within each
time bin, and then using an agglomerative clustering rou-
tine similar impulse types were determined across all the
time bins (Frasier et al. 2017). The output from this process
yielded a set of clusters, each containing impulsive detec-
tions with similar spectra and ICI.

Detections from each cluster were examined in the LTSA
and recording time series to evaluate whether the cluster
contained echolocation clicks. Impulse clusters with no
obvious echolocation clicks were discarded. Detections
with peak frequency less than 15 kHz within each retained
cluster were labeled as false detections. Finally, all echo-
location detections for each site were grouped and param-
eters estimated for click duration, ICI, averaged spectrum,
peak and center frequency, and for 3 and 10 dB bandwidth.
These parameters were estimated for four amplitude bins:
120-130, 130-140, 140-150, and > 150 dB pp, allowing for
an understanding of how click properties may change with
received level.

Click duration was estimated by fitting an envelope to the
absolute value of the waveform in the 200-sample window
for each click (Fig. 2). The start of each selected click was
determined to be the point at which energy in the 60-samples
prior to the peak reached 5% of total click energy. Click end
points were determined from the point at which the energy
under the envelope function, starting from 60 samples after

] %104 click duration 75 psec

0.5

-1
40 60 80 100 120 140 160

samples (SR = 200 kHz)

Fig.2 Representative click detection window of duration 0.8 ms (ms)
centered on the detected echolocation click waveform (blue line).
First and last 40 samples of window contain less than 10%, respec-
tively of total energy. Envelope function (orange line) is drawn over
the absolute value of all peaks in window. Estimated start and end
times of the click (red circles) contain 90% of the total energy within
the click window

and moving toward the peak, reached 5% of total energy.
This yielded a click duration for 90% of total click energy.
Clicks with more than 10% of total envelope energy in the
first 40 or the last 40 samples of the window were removed
to reduce noise in estimation of click duration.

Click trains were defined as sequences of 10 of more
clicks with maximum ICI 0.5 s, which is the largest ICI
reported for beluga or narwhal (Table 1). No maximum
number of clicks was set for click trains. Events were defined
as time periods containing 2 or more click trains with no
more than a 15 min gap between trains. After more than
15 min passed with no click train detected, the next set of
clicks meeting event criteria was assigned a new event num-
ber. Descriptive statistics were calculated for click train and
event durations, number of clicks, and trains per event were
calculated for each recording location.

Discriminating between monodontid and other
possible odontocete echolocation

The two recording locations provided an opportunity to
describe the echolocation of each monodontid species with
confidence since they are the only two odontocetes that
occupy the high Arctic year-round. Narwhals are found pri-
marily in the Canadian Arctic, off Greenland, Svalbard, and
off Franz Josef Land in western Russia (Heide-Jgrgensen
2018). Belugas are circumpolar in Arctic and sub-Arctic
waters, extending west from the west coast of Greenland
to western Russia (O'Corry-Crowe 2018). Both locations
are covered with sea ice for ~9 months per year, restrict-
ing access for species not adapted to Arctic waters. Dur-
ing open water months there is a possibility of overlap with
other occasional or extralimital odontocete species, so a set
of criteria were developed to help avoid misidentification.
Killer whales seasonally inhabit both the northeast Chukchi
Sea and north Baffin Bay, with some evidence of increas-
ing incursions into Pacific and Atlantic sectors of the Arctic
(Higdon et al. 2014; Lefort et al. 2020; Willoughby et al.
2020). In addition, there is overlap in the acoustic char-
acteristics of the echolocation clicks of killer whales and
monodontids. Killer whale clicks are similar in frequency
content among two North Atlantic and three North Pacific
ecotypes, with peak frequency lying between 15 and 80 kHz
(Barrett-Lennard et al. 1996; Au et al. 2004; Simon et al.
2007; Eskesen et al. 2011; Gassmann et al. 2013). Recording
and analysis methods differ among studies of killer whale
echolocation, making it difficult to determine a single set
of acoustic characteristics diagnostic of their identification.
Killer whales making incursions into the northeast Chukchi
Sea and north Baffin Bay are known to be mammal eat-
ers (Lefort et al. 2020; Willoughby et al. 2020). The killer
whale ecotypes foraging on mammals are known to produce
far fewer echolocation clicks than other fish-eating ecotypes
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(Barrett-Lennard et al. 1996; Deecke et al. 2005; Matkin
et al. 2007). Sightings of this species are most often reported
during summer months in ice-free conditions or when ice
has broken up (Higdon et al. 2014; Stafford 2019). Echoloca-
tion clicks were detected in large numbers during times of
the year with ice cover and were not accompanied by readily
distinguishable social sounds of killer whales. The north
Baffin Bay region is occupied seasonally by other odontocete
species, including sperm whales, white beaked dolphins, and
bottlenose whales (Frouin-Mouy et al. 2017), but echoloca-
tion clicks of narwhals are more readily distinguished from
these non-monodontid species based on their published
acoustic characteristics or their lack of overlap in seasonal
distribution with Eclipse Sound narwhal. Similarly, beluga
occupy north Baffin Bay but are rarely sighted in the Eclipse
Sound region where the acoustic recorder was located. In
contrast, the utilization of Eclipse Sound by narwhals as a
summering area is well documented (Doniol-Valcroze et al.
2019).

Environmental data acquisition and processing

Data on sea ice were obtained to evaluate the impact of
ice-cover on beluga and narwhal acoustic presence. Daily
advanced microwave scanning radiometer 2 (AMSR2)
6.25 km spatial resolution sea ice data were obtained from
the University of Bremen (Spreen et al. 2008; Melsheimer

Fig.3 Representative beluga a
echolocation event July 28,
2014 at the Chukchi Sea record-
ing location. Time series plot of
n=3505 click received levels
(a; blue circles) and spectro-
gram (b) show levels increas-
ing as group approaches the
recording location. Inter-click
interval (c¢) is commonly about
0.06 s throughout the event 100
and becomes saturated as RL
reaches maximum. Gray bars
indicate scheduled periods of no
recording
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>
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- (dB
@
o

Frequency [kHz]

(7]

Inter-click interval
(sec)

0
15:00

@ Springer

and Spreen 2019) and processed using windows image man-
ager (WIM) and windows automation module (WAM) soft-
ware (Kahru 2001) to produce a time series of mean daily
sea ice concentration (SIC) within a 10 km radius about each
recording site. The 10 km radius was selected to exclude
land near site PI but was large enough to include several grid
values in the estimation of daily mean at the recording site.
WAM software was used to compute the daily arithmetic
mean, variance, and median of the sea ice concentration as
a percent of the total mask area.

Results
Acoustic detections of echolocation clicks

Monodontid echolocation clicks were detected at both Arctic
recording locations CS and PI. Click detection events fol-
lowed a similar pattern, with relatively low received levels
(RL) at the start of the event increasing to a maximum RL
before falling off relatively rapidly (Figs. 3, 4). Within these
events, individual click trains were apparent and tended to
change RL by 5-10 dB within a click train for clicks with
RL less than 140 dB, and by up to 30 dB for clicks with
RL greater than 140 dB,,. This pattern can be observed in
the series of vertically aligned clicks in the RL plots for both
sites (Figs. 3a, 4a).

Spectrum Level (dB re 1 /APalez]

30:00 35:00

25:00
Time (minute of hour)
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Fig.4 Representative narwhal echolocation event July 18, 2016 at
the Pond Inlet recording location. Time series plot of n=1313 click
received levels (a; blue circles) and spectrogram (b) show levels

At site CS, a consistent modal ICI of approximately 0.06 s
was apparent in many click events (Fig. 3c). ICI tended to
be relatively longer and more variable in events at site PI
(Fig. 4c). Presumed narwhal click ICT at site PI was bimodal
and right skewed, with the most common interval of less
than 0.01 s, likely due to overlapping click trains from mul-
tiple animals, and a second mode with a peak at~0.14 s.

A total of 19,342 trains of presumed beluga echoloca-
tion clicks were detected at site CS during the May 28 to
October 10, 2014, analysis period. Click trains were sepa-
rated into 495 discrete detection events with mean duration
23.9+26.1 min. Modal and median event durations were
0.1 and 16.6 min. At site PI, 12,143 trains of presumed nar-
whal clicks were detected, and 286 events identified. Mean
narwhal event duration was 32.6 +49.1 min. Additional
descriptive statistics for click train and event parameters are
presented in Table 2.

A two-sample #-test was conducted to compare the distri-
butions of click durations at CS and PI (Fig. 5). Beluga click
durations at site CS (M =74.9 ps, SD=14.5 ps, n=5779)
were significantly shorter than durations of narwhal clicks at

increasing as group approaches the recording location. Inter-click
interval (c) is variable throughout the event and becomes saturated as
RL reaches maximum

site PI (M =80.3 ps, SD=21.1 ps, n=925); (6702)=9.78,
p<0.00001 (Fig. 6).

Among detections at each site, sound pressure spec-
trum levels changed with received level (Fig. 7a—d). At
higher received levels, peak frequencies were relatively
higher and pulse durations were shorter (Table 3). As RL
decreased, — 3 dB bandwidth became broader for belugas
and stayed relatively consistent for narwhal clicks. At site
CS, spectra of beluga clicks exhibited a steep increase in
received energy above 35 kHz with peak energy at approx-
imately 55-60 kHz (Fig. 7c). Narwhal clicks at site PI also
had peak energy at approximately 55 kHz, but with more
energy extending below 35 kHz and a secondary peak at
23 kHz (Fig. 7d). At lower received levels, this secondary
peak in energy at 23 kHz was more prominent, becoming
the peak frequency when RL was below 130 dB,,. Peak
frequencies of echolocation clicks with RL> 150 dB,,
(Fig. 7e, f) were between 50 and 60 kHz at both recording
locations, with click spectra containing more energy at
lower frequencies when RL was less than 150 dB ,,. Peak
frequency of the received echolocation clicks increased
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Table 2 Descriptive statistics for beluga and narwhal echolocation click trains and click detection events

Beluga Click trains (n=19,342) Click detection events (n=495)
Clicks per train Duration (s) Trains per event Clicks per event Duration (min)
Mean 33 2.1 38 1258 2391
Std 43 2.1 48 1860 26.14
Median 21 1.5 17 483 16.6
Mode 11 1.2 2 62 0.1
Range [11-2089] [0.1-89] [2-318] [22-12309] [0.05-178.68]
Narwhal Click trains (n=12,143) Click detection events (n=286)
Clicks per train Duration (s) Trains per event Clicks per event Duration (min)
Mean 27 3.1 41 1131 32.63
Std 31 2.6 137 4921 49.1
Median 19 2.5 10 214 16.31
Mode 11 2 2 25 0.4
Range [11-693] [0.1-58.2] [2-1959] [22-71416] [0.06-378.66]

Value ranges (minimum and maximum) are listed in brackets
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Fig.5 Normalized click waveform (panels a and ¢) and histogram Mean click durations of beluga and narwhal were 74.9+14.5 ps
of click duration (panels b and d) for select clicks between RL 140 (n=5779) and 80.3 +21.1 ps (n=925) respectively
and 160 dBpp from the CS (beluga) and PI (narwhal) recording sites.
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Fig.6 Cumulative distribution functions for duration of clicks at CS
(red line; beluga clicks) and PI (blue line; narwhal clicks)

with RL at both recording locations. At all received lev-
els, detected narwhal clicks have more energy than beluga
clicks at frequencies below 40 kHz.

Distributions of ICI differed substantially between the
two sites. ICI of presumed beluga at site CS was bimodal
(Fig. 8a), with the primary mode at 0.05 s and a secondary
mode at<0.005 s. At site PI, ICI was longer and more vari-
able (Fig. 8b), with local maxima at<0.005 and 0.14 s.

Time series of click detections

Beluga clicks were present in 112 of 135 days of recording,
including periods with 100% sea ice cover during May and
June and throughout the ice-free periods of August-October.
An average of 10,000 clicks with RL. > 120 dB were detected
each day with acoustic presence of beluga echolocation at
the CS site (Fig. 9). The highest day of acoustic presence
(August 7, 2014) had 38,000 clicks. At site PI, narwhal
echolocation clicks were only present in 36 of 121 days ana-
lyzed (May—November), primarily during sea ice break-up
and formation. An average of 22,000> 120 dB RL clicks
were detected per day with acoustic presence of narwhal
(Fig. 10). The highest day of acoustic presence (July 2,
2016) had 150,000 clicks.

Beluga echolocation clicks were detected during all sea
ice conditions, including 65 days of open water. Daily counts
of click detections were higher during ice-free months than
in periods of ice cover. The period of sea ice formation was
not recorded at CS, so acoustic detection of belugas at this
time was not possible. Acoustic presence of narwhal coin-
cided with sea ice breakup at site PI. Narwhal clicks were
not detected during most of the ice-free period, then detec-
tions resumed during the 10 days leading up to continuous
formation of sea ice and were not detected above 25% ice
cover in October.

Discussion

Similarities in beluga and narwhal echolocation
clicks

Two consistent patterns are apparent in received levels during
beluga and narwhal detection events. Received level variabil-
ity within individual click trains increases (e.g. Figures 3, 4)
and peak frequencies increase (Fig. 7e, f) as a traveling group
apparently swims closer to the recorder. As detection events
progress, the variability in RL within click trains increases
from +5 dB as the running maximum RL of the event reaches
120-125 dB,,, up to+ 15 dB for clicks as the maximum event
RL exceeds 140 dB,,,. The pattern of increased variability
in received level within click trains as the overall event RL
increases is likely due to scanning movements of the ani-
mals’ heads coupled with the beam pattern of clicks as they
are produced. Beluga and narwhal clicks are directional and
the highest energy is directed straight in front of the melon.
Within 15 deg off-axis, the click energy is reduced by >20 dB
in both species (Au et al. 1987; Koblitz et al. 2016). As orien-
tation of animals change during dive behavior, RL would be
expected to vary at the hydrophone. This pattern of received
level variability has been observed in free-ranging narwhal
as rapid changes in received level during click trains acousti-
cally tracked to individual animals (Koblitz et al. 2016). The
observed smaller range of click RL when the detected group
is apparently farther from the hydrophone is consistent with
expectations since more distant clicks would need to be closer
to on-axis to propagate to the hydrophone. As the group appar-
ently moves closer to the recording location, a larger num-
ber of off-axis clicks would have enough energy to reach the
hydrophone.

There is a strong relationship between click received lev-
els and frequency content at both locations. As received level
decreases, clicks have less relative energy at higher frequen-
cies. This general pattern is likely caused by sound transmis-
sion loss due to frequency-dependent absorption by seawater.
Measured absorption at 25 kHz in standard seawater is around
3 dB/km, increasing to 10 and 20 dB/km at 50 and 75 kHz,
respectively (Mellen 1987; Macaulay et al. 2020). Lower-fre-
quency energy from both species clicks travels farther than the
higher frequency components of the clicks. With more energy
below 30 kHz than beluga clicks, theoretical absorption spec-
tra predict narwhal click detection will occur at greater ranges
from the recorder than beluga clicks.

Discriminating features of beluga and narwhal
clicks

The primary differences between beluga and narwhal
clicks are in frequency content and rhythmic patterns of the
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Fig.7 Concatenated spectrograms of detected beluga (a) and nar-
whal (b) clicks are sorted by click received level (dBpp). Average
sound pressure spectrum levels are plotted for beluga (c¢) and nar-
whal (d) clicks in 10 dB received level bins. Colored lines in average
sound pressure spectra represent 120130 dB (purple), 130-130 dB

inter-click intervals. Narwhal clicks contain more energy in
the 20-30 kHz range and this difference becomes more pro-
nounced as clicks travel away from the source. This differ-
ence between the two species has been used to differentiate
between beluga and narwhal clicks, but from less than 200
representative clicks for each (Frouin-Mouy et al. 2017) and
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(orange), 140-150 dB (red) and> 150 dB (blue) peak-to-peak sound
pressure level. Bottom plots show normalized counts of peak fre-
quency and received level (dB,g ¢ 1jy,) for beluga (e) and narwhal
(f) clicks

from recording duration~7.5 h or less (Zahn et al. 2021).
By including a much larger set of click detections across a
greater range of received levels and environmental condi-
tions, we substantially improve the confidence in using this
characteristic for species identification and enable greater
spatial context for received clicks. Although peak frequency
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Table 3 Descriptive statistics

Received Beluga: Chukchi Sea Narwhal: Eclipse Sound
for beluga} and I.larwhal level (dB. )
echolocation clicks PP7120-130  130-140  140-150  >150  120-130  130-140  140-150 > 150
Pulse duration (ps)
Mean 87.6 80.3 74.9 74.7 85.3 83.7 78.7 79.3
Std 17.5 16 14.6 15.2 18.6 18.9 19.1 16
Mode 85 75 70 70 75 85 80 70
Median 85 80 75 75 85 85 80 80
n 5452 12,819 5472 265 5267 5646 2582 1069
ICI (ms)
Mean 71.9 62.3 86.5 77.9 162.4 157.4 159.7 172.8
Std 88.5 55.8 91.1 69.9 137.3 131.6 131.1 143.9
Mode 48.6 49.5 1.6 42.1 4.1 1.6 2.8 4.4
Median  54.1 53.2 58.4 60.6 129.3 128.8 131.5 132.7
n 608,959 155,505 23,380 943 486,262 124,957 21,399 1069
Peak frequency (kHz)
Mean 532 58 63 66 39.1 454 51.6 57.6
Std 12.3 11.5 10.9 9.9 134 12.5 10.4 9.7
Mode 53 56 56 64.5 22.5 235 56 56.5
Median 52 55.5 60.5 64.5 39 48 52.5 56.5
—3 dB bandwidth (kHz)
Mean 12.7 11.1 7.2 7.9 52 4.6 4.8 6.9
Std 7.3 6.6 4.9 4.9 5 4.2 4.2 5.8
Mode 3 2.5 2.5 3 2 2 2 2.5
Median 12 11 6 7 3 3 3 4.5
— 10 dB bandwidth (kHz)
Mean 35.6 335 31.1 35.1 17.5 18.1 20.4 30.8
Std 15 15.1 134 12.1 14.4 13.8 14.2 14.8
Mode 35 31.5 25.5 25.5 3 3 4.5 40.5
Median 35 33 30 335 13 14.5 17 32
n 688,601 158,836 23,946 953 616,536 148,557 25,433 1379
Fig. 8 ICI of beluga (a) and Beluga clicks Narwhal clicks
narwhal (b) clicks. Distribu- «<10%
tions of both species bimodal. 5 14000 n =791905
Beluga clicks primary mode N.120 g = 872336 12000 >120dB
around 60 ms and secondary 4
mode < 10 ms while narwhal 10000
ICI are right skewed with modal 3 8000
values primary mode < 10 ms - c
and secondary mode 144 ms 2 6000
4000
1
2000
0 0
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
ICI (sec) ICI (sec)

changes with received level for clicks of both species, the
patterns are species-specific (Fig. 7e, f) and may be particu-
larly useful in future acoustic studies where the two species
may occur at one recording location. It is helpful that the
differences in frequency spectra of the two species’ clicks

are most readily distinguishable at lower received levels,
which are likely to be most abundant in detection time series.

ICI differed between beluga and narwhal. Both species
ICI distributions were bimodal with one mode below 10 ms,
likely due to the presence of buzzes along with overlapping
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clicks from multiple animals and a combination of direct
path clicks and echoes. Beluga clicks primary modal ICI
was around 50 ms. Narwhal ICI was much more variable
and right skewed, with the primary mode below 10 ms and
a secondary mode at 140 ms. These differences in ICI may
relate to species behavior at the recording locations. Buzzes
with ICI <10 ms are commonly produced by belugas and
narwhals (Au et al. 1987; Miller et al. 1995; Roy et al. 2010)
and have been associated with active foraging in both spe-
cies (Blackwell et al. 2018; Castellote et al. 2021). In Cook
Inlet, Alaska, beluga feeding click trains with terminal
buzzes differed in ICI distribution from buzzes made while
socializing (Castellote et al. 2021). Social buzzes had longer
and more variable ICI. Similarly, narwhal exhibit distinct
modes of diving behavior (Ngd et al. 2019) with greater
numbers of buzzes produced at depth when foraging than
during shallower dives associated with traveling and social
behavior (Blackwell et al. 2018).

ICI analysis of a small number of detected clicks may
have limited the usefulness for discrimination between the
species. This characteristic may be diagnostic in larger sets
of clicks where ICI distributions can be determined with
confidence over periods long enough to observe a greater
range of behavioral states. The use of ICI for discrimination
between beluga and narwhal clicks should be investigated
further in long-term recordings from a range of locations
and behavioral contexts.

A potential improvement could be made by rhythmic
analysis to attribute overlapping click trains to individual
sources. Time-ICI analyses have been successful in de-inter-
leaving click trains of simultaneous clicking belugas (Le Bot
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et al. 2015). This time-ICI analysis uses a single hydrophone
and can greatly improve the resolution of ICI distributions,
especially during high-density click detection events that
were common in this study.

Detection time series of belugas and narwhals

Narwhal presence at site PI coincided closely with the short
periods of sea ice breakup and freeze-up in July and Octo-
ber, respectively. The Eclipse Sound population of narwhal
are known to enter Eclipse Sound around the time of sea
ice break-up and exit again for the year around freeze-up
(Watt et al. 2012; White 2012; Ariak and Olson 2019). Ani-
mals in this population spend the ice-free summer months
within Eclipse Sound and its interior inlets and bays. The
strongly pulsed seasonal signal to narwhal detection matches
the expected acoustic presence of the species at the PI site,
which is at the eastern entrance to Eclipse Sound. Dates
of narwhal entry and exit from eclipse sound are relevant
for management of this population with respect to regional
shipping and this annual timing may be reliably detected
acoustically from the PI recording location.

Beluga presence at CS began in early May during 100%
sea ice coverage at the recording site. Belugas were pre-
sent at this offshore location in>90% sea ice cover for
1.5 months before the onset of continuous melt occurred.
Their seasonal acoustic presence agrees with known move-
ments of two populations of belugas that inhabit the Chukchi
Slope region between early sea ice breakup and well into
freeze-up in October and November (Hauser et al. 2017).
Although click detection spanned May—October, daily click
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detection counts were higher during open water periods than
with ice cover. This could be due to the scattering effects
of sea ice on beluga clicks, which reduces the probability
of detection. A similar study on detection probability of
echolocation clicks in the Gulf of Mexico demonstrated that
propagation loss is a significant factor in detection prob-
ability (Frasier et al. 2016). The results of this study confirm
that effect of sea ice scattering on beluga and narwhal click
detection ranges and detection probability is an area that
should be further investigated.

Conclusions

Echolocation clicks of beluga and narwhal can be detected
in long-term acoustic recordings using a relatively simple
semi-automated process. These detected clicks can be used
to discriminate between the species’ signals acoustically,
provided a sufficient sample size of clicks are recorded to
observe distributions of key characteristics including peak
frequency, sound pressure spectrum levels, and inter-click
interval. Effects of sound propagation and the behavior
and physiology of the animals must be accounted for when
evaluating the results of click detection. This is needed to
increase confidence in the species identification and make
use of passive acoustic recordings as inputs to models for
acoustic estimation of population density.

Received level variability in individual click trains may
also provide insight into animal dive behavior. If sound prop-
agation is accounted for, these characteristics of recorded
echolocation events likely reflect dive behavior (scanning
motion) and physiology of sound production (beam pattern).
Similarly, increasing understanding of narwhal and beluga
dive behavior and underwater movements could improve
strength of inference about group composition and behavior
from time series of acoustic detections.

Density estimation using acoustic methods requires
understanding of the source signal, the effect of propagation
on the received signal characteristics, group composition
and behavior, and detailed information on the dive behav-
ior, physiology, and rates of sound production in individual
animals. A remaining challenge presented by monodontid
species, particularly narwhal, is to distinguish between
buzzes with short ICI and overlapping click trains of mul-
tiple animals. Additionally, most detections in this study
occurred during periods of mostly open water or ice-free
conditions. The influence of sea ice on received characteris-
tics of echolocation clicks should also be further investigated
in the future to help clarify and improve acoustic observa-
tions of beluga and narwhal presence in long-term acoustic
recordings.

The success in detecting and discriminating between
the species using the methods developed in this study will

permit additional research using passive acoustic monitoring
to study the seasonal movements and distribution of these
species. In particular, it would be useful to focus further on
developing acoustic methods for beluga and narwhal abun-
dance estimates using echolocation clicks.
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