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Abstract

The soundscape is a crucial habitat feature for marine mam-

mals. This study investigates the contribution of bearded

seal vocalizations to the soundscape in the western Cana-

dian Arctic, and also the vocal characteristics of bearded

seals relative to sea ice conditions. Passive acoustic data

were recorded near Sachs Harbour between August 2015

and July 2016. Sound pressure levels (SPL) in the

50–1,000 Hz and 1–10 kHz bands increased as the total

duration of all bearded seal vocalizations increased, and this

relationship was moderated by sea ice concentration.

Bearded seals in this region had an overlapping vocal reper-

toire with bearded seals in other areas of the Arctic, and

had seven additional vocalizations that have not been previ-

ously documented for this region. This study is the first

detailed assessment of the influence of bearded seal calls

on SPL, which shows the high potential of bearded seals to

influence underwater sound levels during the mating sea-

son. Bearded seals live in a changing Arctic seascape, and

their influence on the soundscape may shift as sea ice con-

tinues to diminish. It is imperative that acoustic monitoring

continues within the Arctic, and this study provides a base-

line for future monitoring as the Arctic continues to change.
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1 | INTRODUCTION

The marine soundscape is a steadily changing sonic environment shaped by several sound sources. The soundscape

is usually divided into three different components: geophony (e.g., wind, ice, and earthquakes), biophony (e.g., sound

produced by marine animals), and anthrophony (e.g., dredging, shipping, and seismic surveys) (Pijanowski

et al., 2011); all three components vary spatially and temporally (Cotter, 2008). The soundscape is considered a cru-

cial habitat feature for marine animals because it impacts the ability of these animals to use sound for a variety of

sensory functions, including communication, predator detection, foraging, and navigation (Stafford, Castellote,

Guerra, & Berchok, 2018). Therefore, alterations to the soundscape become of utmost concern because increased

sound levels can lead to changes in the behavior of marine animals in various ways (Ellison, Southall, Clark, &

Frankel, 2011; Gomez et al., 2016; Nowacek, Thorne, Johnston, & Tyack, 2007; Southall et al., 2007). Previous stud-

ies have shown both modified vocal behavior (Holt, Noren, Veirs, Emmons, & Veirs, 2009), changes in calling rates

(Melcón et al., 2012), increased stress levels (Rolland et al., 2012), and acoustic masking of biological sounds emitted

by other marine animals (Clark et al., 2015; Erbe, Reichmuth, Cunningham, Lucke & Dooling, 2016).

The Arctic Ocean usually has lower ambient sound levels, on average, than other marine environments due to

thick sea ice layers, short ice-free seasons, and less anthropogenic activities compared to non-Arctic seas (Insley,

Halliday, & de Jong, 2017; Protection of the Arctic Marine Environment, 2019; Roth, Hildebrand, Wiggins, &

Ross, 2012); however, the Arctic is changing rapidly, including through increased access for ship traffic (Dawson,

Pizzolato, Howell, Copland, & Johnston, 2017), which will likely influence the soundscape. Arctic waters are known

to be extremely important for several marine mammals as both feeding and birthing grounds (Heide-Jørgensen

et al., 2013; Laidre et al., 2010; Moore & Huntington, 2008), and yet little is known about seasonal variation in

marine mammal vocalizations and their contribution to the soundscape. Some biophony sound sources, such as

bearded seals (Frouin-Mouy, Mouy, Berchokm Blackwell, & Stafford, 2016; MacIntyre, Stafford, Berchok, &

Boveng, 2013; Marcoux, Auger-Methe, & Humphries, 2012), seem to shape the soundscape more than others within

the Arctic Ocean (Protection of the Arctic Marine Environment, 2019). Since sea ice is considered a crucial habitat

feature influencing most facets of Arctic marine life (Laidre et al., 2008), the loss of sea ice in the future is likely to

affect both resident and migratory species within the Arctic, which will then influence their contribution to the

soundscape.

Since bearded seals are characterized by their readily identifiable vocalizations (Risch et al., 2007), numerous

studies have investigated their vocal behavior (Davies, Kovacs, Lydersen, & Van Parijs, 2006; Frouin-Mouy

et al., 2016; MacIntyre et al., 2013; Risch et al., 2007; Van Parijs, Kovacs, & Lydersen, 2001; Van Parijs, Lydersen, &

Kovacs, 2003). Males produce long trilling vocalizations in order to advertise their breeding conditions and/or mark

their territories (Burns, 1981; Cleator, Stirling, & Smith, 1989; Frouin-Mouy, Mouy, Martin, & Hannay, 2016; Van

Parijs, Kovacs, & Lydersen, 2001). Vocalizations usually cover frequencies from 130 Hz to 6 kHz and can last from

10 s up to 3 min (Cleator et al., 1989). According to Cleator et al. (1989) and Cleator and Stirling (1990), male

bearded seals are thought to be in breeding condition between April and June, while previous studies showed that

call activity can start earlier and increases significantly throughout the mating season (Frouin-Mouy et al., 2016; Han-

nay et al., 2013; MacIntyre et al., 2013). Bearded seal vocalizations can be detected 24 hr per day during the peak

mating season at some sites (Halliday, Insley, de Jong, & Mouy, 2018; MacIntyre et al., 2013), and may therefore be

a main contributor to the soundscape during the mating season. In this study, we document the vocal characteristics

of bearded seals at one location in the western Canadian Arctic. We also assess how bearded seal vocalizations con-

tribute to the soundscape by specifically examining their influence on sound pressure levels. To the best of our

knowledge, this is the first study examining how bearded seal vocalizations impact sound pressure levels. The influ-

ence of bearded seal vocalizations on the soundscape is an important component of the current Arctic soundscape,

especially in areas with high densities of bearded seals, and is one aspect of the soundscape that other marine life

has evolved to deal with when using the soundscape. Results from this study will be a useful comparison for future
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soundscape studies, where sea ice loss may change the relative distribution of bearded seals and the contribution of

their vocalizations to the soundscape.

2 | MATERIAL AND METHODS

2.1 | Data collection

Acoustic data were collected using a factory-calibrated Wildlife Acoustics (Maynard, MD) SM3M acoustic recorder

with a low-noise HTI 92-WB hydrophone (High Tech, Inc., Gulfport, MS). The sensitivity of these hydrophones is rel-

atively flat between 200 Hz and 6 kHz, but drops rapidly below 50 Hz. Sensitivity drops 2–3 dB above 6 kHz, but

remains relatively constant. The noise floor of the hydrophone and recorder is quite low, starting around 63 dB re

1 μPa2/Hz at 25 Hz, and decreases continuously down to ~40 dB between 25 and 200 Hz. Furthermore, the noise

floor level drops down to ~35 dB between 1 and 5 kHz. The recorder was set to a duty cycle with 5 min on followed

by 30 min off. The sampling rate was set to 48 kHz, the bit-depth to 16-bit, and amplification gain to 18 dB. The

acoustic recorder was anchored at a depth of 23.5 m (28.5 m actual water depth) 8 km southwest of Sachs Harbour,

Northwest Territories, Canada (71�55.621'N, 125�23.447'W) from August 20, 2015 until July 8, 2016. The positively

buoyant recorder floated 5 m above an anchor (sandbag), attached by 9 mm rope. In total, a data set containing

13,339 5 min files was recorded during the deployment. This data set was chosen for a focused analysis of bearded

seal vocalizations because it has by far the most bearded seal vocalizations of any data set that we had collected to

date when we started this project (Halliday et al. 2018, 2019).

2.2 | Data processing

To quantify the underwater soundscape, all data were processed in Matlab version R2017b (MathWorks, Natick,

MA) using the PAMGuide package (Merchant et al., 2015). Sound pressure levels (SPL) were calculated for three fre-

quency bands (50–1,000 Hz, 1–10 kHz, 10–16 kHz) based on 5 min averages (one SPL value for each frequency

band per file) calculated using a Hann window with 1 s window length and 50% overlap. The hydrophone had low

sensitivity below 50 Hz, therefore we did not examine data below 50 Hz. We also did not examine data above

16 kHz to maintain comparability of measurements with another data set collected at this site that had a 32 kHz

sampling rate; this other data set was not included in this study, but has been previously examined along with this

current one (Halliday et al., 2018; Insley et al., 2017).

2.3 | Bioacoustic analyses

Files were first processed using an automated detector and classifier (Spectro Detector; JASCO Applied Science Ltd.,

Victoria, British Columbia, Canada) (Mouy et al., 2013), which enabled automatic classification for beluga whales

(Delphinapterus leucas), bowhead whales (Balaena mysticetus), and bearded seals. All files with at least one automated

detection for one of these species, as well as 5% of files with no detections, were then manually inspected for the

presence of vocalizations from these three species, as well as by ringed seals (Pusa hispida). Methods and results from

this analysis are fully described and analyzed in Halliday et al. (2018). In this study, we specifically worked with files

that included bearded seal calls (N = 5,321), as determined in the analysis by Halliday et al. (2018). We sampled 10%

of all files with bearded seal calls in this analysis, and selected files by creating groups of ten (files put into groups of

10 systematically with the data ordered from highest to lowest call counts, as counted by the automated detector/

classifier), and then randomly picking one of the 10 files in each group by applying a random calculator in R (version
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1.0.153; R Core Team, 2016). The final data set of 532 files included recordings from November 2015 until June

2016, and was further analyzed using Raven Pro (Bioacoustics Research Program, 2017).

Within Raven Pro, we set brightness, contrast, and spectrogram window size to 50, 50, and 4,000, respectively,

while frequency (y-axis) and time (x-axis) range initially set to 6 kHz and 30 s, but both were adjusted as required

when selecting vocalizations. The selection table measured “Begin File,” “Begin Time,” “End Time,” “Delta Time,”

“Low Frequency,” “High Frequency,” “Delta Frequency,” “Peak Frequency,” “Leq,” “Peak Power Density,” and “File

offset,” and all selections were manually annotated with “Call Category,” “Call Type,” and “Diel Period.” Both Leq and

Peak Power Density are measurements of uncalibrated decibel (dB) levels. Peak Power Density is the maximum dB

for any pixel within the selected signal, whereas Leq is the sound pressure level within the frequency range of the

selected call, averaged across the length of the call. Peak Power Density is calculated from the spectrogram, whereas

Leq is calculated from the waveform. Both Leq and Peak Power Density can be converted to calibrated levels based

on the calibrated sensitivity of the recording system. All selected files were manually examined based on both audi-

tory as well as visual analyses by a single analyst to avoid observer bias. The analyst drew selection boxes around the

fundamental frequency of the signal (i.e., not selecting harmonics) of each bearded seal vocalization in a file. In order

to avoid bias caused by including incomplete calls, only calls with clear limits (i.e., not masked by background noise

(high signal-to-noise ratio), not up against the limits of the time or frequency axes) and call duration longer than 0.9 s

were evaluated. Calls shorter than 0.9 s tend to become easily confused with background noise (A.F.H., personal

observation). Furthermore, no calls at the beginning or end of a file were selected to account for potentially missing

call parts.

To further characterize the selection of calls used in our analysis, we calculated signal-to-noise ratio (SNR) of

each call using custom code in Matlab (Version 2019b; Mathworks Inc., Natick, MA). We loaded the selection table

from Raven into Matlab, and then used Matlab to calculate the signal level of each call and the ambient sound levels

at the same time as the call. The signal level in dB was based on the RMS sound pressure within the frequency band

limits of each specific call, while the corresponding ambient sound level was the noise floor of the recording that

contained the signal, represented by the 5th percentile noise level within the same frequency limits as the signal.

The use of the 5th percentile within each recording that contained a bearded seal's call ensured a more accurate

measurement of the SNR for each specific call, as it did not contain any signal energy (due to their highly transient

presence) and was based on the noise level at the time of the call, which is what a conspecific listener would be

experiencing.

All calls were primarily classified into four different call categories including trills, ascents, moans, and sweeps

based on previous studies of bearded seal vocalizations (Cleator et al., 1989; Risch et al., 2007), and then further

classified into subcategories following the call catalogue in Risch et al. (2007) based on frequency range, call dura-

tion, minimum and maximum frequency, peak frequency, as well as shape of call. Any calls that did not match the

catalog in Risch et al. (2007) were assigned to new subcategories. Similar to Risch et al. (2007) we used further

descriptive parameters such as presence of ascents, plumes and mid-call ascents to characterize the new call types.

All statistical analyses were performed in RStudio (Version 1.0.153), including the usage of package “tibble” to label

each call before further analyses, by month and season of recording. Seasons were determined as suggested by Clark

et al. (2015) and slightly modified due to low calling rates before November and an absence of vocal activity in July.

Seasons were split as follows: winter season (November 1 until March 31) and mating season (April 1 until June 30).

2.4 | Call repertoire analyses

Monthly patterns in bearded seal call parameters were evaluated by applying a Kruskal-Wallis test, accounting for a

varying monthly sample size, followed by a Wilcoxon rank test examining statistical significance between months.

The Wilcoxon test included a Bonferroni correction for multiple testing with p < .05 for statistical significance. The
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call parameters that were examined included minimum and maximum frequency, frequency range, received level

(RL), and duration.

Variation in the abundance of call types was examined by computing total call counts per months for each of the

18 call types. Months where single call types were absent were excluded for type-specific analyses. Examination of

potential significance between the different months was performed by applying a generalized linear model and post

hoc test based on a Poisson distribution. Further pairwise comparison was conducted using Tukey's test from the

“multcomp” package in R, with p < .05 indicating statistical significance.

2.5 | Soundscape analyses

To investigate the effect of sea ice, season, peak power density and received level on the soundscape, multiple linear

regressions were fitted to the data, with SPL in one of three frequency bands (50–1,000 Hz, 1–10 kHz, 10–16 kHz)

as the dependent variable. Further parameters such as call counts, call duration and minimum and maximum frequen-

cies were also included in the models. Call duration was calculated as the sum of the duration of all calls per each

5 min file so that this variable quantified the total time that bearded seals spent calling within each file. Variables

describing frequency, received level, and peak power density were averages for each file. Initially, two sets of models

containing either sea ice concentration or season as the main predictor were created for each frequency band, since

these two variables have strong multicollinearity. Ice concentrations were based on daily measurements of remote

sensing data, obtained from the Advanced Microwave Scanning Radiometer 2 (AMSR2) instrument onboard the

Japan Aerospace Exploration Agency's GCOM-W satellite, provided by the Physical Analysis of Remote Sensing

Images group at the University of Bremen (Spreen, Kaleschke, & Heygster, 2008). Sea ice resolution was set to

106.25 km because this was the best scale identified in Halliday et al. (2018) for predicting the presence of bearded

seal vocalizations at this site, likely because this spatial resolution best captured seasonal patterns in ice concentra-

tion. Sea ice concentration was transformed into a categorical variable, indicating low (<50%) and high (>50%) ice

concentrations. Further analysis examined the suitability of received level (i.e., peak power density) as a second inde-

pendent variable. Since the parameters “call counts” and “call duration” displayed high correlation, competing sets of

models were included to evaluate the impact of these two predictor variables. Predictors such as frequency range

and peak frequency were excluded from the analyses based on previous testing for correlation, where they were

highly correlated with minimum and maximum frequency, and would therefore introduce multicollinearity into the

model. A low correlation was detected between received level and call duration (r = 0.30, p < .0001), while a very

low correlation was found between received level and maximum frequency (r = 0.21, p < .0001). To evaluate the

potential effect of bearded seals on SPL, each set of frequency band models was tested again including call catego-

ries as an additional factor. Models were compared by using Akaike's information criterion (AIC). Assumptions were

met for all models.

2.6 | Manual vs. automated call counts in the soundscape analysis

Following the initial analysis of the soundscape based on 10% of the data with bearded seal calls, the full data set

was analyzed based on counts of bearded seal calls from the automated detector and classifier. First, linear regres-

sion was used to examine the relationship between manual call counts and automated call counts, including sea ice

concentration, wind speed, and broadband (50 Hz–16 kHz) SPL as independent variables to control for background

ambient sound level and assess their influence on the auto detector. Following this, linear regression was used to

examine the relationship between SPL in each frequency band and automated call counts, excluding any files where

no calls were counted. An additional analysis was also performed, which adjusted the automated call counts by the
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relationship between manual and auto call counts and adjusted for ambient sound levels in order to have comparable

slopes with the analysis of SPL based on manual call counts.

3 | RESULTS

3.1 | Call repertoire

A total of 44 hr and 20 min of recording were manually analyzed, revealing 6,849 bearded seal calls within 513 5 min

files. Nineteen files were excluded because although bearded seal calls were present, the individual calls were either

significantly masked by background noise or were lacking parts at the end or beginning of a recording. The number of

calls within each 5 min file showed strong fluctuation throughout the different months. Progressively increasing counts

were found within the mating season, peaking in May (N = 2,238; Figure 1). Lowest call numbers were obtained during

November (N = 80). Calls were entirely absent from early July until the end of September. The calls used in our analysis

had a minimum SNR of 2.15 dB, maximum of 46.47 dB, mean of 13.46 dB, and median of 12.83 dB.

An initial visual examination revealed four basic call categories, including trills (T), ascents (A), sweeps (S), and

moans (M). All call categories are labeled based on previous studies (Cleator et al., 1989; Risch et al., 2007; Van Parijs

et al., 2001). While trills represented 63.5% of all recorded vocalizations, moans accounted for 14.8%, and ascents

and sweeps accounted for the least with 11.3% and 10.4% of all calls, respectively. Further call classification revealed

18 different call types including 11 call types defined and modified by Risch et al. (2007) within the western Cana-

dian Arctic. Seven new call types were identified, including a mix of five trills, one ascent, and one sweep. These pre-

viously undocumented calls that we identified for the western Canadian Arctic did not overlap with the calls

identified by Risch et al. (2007) for any other study regions (Alaska, Canadian High Arctic, or Svalbard), except for

two call types. First, the sweep we found in our data set showed similarities with the sweep detected within the

Svalbard region by Risch et al. (2007). However, the sweep newly classified in this study displayed much higher levels

in high frequencies than the one detected in Svalbard. Thus, we labelled this call as a new area-specific sweep for

the western Canadian Arctic. Second, a small number of trills (n = 21) showed a similarity to the AL1 trill defined by

F IGURE 1 Long-term spectrogram for the month of May 2016 at Sachs Harbour, Northwest Territories, Canada,
showing the large contribution of bearded seal (Erignathus barbatus) vocalizations to the soundscape. Bearded seal
vocalizations dominate frequencies below 4 kHz for the entire month. Other important contributors to the acoustic
environment are ice sounds and wind sounds.
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Risch et al. (2007), containing plumes and ascents, but the calls found in this study containing these two features

showed overall longer durations of the ascents. We therefore decided to group these trills into the WCA1 category.

We defined all new calls based on their shape, frequency range, minimum and maximum frequency, peak frequency,

presence of ascents/plumes, and call duration (Figure 2). In total, we found 13 distinct trills, three distinguishable

types of ascents (see characteristics in Table 1), and one each of moans and sweeps (WCA5 and WCA14, respec-

tively). Some of the analyzed calls showed the presence of ascents and plumes, whereby ascents had longer dura-

tions than described in the previous study by Risch et al. (2007). Two call types contained a rounded mid-call ascent

(WCA15 and WCA17), lasting up to ~11 s (see call characteristics in Table 1).

Bearded seal call parameters (all call types pooled) revealed monthly differences in call duration

(χ27,6849 = 880.7, p < .0001), frequency range of calls (χ27,6849 = 917.5, p < .0001), minimum (χ27,6849 = 375.7,

p < .0001) and maximum frequency (χ27,6849 = 784.1, p < .0001) (Figure 3), as well as the received level of the call

(χ27,6846 = 4,932.7, p < .0001). Note that three calls were removed from the analysis of received levels due to a

F IGURE 2 Newly classified bearded seal (Erignathus barbatus) call types with A = WCA12 Ascent, B = WCA13
Trill, C = WCA14 Sweep, D = WCA15 Trill, E = WCA16 Trill, F = WCA17 Trill, and G = WCA18 Trill. Note that the
limits and ranges of the y-axes and x-axes vary between panels. Sampling rate was at 48 kHz. Spectrogram window

size was set to 4,000 with a 50% overlap, calculated using a Hann window.
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technical issue when calculating received levels in Matlab. Signal-to-noise ratio generally increased throughout time,

leading to the highest levels within the mating season (χ27,6846 = 1,349.3, p < .0001).

Call duration was significantly higher (p < .05) during May and June, while there was no difference between

February, March, and April. December and November showed shorter call durations compared to all other months

(p < .05) except January. The longest individual call detected lasted 87.83 s. Overall, calls detected during May and

June showed a wider range in frequencies in comparison to the other months, whereas calls in May covered a

broader range than calls throughout June (p < .0001). Nearly no differences within monthly frequency ranges were

observed between November, December, January, and February, except the comparison between November and

F IGURE 3 Box plots for the total duration of each bearded seal (Erignathus barbatus) call type during each 300 s
file in each month. The boxes represent the interquartile range, lines within the box are the mean, whiskers are 1.5
times the interquartile range, and outliers are indicated by dots.
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January (p = .016), indicating a slightly broader range in January. March and April were significantly different from

each other and differed from all other months except January and February. Both call duration and frequency range

started to increase in March and April, indicating a transitional phase towards the most vocally active months (May

and June).

Comparisons of minimum and maximum frequency showed significantly lower measurements in June. No signifi-

cant differences could be detected between December, January, February, March, and April for the minimum fre-

quency. November showed only significant differences compared to January (p = .036). Minimum frequency was

significantly higher in May compared to January, March, April, or June (p < .0001). Maximum frequency displayed a

different pattern. While calls in May reached a much higher maximum frequency compared to the other months

(p < .0001), calls in November showed a significantly lower maximum frequency compared with all months except

December (p = .48). Similar to the results for frequency range, no significant differences in maximum frequency

values were found among December, January, and February.

No significant differences within received level were detected for November and February (p = 1.00), whereas

variation was similar to the parameter call duration for May and June, displaying significantly higher values for both

months (p < .0001). April displayed no differences compared to November and February (p = 1.00 for both compari-

sons), however, significant differences were obtained between April and March (p < .0001). March showed overall

significantly lower values compared to the other months, except February (p = .12). Although no significant differ-

ences were found between December and January (p = .44), both months differed significantly from all other months

(p < .0001 and p < .05, respectively). Signal-to-noise ratio was highest in June, showing significant differences to all

other months (p < .05). The lowest values were detected in both March and April (p < .05), while May showed similar

values compared to January and December (p = 1.00) but was significantly different to all other months (p < .05).

Seasonal examination of call type occurrence showed fluctuating call counts and presence between the distinct

months (Figure 4). The most common call detected belonged to the category of trills, defined as WCA3 (N = 2,048),

followed by WCA5 moans (N = 1,010), and sweeps of the call type WCA14 (N = 715). Results of generalized linear

models indicated variation for all four call categories between the different months. Presence of WCA3 trills was sig-

nificantly higher during all mating months, as well as throughout December and March. WCA14 occurrence was sig-

nificantly higher throughout April and May, whereas the cross-comparison between the months November, January,

and February showed no significant differences. Lowest call rates for both calls were found in November, January,

and February. Moans were significantly higher in June than in all other months, nevertheless significant variation

was also detected between April and all other months except May.

The second most common trill, WCA1, was also significantly lower from November until March, and a significant

increase of calls was detected from April on. Highest call numbers were present in May and June. Pairwise compari-

son demonstrated that WCA7 ascent was most common in May and June but lower throughout November until the

end of February.

All remaining call types showed either no presence or very low numbers from November until the end of

February, while highest counts were found in May and June, except for call types WCA2, WCA4, and WCA12, which

showed significantly higher numbers throughout April. WCA8 ascents were only detected between March and June,

with significantly higher counts in May and June. WCA15 trills were only recorded during the mating season, with

the highest call counts in May, followed by June and April.

3.2 | Soundscape analysis

All models showed lower AIC values and higher adjusted R2 values for multiple linear regressions including received

level and sea ice as main predictors (Tables S1 and S2). In general, multiple linear regressions including call counts

instead of call duration as an independent variable showed slightly lower AIC values (Table S3). SPL in both the

50–1,000 Hz and 1–10 kHz bands increased as received level increased (Figure 5). Additionally, the interaction
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between either call count or call duration with received level was positive for both the 50–1,000 Hz and 1–10 kHz

bands, but the models including call counts had a stronger effect (Figure 6; Tables S6 and S7). The main effects were

slightly negative for both call duration (50–1,000 Hz slope = −0.072 ± 0.016, p < .0001; 1–10 kHz slope = −0.041

±).017, p < .05) and call counts (50–1,000 Hz slope = −1.51 ± 0.30, p < .0001; 1–10 kHz slope = −1.55 ± 0.30,

p < .0001, respectively), but this negative main effect was overshadowed by the positive interaction between

received level and both call duration and call count (Figure 6). Depending on the inclusion of call duration or call

counts into the linear regressions, varying effects on SPLs were detected. While a negative effect on SPL within the

1–10 kHz band was detected as the minimum frequency increased for linear regressions including either call

F IGURE 4 Counts (N) of different bearded seal (Erignathus barbatus) call types in each month.
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duration (slope = −0.016, p < .05) or call counts (slope = −0.012, p < .05) as the independent variable, no effect could

be detected for the 50–1,000 Hz band. Further, an increase in the maximum frequency also led to a negative effect

on SPL in both bands, 50–1,000 Hz and 1–10 kHz, for linear regressions, including call counts (50–1,000 Hz

slope = −0.00049, p < .001; 1–10 kHz slope = −0.0036, p < .05). Ice concentration had a negative interaction with

both call duration and call count in the 1–10 kHz bands (ice concentration × call duration = −10.66 ± 2.51,

p < .0001; ice concentration × call count = −15.34 ± 2.50, p < .0001). An increase in sweeps during low ice periods

led to an increase in SPL for both the 50–1,000 Hz and 1–10 kHz bands with call duration included in the model, but

only in the 50–1,000 Hz band when call counts was included as a predictor (Tables S6 and S7).

SPL in the 10–16 kHz band was best predicted by ice concentration, and bearded seal call characteristics were

not positively related to SPL in this band. When examining all call types pooled together, SPL increased in the

50–1,000 Hz and 1–10 kHz bands as the number and duration of bearded seal calls increased, but not in the

10–16 kHz band (Figures 6 and 7).

Sea ice concentration as single predictor of SPL had a strong impact in the 50–1,000 Hz and 1–10 kHz bands,

but a much weaker influence in the 10–16 kHz band (R2 = 0.74 at 50–1,000 Hz, R2 = 0.75 at 1–10 kHz, and

R2 = 0.12 at 10–16 kHz). In all three bands, increased sea ice concentration coincided with lower SPL (SPL at

50–1,000 Hz: slope = −0.25 ± 0.003, p < .0001; SPL at 1–10 kHz: slope = −0.22 ± 0.003, p < .0001; SPL at

10–16 kHz: slope = −0.05 ± 0.003, p < .0001).

F IGURE 5 The influence of bearded seal (Erignathus barbatus) call received level on sound pressure level (SPL)
within three different frequency bands (50–1,000 Hz, 1–10 kHz, 10–16 kHz) relative to sea ice concentration.
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3.3 | Manual vs. automated call counts in the soundscape analysis

Comparison between manually detected call counts and automated call counts showed a positive relationship

(R2 = 0.48, intercept = 4.03 ± 0.51 calls, t511 = 7.87, p < .0001; auto calls slope = 0.99 ± .05 calls, t511 = 21.70,

p < .0001). Including wind speed and ice concentration in the model added more strength to the relationship

(R2 = 0.51, intercept = 8.48 ± 0.96 calls, t509 = 8.80, p < .0001; auto calls slope = 0.91 ± .05 calls, t509 = 17.73,

p < .0001; wind speed slope = −0.09 ± 0.03 calls/km/hr, t509 = 3.41, p < .001; ice concentration slope = −0.04

± 0.001 calls/percent, t509 = 4.35, p < .0001). Broadband SPL also predicted changes in manual call counts, but was

not significant when included in models with wind speed and ice concentration. Overall, this analysis shows that the

F IGURE 6 Influence of bearded seal (Erignathus barbatus) call duration (a, c, e) and call count (b, d, f) on sound
pressure level (SPL) within three different frequency bands (50–1,000 Hz, 1–10 kHz, 10–16 kHz) relative to sea ice
concentration.
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automated call counts account for nearly 50% of the variance in manual call counts, but wind speed and ice concen-

tration both account for significant variation in the relationship.

Sound pressure levels in the 50–1,000 Hz band increased as the number of automated call counts increased

(R2 = 0.18, intercept = 78.16 ± 0.25 dB, t5,295 = 313.66, p < .0001; slope = 0.77 ± 0.02 dB, t5,295 = 34.19, p < .0001)

and similarly increased in the 1–10 kHz band as call counts increased (R2 = 0.12, intercept = 77.71 ± .24 dB,

t5,295 = 328.97, p < .0001; slope = 0.58 ± 0.02 dB, t5,295 = 27.34, p < .0001); however, call counts had no meaningful

influence on SPL in the 10–16 kHz band, despite a slight statistically significant relationship (R2 < .01, inter-

cept = 68.53 ± .14 dB, t5,295 = 494.94, p < .0001; slope = 0.03 ± .01 dB, t5,295 = 2.05, p = .04). When automated call

counts were adjusted by their relationship with manual call counts, wind speed, and ice concentration, the relation-

ship strengthened and shifted slightly in both the 50–1,000 Hz band (intercept = 80.87 ± .16 dB, t5,295 = 503.87,

p < .0001; slope = 0.94 ± 0.02 dB, t5,295 = 45.71, p < .0001, R2 = 0.28) and the 1–10 kHz band (intercept = 79.59

± 0.15 dB, t5,295 = 516.92, p < .0001; slope = 0.75 ± 0.02 dB, t5,295 = 38.02, p < .0001, R2 = 0.21), and had the same

relationship in the 10–16 kHz band.

4 | DISCUSSION

This study represents a detailed examination of the vocal repertoire of bearded seals at one site in the western Cana-

dian Arctic, as well as their influence on sound pressure levels and the soundscape. Bearded seals showed a clear

seasonal pattern in call types, where some call types were only used during the mating season, whereas others were

used in every month. According to MacIntyre et al. (2013) vocal bearded seals inhabiting the Beaufort Sea are pre-

sent nearly year-round. This coincided largely with call occurrence examined in this study. While low call rates were

found during November until February/March (with lowest detections in November), call presence increased signifi-

cantly throughout the following months. Similar results were obtained by MacIntyre et al. (2013) for bearded seals

recorded at another site within the Beaufort Sea, showing lowest call rates during November followed by an increase

mid-December and a peak of vocal activity in May. Contradictory, to MacIntyre's study, no calls were detected in this

F IGURE 7 Median power spectral densities (PSD) between 50 Hz and 10 kHz for five-minute acoustic
recordings under high ice and low ice concentration in the absence of bearded seals (Erignathus barbatus) (low and
high sound pressure levels, SPL) and in the presence of many bearded seal vocalizations. Note that the file with

bearded seals present and high ice concentration had 40 calls that lasted a total of 312 s, and the low ice
concentration file had 43 calls that lasted a total of 846 s.

HEIMRICH ET AL. 187



study after a sudden stop at the end of June until end of September, when seals re-established their vocal activity.

However, without additional years of data, we do not know how common this pattern is at this particular site.

Bearded seals are known to be ice-obligate (Moore & Huntington, 2008). Greatest call counts were found when

ice concentration was <50%. Mid-March and the beginning of April showed ice concentrations >95%, while a rapid

decline in ice coverage was measured around April 20, 2016, leading to a minimum ice cover of 7% by June 21. This

observation was somewhat contradictory to observations made by MacIntyre et al. (2013), who correlated highest

call rates with ice cover of 100%, but is directly in line with observations by Van Parijs, Lydersen, and Kovacs (2004)

showing an increased number of vocalizing males and increased vocalizations during lower ice concentrations.

Although ice break-up occurred earlier in the year during this study, interannual variation is not uncommon in the

Arctic and seals are likely to adapt to these fluctuations (Laidre et al., 2008; Moore & Huntington, 2008; Van Parijs

et al., 2004). The phenology of peak vocalizations may not even be linked to ice cover, but rather to reproductive

cycles of females (i.e., when females are receptive to mating). Moreover, a recent study showed that bearded seals

prefer habitats characterized by sea ice cover even as low as 25% (Ver Hoef, Cameron, Boveng, London, &

Moreland, 2014). Low levels and rapid decline of ice cover caused by global warming pose a greater threat to ice

obligate species in terms of adaptation, than to seasonally migrating species (Moore & Huntington, 2008). Warming

is further thought to result in an accelerated ice breakup in spring and postponed freeze-up later in the year, that will

consequently limit available habitats used by bearded seals for breeding, molting, or simply as a haul-out site

(Moore & Huntington, 2008).

Increased call activity, which was observed throughout spring months (mid-March until late May/mid-June),

coincides with the mating season (Frouin-Mouy et al., 2016; Hannay et al., 2013; MacIntyre et al., 2013) and has

been demonstrated in many other aquatic pinnipeds, e.g., ribbon seals, Histriophoca fasciata; Frouin-Mouy

et al. (2019); leopard seals, Hydrurga leptonyx, and crabeater seals, Lobodon carcinophaga; Van Opzeeland et al. (2010),

and for Weddell seals, Leptonychotes weddellii; Rouget, Terhune, & Burton (2007). Published evidence to date sug-

gests that vocalizations are most likely only produced by male bearded seals (Burns, 1981; Van Parijs et al., 2001,

2004) after they reach sexual maturity (Davies et al., 2006), although no evidence has been found so far to rule out

potential female vocalizations. According to previous studies, increased levels of vocalization can be caused by two

events. First, as demonstrated within other aquatic species (Tripovich, Rogers, & Dutton, 2009), males increase their

calling rates due to changing hormone levels during the mating period. Second, Van Parijs, Lydersen, & Kovacs,

(2003) showed an overlap of territory occupancy by male individuals, meaning increased call activity is caused by a

higher number of males. These two hypotheses are not mutually exclusive and could both be occurring.

Similar to previous studies in the western Canadian Arctic (Risch et al., 2007) and Chukchi Sea (Frouin-Mouy

et al., 2016; Jones et al., 2014), the most common calls detected were trills (63.5%). Additionally, as in Risch

et al. (2007), moans were the second most detected calls with 14.8%. Contrary to Risch et al. (2007), sweeps (classi-

fied as WCA14) were mainly detected throughout the mating season, with a peak in May, and showed only 10.4%

occurrence. An enlarged composition of call types during the mating season was also observed, and this result was

similar to one study of bearded seals in the Chukchi Sea (Frouin-Mouy et al., 2016), and also in harp seals (Pagophilus

groenlandicus; Serrano & Miller, 2000), which introduced new call types during the mating period. While trills

occurred throughout the entire period of recordings in this study, sweeps, moans, and ascents showed higher tempo-

ral fluctuation, and were most common during the mating period.

This study revealed monthly variation in call parameters. Both frequency-related parameters as well as call dura-

tion showed a broader range from April until June. Longer call durations were also documented for male calls in the

Chukchi Sea (Frouin-Mouy et al., 2016) and around Svalbard (Van Parijs et al., 2001), suggesting that trill duration

may be used as a proxy for male breeding quality in bearded seals (Van Parijs et al., 2003). Males likely increased

their call duration and frequency range during the mating season to attract females from a farther distance, especially

under the influence of limiting ambient sound levels (Frouin-Mouy et al., 2016). Typical propagation range for trills is

reported as 5–10 km, but can reach distances over 20–45 km under perfect conditions (Cleator et al., 1989; Stirling,

Calvert, & Cleator, 1983). Similar observations were made for received level of calls in our study, with the highest
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levels within the period of low sea ice (May and June). This pattern of increased received levels during the mating

season could be caused by a number of factors, including: increased source levels of vocalizations as males are

actively competing for mates during the breeding season; males coincidentally located closer to the acoustic recorder

during the mating season; or even frequency-dependent attenuation of acoustic signals (especially for high fre-

quency signals) interacting with the sea during the winter (LePage and Schmidt, 1994; Thode, Kim, Greene, &

Roth, 2010), thereby reducing received levels of calls. For this latter pattern, however, we might expect a stronger

correlation between received level and maximum frequency during periods of reduced ice compared with periods of

solid ice as high frequency sounds have greater levels of attenuation when reflecting against sea ice (Au &

Hastings, 2008), yet instead we found a very low correlation between received level and maximum frequency in the

full data set (r = 0.21), under solid sea ice in March (r = 0.16), or under low sea ice in May (r = −0.09). Increased atten-

uation of high frequency signals may similarly affect estimates of call duration, which could explain the seasonal pat-

terns that we found in these variables, but we also found low correlations between call duration and received level

(r = 0.30). The increase in the signal-to-noise-ratio within this breeding period also provides evidence that bearded

seals are either increasing the source levels of their vocalizations or were located closer to the acoustic recorder dur-

ing the breeding period.

Overall, bearded seal vocalizations had a variety of impacts on SPL in the 50–1,000 Hz and 1–10 kHz frequency

bands, but not in the 10–16 kHz band. This result was not surprising as bearded seal vocalizations are known to

mainly range between 130 Hz and 6 kHz (Cleator et al., 1989). The contribution of bearded seal vocalizations to the

soundscape was much stronger during periods of low ice concentration. The observed variation in SPL from all

months of this study is likely mainly driven by changes in wind speed and ice concentration (Southall et al., 2020),

but seals did have some influence on SPL, particularly during the breeding season when the signal-to-noise ratio and

received levels of their vocalizations increased the most (Figures 5–7). Because bearded seal calls range mainly

within these two frequency bands, displaying a positive relationship between SPL and both call duration and maxi-

mum frequency was expected, and was demonstrated in this study. Additionally, the observed lack of positive inter-

action between call duration or call counts and sound level at 10–16 kHz further supported these expectations. This

same trend was found when using the automated call counts, which showed that bearded seal vocalizations

explained 18% and 12% of the variance in SPL in the 50–1,000 Hz and 1–10 kHz bands throughout this study.

4.1 | Conclusions

By evaluating a large number of acoustic recordings, this study demonstrated both a seasonal and monthly dynamic

in bearded seal vocalizations as well as their impact on the soundscape in the Canadian Beaufort Sea. Even though

most findings of bearded seal vocal behavior were consistent with previous studies at other sites, new insights were

found for this particular area, including new vocalizations and how vocalizations influence local sound pressure

levels. Future studies should closely monitor bearded seal vocal behavior relative to sea ice dynamics as an important

aspect of how the soundscape may change in response to climate change.
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