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This study presents non-song vocalizations of humpback whales (Megaptera
novaeangliae) from two migratory areas off the Western Australian coast: Geographe
Bay and Port Hedland. A total of 220 sounds were identified as non-song sounds in
193 h of recordings reviewed. Of those, 68 were measured and qualitatively classified
into 17 groups using their spectral features. One group (HW-02) had a high level
of variation in terms of spectral slope. However, further classification using statistical
classification methods was not possible because of the small sample size. Non-song
sound frequencies varied from 9 Hz to 6 kHz, with the majority of sounds under 200 Hz.
The duration of non-song sounds varied between 0.09 and 3.59 s. Overall, the use
of spectral features allowed general classification of humpback whale sounds in a low
sample size scenario that was not conducive to using quantitative methods. However,
for highly variable groups, quantitative statistical classification methods (e.g., random
forests) are needed to improve classification accuracy. The identification and accurate
classification of a species’ acoustic repertoire is key to effectively monitor population
status using acoustic techniques and to better understand the vocal behavior of the
species. The results of this study improve the monitoring of humpback whales by
standardizing the classification of sounds and including them in the species’ repertoire.
The inclusion of hon-song sounds in passive acoustic monitoring of humpback whales
will add females and calves to the detection counts of otherwise only singing males.

Keywords: humpback whale, vocalizations, non-song sounds, social sounds, communication, Western Australia

INTRODUCTION

Passive acoustic monitoring (PAM) is used worldwide as a technique to estimate relative abundance
and distribution of sound-producing marine fauna. It is applied in basic ecology as well as for
monitoring fauna before, during and after anthropogenic activities with potential impacts. PAM
relies on the accurate identification of species, based on the acoustic characteristics of the sounds
they produce. Therefore, the characterization of acoustic signals and repertoires for different species
is a significant component of their monitoring.

The humpback whale is considered one of the most vocal of the cetaceans and the most
acoustically studied. Humpback whale call repertoire is diverse in duration and frequency with
most units exhibiting a fundamental frequency below 3 kHz. However, the general frequency
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range can vary between 50 Hz and 24 kHz (Silber, 1986; Au
et al., 2006). Song is the best-studied form of communication
in humpback whales and is defined as a repetitive sequence of
sounds (Payne, 1978). It is typically unique for each population,
evolving from year to year, but can also be transmitted between
populations (Garland et al, 2011). Song is documented to
be produced only by males, occurring primarily on breeding
grounds (Payne, 1978; Frankel et al., 1995) and less frequently on
feeding grounds (Clark and Clapham, 2004).

In addition to song, humpback whales emit other less-
studied sounds described as social sounds. Social sounds are
unpredictable, not patterned and range from 50 Hz to over
10 kHz (Dunlop et al.,, 2007; Zoidis et al., 2008) with source
levels between 123 and 183 dB re 1 pwPa at 1 m (Dunlop et al.,
2013). These sounds can be song or non-song units vocalized
in a social context (Dunlop et al., 2008; Rekdahl et al., 2013).
Social sounds have been recorded in association with agonistic
behavior or other individual interactions between adults (males
and females; Silber, 1986; Richardson et al., 1995; Edds-Walton,
1997; Dunlop et al., 2008), and within groups with calves (e.g.,
mother with a calf or mother with a calf and escort(s); Dunlop
et al., 2008; Zoidis et al., 2008). In this study, social sounds are
referred to as non-song sounds because the behaviors associated
with the sounds were not identified and it was not possible to
determine whether these sounds served a social function.

According to spectrographic features, baleen whale sounds
can be classified as constant-wave (CW), frequency-modulated
(FM), or amplitude-modulated (AM) (Erbe et al, 2017).
However, in the literature, these are frequently named and
grouped according to how they are perceived by human listeners
(and are given onomatopoeic names, such as grunt, growl, moan,
wop, etc.). While most of the published studies that describe
humpback whale vocalizations use onomatopoeic names, this
type of classification may be problematic because different
authors may give different names to the same signals, making a
direct comparison difficult (Cholewiak et al., 2013; Erbe et al.,
2017). Spectral features, however, are more standard and facilitate
comparison among different signals, although some variation in
categorization can occur as a result of recording and analysis
settings (Erbe et al., 2017).

Few studies have described non-song sounds of the different
humpback whale populations around the world. A repertoire of
34 social sounds and their social context have been described for
the population that migrates along the east coast of Australia
(Dunlop et al., 2007, 2008; Rekdahl et al., 2013), and another
24 have been described for the North Pacific population (Silber,
1986; Cerchio and Dahlheim, 2001; Zoidis et al., 2008). Only
a few non-song sounds have been described for the Western
Australian humpback whale population (Videsen et al., 2017),
and a repertoire is yet to be developed.

The population of humpback whales off Western Australian
(Breeding Group D) migrates from high-latitude feeding grounds
in Antarctica to low-latitude breeding grounds off northwestern
Australia. During migration, whales travel past Port Hedland
(in the northwest) between approximately June and August
on their way north, and between approximately August and
November on their way south. During the southern migration,

they travel through Geographe Bay (in the southwest of
Australia) between September and January, before undertaking
the remainder of their journey to sub-Antarctic and Antarctic
waters. The period of migration at each location (Port Hedland
and Geographe Bay) occurs over several months as different
cohorts of the population migrate in a temporally staggered
manner. This structured migration has been termed “temporal
segregation” (Dawbin, 1997), whereby the first whales departing
foraging grounds include a mix of females in late stages of
lactation or with their yearly offspring. This cohort is followed
by juveniles (males and females), then by resting females (i.e.,not
lactating or pregnant) and mature males, and finally females in
late pregnancy (Dawbin, 1997; Craig et al., 2003). The migration
back to foraging grounds from breeding grounds has been
reported to be first a mix of resting females and females in early
stages of pregnancy, followed by immature males and females,
then mature males, and finally, females in early stages of lactation
and mothers with newborns (Dawbin, 1997; Craig et al., 2003).

The aim of this paper is to describe non-song sounds for the
humpback whale population that migrates along the coast of
Western Australia using: (1) qualitative descriptions of spectral
features (CW, FM, AM, and contour shape), (2) qualitative
onomatopoeic names for comparability with other studies, and
(3) quantitative measures of spectral features and number of
subunits. Qualitative and quantitative descriptors (1 and 3) were
chosen to accurately describe and classify non-song sounds when
advanced quantitative methods cannot be used because of sample
size. In general, the vocalization rate of non-song sounds is
low and data is either dismissed or classified using subjective
descriptors (e.g., Silber, 1986). The characteristics proposed
here to describe the sounds will reduce the subjectivity of the
classification while allowing to use and compare small datasets
and increasing the size of a species’ described repertoire.

MATERIALS AND METHODS
Study Site

Underwater acoustic recordings were obtained in two areas
off the coast of Western Australia: off Port Hedland and in
Geographe Bay (Figure 1). Off Port Hedland, the northern and
southern migrations of the 2011 migratory season were captured
with recordings made between June 2011 and January 2012, while
in Geographe Bay, the southern migrations of 2011 and 2012
were captured in November and December. Consequently, all
recordings from Port Hedland in 2011 and 2012 and Geographe
Bay in 2011 were from the same migratory season, while
recordings in Geographe Bay in 2012 were from southbound
animals in the subsequent migratory season.

Geographe Bay is an important tourist destination in
southwestern Australia, with recreational boating and whale-
watching being key attractions of economic value. Therefore,
high levels of vessel traffic and interactions with whales
occur at this site. As a result, a long-term whale monitoring
program has been underway since 2010, in which visual
observations from multiple platforms have been collected to
complement acoustic data.
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FIGURE 1 | Geographic locations of noise recorder deployments in Port Hedland and Geographe Bay, Western Australia.
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Geographe Bay was selected as the principal study site as more
data were available from this monitoring program. Humpback
whales migrating south between September and January through
Geographe Bay have peak migratory periods that vary among
seasons (Salgado Kent et al., 2012). However, monitoring has
been focused on the period after the peak of migration. This
is important as it facilitates identification of non-song sounds
because they are not masked by proliferate humpback whale
song from the large number of whales passing through the
area. Furthermore, presence of the species and their group
compositions can be confirmed by visual observations and give
additional information to the acoustical signals recorded.

The area off Port Hedland was selected as a secondary study
site to increase the geographical scale of the study, while sampling
the same population. Humpback whales migrate further offshore
at Port Hedland than in Geographe Bay and, as a result, no
visual observations were available. Port Hedland is the second-
largest town in the Pilbara region of Western Australia and is also
the location of the highest tonnage port in Australia (Western
Australia Planning Commission Department of Planning, 2011).

Acoustic Recordings and Data

Processing

In Geographe Bay, a single stationary underwater acoustic
recorder was deployed on the seabed at 30-m depth, at
33°32/52.38” and 115°6'39.18"E, approximately 2.5 km from the

coast (Figure 1). The recorder was scheduled to record 13 min
every 15 min (Table 1).

Oft Port Hedland, two underwater recorders were deployed:
one at 20°8'19.32”S and 118°23/34.92”E, ~20 km from the
coast, and the other further inshore at 20°15'25.62”S and
118°33/22.74"E, ~5 km from the coast (Figure 1). Recorders
were deployed at 16 m and 6 m depths respectively, and scheduled
to record 5 min every 15 min (Table 1). The offshore location
was expected to capture sounds produced by a range of different
cohorts of the whale population, while the inshore location was
expected to capture a comparatively larger proportion of mothers
and calves that typically migrate closer to the coast (Smultea,
1994; Ersts and Rosenbaun, 2003; Rasmussen et al., 2012; Guidino
et al., 2014; Ona et al., 2016; Irvine and Salgado Kent, 2017). All
recordings were used (no subsampling occurred).

Both areas used acoustic recording systems developed by
the Centre for Marine Science and Technology (CMST) and
the Defence Science and Technology Organisation (DSTO)
(McCauley et al., 2017), fitted with a calibrated, omni-directional
HTI 90-U hydrophone (HighTech Inc., MS, United States).
Recording systems were calibrated with a white noise generator
at —90 dB re 1 pPa?/Hz. Recorder settings are summarized in
Table 1. Since the study durations at the two locations differed,
so did their recording schedules to facilitate cost efficient data
collection that did not exhaust battery life and memory capacity
prior to the completion of the study. The area off of Port
Hedland is transited by humpback whales during their northern
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TABLE 1 | Acoustic recorder settings for Port Hedland (PH) and Geographe Bay (GB) deployments.

Total Sampling Anti-aliasing High-pass Low-pass
Area Date of recording gain (dB) frequency (kHz) filter (kHz) filter filter Duty cycle
PH offshore June 2011-January 2012 40 10 4 8 Hz 4 kHz 5 min every 15 min
PH Inshore June 2011-January 2012 40 10 4 8 Hz 4 kHz 5 min every 15 min
GB November-December 2011 40 12 5 8 Hz 5 kHz 13 min every 15 min
GB November-December 2012 40 12 5 8 Hz 5 kHz 13 min every 15 min

and southern migrations, while Geographe Bay is transited only
during the southern migration. Consequently, the logger off
Port Hedland was programmed so that it could sample over
a longer period than in Geographe Bay, and therefore avoid
the necessity of redeploying it halfway through the season, as a
cost-effective measure. This required ensuring the recorder off
Port Hedland had sufficient memory and battery capacity over
the longer period, thus, the schedule included shorter duration
samples than in Geographe Bay (i.e., 5 min verses 13 min samples
taken every 15 min). The differences in sample duration may
affect the number of non-song sounds detected per day at each
location (Recalde-Salas, 2020). Detection performance may also
differ between the two sites, as a result of different levels of
masking caused by vessel activity. Of the two sites, Port Hedland
experiences more shipping, while Geographe Bay experiences
more small vessel traffic. Shipping off Port Hedland was generally
relatively distant and small vessel noise in Geographe Bay was
transient (relatively short duration). Furthermore, an analysis
on detection probability of whale sounds did not find vessels as
a significant factor affecting the likelihood of detecting whale
sounds (Recalde-Salas, 2020).Consequently, the effect on this
study was considered relatively low given the SNR criteria.
Moreover, the aim of the study was not a direct comparison
of non-song vocalization rate or probability of detecting non-
song sounds, but rather a description of non-song sounds which
is expected to be unaffected by different duty cycles or vessel-
related masking.

Acoustic data were first processed and reviewed using the
Characterization Of Recorded Underwater Sound (CHORUS)
toolbox built in the software MATLAB (version 2012a; The
MathWorks, Inc., Natick, MA, United States) which provides a
Graphical User Interface (GUI) (Gavrilov and Parsons, 2014).
Data were visually inspected by plotting spectrograms with 2048-
point Fast Fourier Transforms (FFTs), Hanning window, 70%
overlap, on a logarithmic frequency scale of 8 to 4000 Hz. Color
scale of the spectrograms was fixed at 60 to 110 dB re 1 pPa?/Hz.

Non-song sounds were identified as either sounds that were
not part of humpback whale song or song units that did not follow
the sequence characteristic of the song (Dunlop et al., 2007).
Song described for each season in each area was referred to for
this assessment.

Of those non-song sounds identified in recordings, only
sounds without overlapping signals (e.g., other humpback whale
calls or vessels) were selected for description. In addition,
only sounds with fundamental frequency power spectrum
density (PSD) higher than 90 dB re 1 pPa?/Hz and signal-
to-noise ratio (SNR) calculated by CHORUS of at least

8 dB were selected. Non-song sounds that met these criteria
were described qualitatively and quantitatively. Sounds were
qualitatively described: (1) as CW, EM, AM, or a combination,
and (2) according to their contour shape. Sounds were attributed
onomatopoeic names based on how they were perceived by the
listener (e.g., wop, cry, thwop, etc.), and according to names used
in other studies for comparability (Silber, 1986; Dunlop et al.,
2007; Zoidis et al., 2008; Rekdahl et al., 2013).

Quantitative description of non-song sounds included the
number of subunits. Subunits were defined as a component of
a sound distinguished by discontinuities in frequency and were
referred to as parts A, B, and so on (Pace et al., 2010; Cholewiak
et al.,, 2013). A unit was identified as the shortest continuous
sound (Payne and McVay, 1971). When a sound was made of
only one unit, it was considered to have no subunits (Cholewiak
et al, 2013). Quantitative analysis further included measures
of call duration (in seconds), and maximum and minimum
frequencies (in Hz) (Table 2). Furthermore, a mean spectrum
was computed over the duration of each call and the peak
frequency was picked as the frequency of peak power. Then, 3-dB
and 10-dB bandwidths were computed as the frequency bands
around the peak frequency in which the peak power dropped by
3-dB and 10-dB, respectively. Because some literature described
fundamental frequencies (i.e., the lowest frequency component),
specifically for harmonic sounds, the maximum frequency of the
fundamental was measured as well for these sounds.

Quantitative measures were undertaken using custom-written
code in MATLAB. All analyses were carried out by two
experienced analysts (ARS, CE). Under the PSD and SNR criteria
used in this study, there were too few samples for classification
using approaches such as Random Forest Decision Trees as

TABLE 2 | Quantitative metrics used to describe non-song sounds of humpback
whales in Geographe Bay and off Port Hedland, Western Australia.

Variable Description

Maximum frequency Maximum frequency of the sound
Maximum frequency of the

fundamental (fO)

Maximum frequency of the lowest frequency
component of the sound

Minimum frequency Minimum frequency of the sound

Peak frequency Frequency of peak power
10-dB bandwidth Frequency band in which the peak power
dropped by 10 dB

Frequency band in which the peak power
dropped by 3 dB

Sound duration

3-dB bandwidth

Duration

Frontiers in Marine Science | www.frontiersin.org

April 2020 | Volume 7 | Article 141


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Recalde-Salas et al.

Humpback Whale Non-song Vocalizations

done in other studies (Rekdahl et al., 2013). Thus, statistical
summaries, spectrograms, and wave forms are presented for
visualization of the range and variability of non-song sounds
from the humpback whale population off Western Australia.

RESULTS

A total of 107 (in 428 recordings from November to December
2011 and 2012) and 84 h (in 336 recordings from June 2011
to January 2012) were analyzed for Geographe Bay and Port
Hedland, respectively. A total of 220 sounds were identified
as non-song sounds (197 in Geographe Bay and 23 oftf Port
Hedland). Of those, 68 were selected for qualitative and
quantitative description (53 from Geographe Bay and 15 from
Port Hedland). These discernible sounds occurred within 120
recordings (28%) in Geographe Bay and 3 recordings (0.3%)
off Port Hedland.

Off Port Hedland, clearly discernible non-song sounds were
only identified from inshore recordings before and after the peak
migratory period. The offshore recordings had no discernible
non-song sounds before and after the peak of migration. During
the peak period, any non-song sounds were likely masked due
to the high number of song sounds present in the inshore
and offshore recordings. However, there were discernible non-
song sounds in the inshore recordings early in the migration
in mid-July (two non-song sounds were identified) and late
in the migration in mid-November 2011 (15 non-song sounds
were identified). The non-song sounds recorded in November
were identified one month after the last singer was recorded.
In contrast with results from Port Hedland, non-song sounds
were more easily discerned in recordings from Geographe Bay.
This is likely due to less masking of non-song sounds due
to fewer singers recorded at any one time at this location.
However, it is possible that when multiple singers were present
in Geographe Bay, some non-song sounds may have been mis-
identified as song units.

Sounds fell into one of 17 non-song sound types (referred
to here as non-song sounds HW-01 to HW-17) based on their
qualitative spectral features (Figure 2 and Table 3). Of the
different non-song sound types described, most were FM (n = 8)
followed by AMFM (n = 5), CW (n = 4), and AM (n = 1)
(Table 3). These non-song sound types included the following
onomatopoeic descriptors: grunt, growl, wop, thwop, trumpet,
bup, cry, moan, muah, and boop (Figure 2). Sounds composed of
subunits had, in some cases, combinations of these descriptors,
yielding hyphenated onomatopoeic descriptors in Table 3. The
first of the descriptors (such as “Growl” in “Growl-Wop”)
describes the sound with which the signal commenced, while
the second descriptor (i.e., “Wop” in “Growl-Wop”) describes
the final sound.

Variation was observed in some sound types, particularly in
HW-02, HW-05, and HW-07 (Figure 3). Even though these
sound types showed greater variation in spectral features than
did other sound types, variability was not enough to result in
different groupings. Variability was greatest for HW-02, with
changes in upsweep shape that, on one occasion, appeared as

an “n” (Figure 3A). HW-05 had variable bandwidth with some
sounds having much more energy at higher frequencies (see
HW-05 variations in Figures 2E, 3B).

Two sound types were recorded in both areas (HW-02 and
HW-05), 12 were exclusive to Geographe Bay (HW-01, HW-03,
HW-04, and HW-06 to HW-14), and three were exclusive to
Port Hedland (HW-15, HW-16, and HW-17). Only one sound
type was identified as a unit used in song (HW-12). Of the 17
non-song sound types, 23.8% were HW-02 “Growl-Wop,” 13.4%
were HW-07 “Bup,” and 11.9% were HW-15 “Cry,” with all other
sound types having fewer than 10% of the total number of sounds
discerned in recordings.

Non-song sound frequencies varied between 9 Hz and 6 kHz.
The most common sound type (HW-02) had a mean peak
frequency of 56 Hz, 3-dB bandwidth of 41 Hz and 10-dB
bandwidth of 111 Hz (Table 4). Only two sound types (HW-15
and HW-16) had mean peak frequencies higher than 1 kHz and
a 10-dB bandwidth over 100 Hz (Table 4). All non-song sound
types had a mean duration of less than 4 s, with 11 having a
mean under 1 s, and two over 2 s (Table 4). Some variability
in spectrogram parameters was expected for each sound type.
The largest variation was observed in the 3-dB bandwidth of all
sounds. HW-15 and HW-16 also showed high variability in peak
frequency and 10-dB bandwidth (Figure 4).

DISCUSSION

While humpback whales are recognized for the complexity of
their songs, the results of this study suggest that non-song sounds
are also highly variable in structure. This study showed that the
non-song repertoire can be composed of a variety of sounds
including CW, FM, and AMFM with frequencies ranging from
9 Hz to up to 6 kHz. This is similar to other studies that have
reported non-song sound repertoires ranging in frequencies from
30 Hz to 2.5 kHz (Dunlop et al., 2007). In this study, it is likely
that additional non-song sounds were present in the recordings,
but not identified. In total, non-song sounds from Port Hedland
were detected in 3 days over 6 months of data analyzed and
in Geographe Bay in 5 over 20 days analyzed in 2011, and
17 out of 25 days in 2012. Thus, the variability in non-song
sounds produced oft Western Australia is likely to be even greater
than that described here. This is particularly true for non-song
sounds in recordings off Port Hedland, as song dominated the
recordings during the peak period of migration and precluded
discerning non-song sounds from song. It is important to clarify
that this information should not be used to describe or compare
vocal activity and acoustical ecology of the species between areas
because of differences in habitat use, ecology and behavior in each
site. In addition, the study design also differed and does not allow
a direct comparison between areas.

Only one (7.7%) of the non-song sound types reported in this
study was identified as a song unit in song of the same year (HW-
12). In contrast, 23.2% of the non-song sounds identified from the
population of whales that migrate along the east coast of Australia
(Breeding Stock E) were considered to be similar to song units
from the same or previous years (Rekdahl et al., 2013). However,
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modulated, AM = Amplitude modulated, AMFM = Frequency and amplitude modulated, CW = Constant wave.
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TABLE 3 | Summary of spectral features and onomatopoeic names for non-song sound types recorded in Geographe Bay and off Port Hedland.

Sound No. of Contour Sample
Category Type Subunits Subunit description shape size Onomatopoeic name
HW-01* Cw 0 - - 5 Grunt
HW-02*4 AMFM 0 - Up 17 Growl
HW-03* AM 0 - Pulse 3 Wop
HW-04* AMFM 3 A: similar to HW-01 = Thwop

B: similar to HW-02 Up

C: similar to HW-03 Up
HW-05*4 AMFM 2 B: similar to HW-02 Up 5 Growl-Wop

C: similar to HW-03 Pulse
HW-06* AMFM 0 - Down 1 Descending Trumpet
HW-07* FM 0 - - 9 Bup
HW-08* FM 0 - Down 1 Modulated Cry
HW-09* Ccw 0 - - 1 Trumpet
HW-10* FM 0 - Sine 1 Long Moan
HW-11* FM 0 - U 1 -
HW-12* FM 0 - Down 2 Muah
HW-13* CW 0 - - 2 Boop
HW-14* AMFM 2 A: Upsweep Up 3 Muah

B: similar to HW-03 Pulse
HW-154 FM 2 A Inverted U 8 Cry

B: similar to part B HW-16 Up

and HW-17
HW-164 FM 2 B: similar to part B HW-15 Up 4 Cry

C: similar to part C HW-17 Down
HW-174 FM 3 B: similar to part B HW-15 Up

C: similar to part C HW-16 Down 1 Long Cry

D U

CW = constant wave, FM = frequency modulated, AM = amplitude modulated, “non-song sounds identified in Port Hedland, *non-song sounds identified
in Geographe Bay.
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FIGURE 3 | Example of spectrograms showing variability for non-song sounds: (A) HW-02 and (B) HW-05.
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TABLE 4 | Mean spectrogram parameters of non-song sounds recorded in Geographe Bay and Port Hedland.

10-dB 3-dB
Onomatopoeic Max freq. Max freq. (Hz) Min freq. Peak freq. Bandwidth Bandwidth
Sound type name (Hz) (Fundamental) (H2) (H2) (H2) (H2) Duration (s)
HW-01 Grunt 230.5 (20.5) 40.9 (4.2) 20.9 (4.3 49.2 (44.9) 107.5 (69.0) 20.6 (2.6) 0.3(0.1)
HW-02 Growl 347.9 (133.5) - 19.3(9.7) 56.4 (25.0) 111.5 (44.2) 40.7 (21.4) 1.1 (0.9
HW-03 Wop 2255.8 (1693.6) - 54.8 (24.3) 180.7 (83.6) 178.7 (70.0) 36.4 (23.6) 0.3(0.1)
HW-04 Thwop 1980.4 (493.9) - 19.0 (2.5) 144.5 (113.8) 81.8(18.9) 20.8 (8.0) 1.0(0.3)
HW-05 Growl-Wop 491.8 (267.2) - 27.7 (11.2) 64.5 (25.5) 115.1 (35.3) 29.8 (11.6) 0.8 (0.1)
HW-06 Descending Trumpet 5941.4 (NA) - 165.9 (NA) 843.8 (NA) 90.9 (NA) 54.8 (NA) 0.5 (NA)
HW-07 Bup 4170.6 (2007.9) - 59.8 (NA) 109.4 (29.3) 64.3 (26.8) 25.4 (6.9) 0.3(0.1)
HW-08 Modulated Cry 2000.0 (NA) 815.8 (NA) 649.3 (NA) 761.7 (NA) 74.0 (NA) 26.9 (NA) 1.1 (NA)
HW-09 Trumpet 5976.6 (NA) - 288.9 (NA) 785.2 (NA) 37.3 (NA) 19.5 (NA) 0.8 (NA)
HW-10 Long Moan 316.0 (NA) 177.3 (NA) 60.7 (NA) 105.5 (NA) 35.1 (NA) 14.7 (NA) 3.6 (NA)
HW-11 - 222.7 (NA) 164.1 (NA) 93.8 (NA) 117.2 (NA) 91.1 (NA) 23.8 (NA) 0.6 (NA)
HW-12 Muah 304.7 (116.0) 125.5 (4.6) 51.4 (12.6) 41.0 (41.4) 56.1 (12.7) 29.9 (8.5) 0.6 (0.1)
HW-13 Boop 509.8 (174.0) 99.6 (16.5) 64.6 (8.3) 140.6 (16.6) 47.8 (23.9) 29.0 (21.6) 0.3 (0.0)
HW-14 Muah 820.3 (40.6) - 38.5 (8.5) 74.2 (44.4) 77.3 (66.3) 23.8(17.0) 0.8 (0.1)
HW-15 Cry 3540.0 579.2) 741.8 (76.8) 634.8 (9.0) 1052.2 (349.7) 86.6 (46.1) 35.3(30.7) 1.1(0.1)
HW-16 Cry 4555.7 (817.1) 871.6 (78.7) 634.8 (68.6)  2648.9 (2235.9) 1136.5(1132.2)  52.9(36.1) 1.4 (0.3)
HW-17 Long cry 4472.7 (NA) 781.2 (NA) 703.1 (NA) 732.4 (NA) 224.0 (NA) 27.5 (NA) 2.8 (NA)

Values of standard deviation (SD) are in brackets. NA: Sounds with no replicate, therefore SD is not calculated.

one of the sounds reported here (HW-08) has characteristics
similar to a “cry,” which is reported as a non-song sound used
as a song unit by the population off the east coast of Australia
(Rekdahl et al., 2013). Whether the other non-song sounds
identified in this study have been used as part of song off Western
Australia in previous years, or will be in future years, is yet
to be established.

Many non-song sounds not used as song units have been
reported as “stable.” This means that the same non-song sounds
are produced over multiple years (Rekdahl et al., 2013). Examples
of stable non-song sounds reported include “wops” and “thwops”
in the humpback whale population off eastern Australia (Dunlop
et al., 2008; Rekdahl et al., 2013), which are similar to HW-
02 identified in this study. HW-02 was identified in 2011 and
2012 in Geographe Bay, which suggests that it is also stable in
this population.

Complex sounds (those with multiple subunits) seem to be
typical within the humpback whale repertoire (Cholewiak et al.,
2013). The definition of subunits and units has been used in
classification of humpback whale song and bird song analysis
(Isaac and Marler, 1963; Payne and McVay, 1971), but less
frequently in the classification of humpback whale non-song
sounds (Winn et al., 1979). Here, the number of subunits in
non-song sounds proved to be valuable for describing non-song
sounds and allowed the separation of certain sound types (e.g.,
HW-15, HW-16 and HW-17).

Some of the identified sounds here appear similar to social
sounds or feeding calls reported elsewhere. For instance, HW-
15 is similar to a series of “cries” reported as feeding calls in
Alaska (Cerchio and Dahlheim, 2001). In Alaska, the “cry” was
observed as a train of units. Here we also found multiple cries
one after the other. However, because it was observed only in

one recording, it is not possible to establish if these sounds
are vocalized as independent units or a train of sounds as
observed in Alaska. The feeding “cry” in Alaska was described
as formed by three sections: (i) a short upsweep or downsweep,
(ii) followed by the main, unmodulated part, and (iii) a short
trailing portion, usually a downsweep (Cerchio and Dahlheim,
2001). A similar composition was observed for the population
off Western Australia and sounds had similar shapes at the
beginning and end of contours to “cries” reported in Alaska.
However, the cries here were classified based on the combination
of parts (here described as subunits). Cries were classified into
three groups: HW-15 formed by the short up or downsweep
(subunit A) and the CW portion (subunit B), HW-16 composed
of subunit B and a short downsweep (subunit C) and finally a
longer cry (HW-17), formed by subunits B and C connected to
an additional subunit (subunit D). Further divisions were made
based on variation in the duration of “cries” (e.g., HW-17 was
twice as long as other cry types). These differences indicate a
variability in the spectral characteristics of “cries” as previously
reported. However, the small sample size prohibited confirmation
of whether each variation was produced consistently enough for
them to be defined as separate non-song sound types; or whether
variations simply reflected variability among individual whales
producing the same sound type, as suggested in previous studies
(Cerchio and Dahlheim, 2001).

One of the few studies on non-song sounds for humpback
whales migrating along the coast of Western Australia deployed
D-tags on mother-calf groups (Videsen et al., 2017). The study
identified grunting sounds that are similar to HW-03 identified
here. Sounds in group HW-03 were recorded in Geographe Bay,
an area that, according to visual observations, has a significant
number of mother-calf groups during the time of recordings. It is
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FIGURE 4 | Mean (+SD) metrics for the spectrogram parameters of each sound type recorded in November 2011 and 2012 in Geographe Bay and between June
and January 2012 off Port Hedland, Western Australia.

likely that these sounds are also vocalized by mother-calf groups.
However, additional analyses that match visual and acoustical
observations are needed to confirm this.

Many studies use onomatopoeic names to describe sounds.
This method can be problematic for comparison because sounds

may be assumed similar or different depending on the perception
of the analyst (Dunlop et al., 2007; Erbe et al., 2017). Here, a
comparison of spectrograms showed similarities among multiple
sounds in different studies, some of which were given a different
onomatopoeic name (Table 5). The use of spectral features
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TABLE 5 | Summary of similarities in non-song sound types identified for humpback whales off Western Australia and those reported elsewhere based on spectral

feature comparison.

Description in

Humpback whale

Non-song sound type literature Min freq. (Hz) Duration (s) population References
HW-03 Yup 40-95 0.13-0.29 North Atlantic Winn et al., 1979
Grunt - - Western Australia Videsen et al., 2017
HW-04 Thwop 42.2 0.949 Eastern Australia Dunlop et al., 2007
HW-05 Pulsed Moan 25-50 1.69-5.70 North Atlantic Winn et al., 1979
Wop 43 0.748 Eastern Australia Dunlop et al., 2007
HW-09 Violin 548 0.312 Eastern Australia Dunlop et al., 2007
HW-10 Moan 90-105 0.63-4.55 North Atlantic Winn et al., 1979
Groan 139 1.262 Eastern Australia Dunlop et al., 2007
HW-14 Upsweep Grunt 369 0.74 North Atlantic Stimpert et al., 2011
HW-15, HW16 Cry 236-1219 2.6 North Pacific Cerchio and Dahlheim, 2001

Minimum frequency and duration are reported as a range or a mean value depending on the available information.

to qualitatively describe sounds is suggested as a potentially
more robust approach to overcome this problem. However, it
is important to consider differences in recording and analytical
settings (e.g., FFT, overlap, etc.) to plot the spectrograms as
these can also influence comparisons (Erbe et al., 2017). For
example, in this study, HW-07 was suspected to be similar
to a variety of different sounds reported in previous studies
off Hawaii and eastern Australia. However, because of the
variability within the group, it was not possible to confirm
whether these sounds were the same as those reported in
other studies using visual comparisons due to differences in
spectrogram settings.

A qualitative analysis of spectral features of non-song sounds
may have some limitations, particularly when there is high
variability in sound types. Even when spectral features are used
to describe sounds, there are some variations that occur as
a result of the analyst’s visual perception of spectral features.
For example, in this study both analysts agreed with spectral
descriptions for almost all sounds, but there was a discussion
on whether to divide some sounds classified in group HW-02.
While a larger sample size would likely dissipate much of the
uncertainty, classification and similarity analyses of quantitative
metrics in spectral features are helpful in confirming groupings.
Some of the analytical approaches that have been used include
Random Forests (Risch et al., 2012; Rekdahl et al., 2013; Stowell
and Plumbley, 2014), Principal Component Analysis (Dunlop
et al., 2007) or machine-learning techniques (Halkias et al.,
2013) for a variety of animal vocal repertoires from birds, bats,
and cetaceans. The use of these methods requires a sufficiently
large sample size for reliable results (Morgan et al., 2003). For
instance, many studies have used classification methods with
over 200 sounds, with all sound types recorded more than
once (e.g., Cerchio and Dahlheim, 2001; Dunlop et al., 2008;
Halkias et al, 2013; Rekdahl et al., 2013). In this study, the
overall sample size was less than 70, and six of the sound
types were recorded only once. The effectiveness of grouping
of sound types using qualitative spectral features is supported
by similarities reported between aural and visual inspection
of spectrograms and quantitative classification in other studies

(Dunlop et al, 2007; Rekdahl et al., 2013). However, for
highly variable sound types (HW-02 and HW-15), quantitative
classification using a large sample size is suggested to improve
their classification.

In this study, there was some regional spatial variation in
detections of non-song sounds, in that they were only identified
in the inshore recordings off Port Hedland. Humpback whales
have habitat preferences related to social organization, where
mothers and calves show strong preference to shallower inshore
waters (Ersts and Rosenbaun, 2003; Irvine and Salgado Kent,
2017). It is not possible to identify whether the non-song
sounds recorded in inshore waters were produced by mother-calf
pairs, but those recorded in November (e.g., HW-15, HW-16)
correspond with the end of the southerly migration of mother-
calf pairs from breeding grounds (Dawbin, 1966; Craig et al.,
2003). Considering that humpback whales have a structured
migration in which females in early stages of lactation and
mothers with newborns are the last to depart from breeding
grounds (Dawbin, 1997; Craig et al., 2003), it is likely that the
sounds recorded in November off Port Hedland were vocalized
by a mother-calf group.

Finally, this paper has improved current knowledge on the
vocal repertoire of humpback whales, which improves the basis
for PAM in behavioral and ecological studies. Attributes, such as
differences in timing between the presence of song and non-song
off Port Hedland observed here, extend the use of PAM to cohort-
specific studies. However, the use of sound types in PAM must
consider its potential limitations, such as difficulties in discerning
sounds during peak periods for highly vociferous species such
as humpback whales. Thus, consideration of the range of PAM
approaches available is suggested, with selection of an optimal
approach based on the objectives of a study and how the focal
species behaves in the habitat under study.
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