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Abstract

A total of 4681 units from humpback whale,
Megaptera novaeangliae, songs were obtained
around Ryukyu Islands, Japan, from 1991 to 1997.
Based on aural and spectrographic analysis, we
recognized 32 unit types and divided into four
categories; harmonic, amplitude modulated, impul-
sive and complex sounds. Peak frequency of the
majority of units were higher than the range of peak
frequency of ambient noise in Ryukyu region, sug-
gesting that humpback whale songs have been
under selective force from environmental noise con-
ditions. We classified all unit types into nine groups
based on patterns from principal component analy-
sis (PCA). Within a unit group, no clear boundary
among unit types was found. Some unit groups
occurred more often than others; H,, H, and A,
occurred every year, while sound types C,; occurred
during only 1992. Possible biological significance
about sounds produced by humpback whales was
discuss based on the occurrence of each unit group
in different theme types.

Key words: humpback whale, sounds,
principal component, Japan.

song,

Introduction

Humpback whales, Megaptera novaeangliae, are
widely distributed in all oceans of the world. Their
life cycles are clearly divided into two parts. In
spring, summer and autumn they feed in high
latitude waters and in late autumn they migrate to
low latitude waters, where mating and calving take
place (Gaskin, 1982; Baker & Herman, 1984). In the
North Pacific, the Okhotsk, around the Aleutian
chain, the Bearing Sea, the Gulf of Alaska, off
southeast Alaska, and off central California are
known as feeding regions (e.g., Nishiwaki, 1966;
Nemoto, 1978; Darling & Jurasz, 1983; Baker et al.,
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1986), and wintering has been observed in three
regions, around the Hawaii Islands, off coastal
Mexico and in south Japanese waters around the
Ryukyu and Bonin Islands (e.g., Nishiwaki, 1966;
Herman & Antinoja, 1977; Baker & Herman, 1981;
Darling & Jurasz, 1983; Darling & Mori, 1993).

Humpback whales produce long, complicated
sounds under water during the breeding season
(Payne & McVay, 1971). Payne & McVay (1971)
found these sounds repeated in a pattern referred to
as ‘song’. Song has a hierarchical structure, i.e.,
individual sounds termed ‘units’ are grouped into
‘phrases’, phrases are grouped into ‘themes’, and
themes are grouped into songs (Payne & McVay,
1971).

Humpback whales in a given geographical region
change their songs during the breeding season, but
whales within a region sing almost the same version
of song, at any given time (Winn & Winn, 1978;
Winn et al., 1981; Guinee et al., 1983; Payne et al.,
1983; Payne & Payne, 1985). There are significant
differences in songs produced from whales among
geographically isolated oceans, but there are some
similarities in songs among different breeding
regions within the same ocean (e.g., Winn & Winn,
1978; Winn et al., 1981; Payne & Guinee, 1983;
Helweg et al., 1990; Helweg et al., 1992; Cerchio,
1993; Helweg et al., 1998; Guan et al., 1999; Maeda
et al., 2000).

Many studies on humpback whale songs have
focused on the similarity or dissimilarity of song
structure among regions, or the change of song
structure within or between years. Detailed study
on acoustic characteristics of individual song units
was rare (e.g. Mednis, 1991). In most studies,
classification of units in songs relied on qualitative
analysis, such as aural impression or visual inspec-
tion of sound spectrograms (e.g., Winn & Winn,
1978; Winn et al., 1981; Cato, 1984; Cato, 1991;
Mednis, 1991). Because song units clearly are
patterned, qualitative methods for classification
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are applicable. However, these methods do not
quantitatively explore the relationship among
different units.

Although the function of songs remains
unknown, observations from previous studies
suggested a communicative function (Winn &
Winn, 1978; Tyack, 1981; Helweg et al., 1992).
Knowledge of the acoustic characteristics of
song units and of the relationship among different
unit types contributes to functional or structural
understanding of songs.

Principle component analysis (PCA), a multi-
variate statistical method is a helpful method in
classification or grouping, which reduces a large
number of variables to a small number of factors
that explain the relative importance of variables in
classification (Sparling & Williams, 1978). This
method has been applied to the studies of
animal vocalizations (Sparling & Williams, 1978;
Martindale, 1980a, 19805h; Clark, 1982).

In this study, different unit types were identified
based on aural and spectrographic analysis from
humpback whale songs recorded around the
Ryukyu Islands, Japan. We presented acoustic
characteristics of each unit types. To explore the
relationship among unit types and to group unit
types that have similar acoustic characteristics, we
conducted on principal component analysis (PCA).
Possible biological significance about sounds pro-
duced by humpback whales was discuss based on
the occurrence of each unit group in different theme

types.

Materials and Methods

We recorded humpback whale songs around the
island of Zamami, Ryukyu Islands, Japan from
1991 to 1997. Recordings were conducted from a
drifting boat with the engine off. We recorded songs
using an Oki ST-1020 hydrophone with 30 m cable,
an Oki SW-1020 preamplifier, and a Sony TCD D-3
digital/audio tape deck. We usually filtered out
signals <10 Hz to eliminate ambient noise. This
recording system was flat +3 dB from 20 Hz to
22 kHz in frequency response. Initial inspection of
units on sound spectrogram (a Kay CSL model
4300b) indicated that most of energy was
<5000 Hz, thus we chose a sampling frequency of
10 000 Hz with an effective bandwidth of 14 Hz.

We used the same terminology as Payne &
McVay (1971) for song structure analysis. A ‘unit’
was defined as the shortest sound that appears
continuous to the human ear (Payne & McVay,
1971). Repetition of several units of the same type
constitutes a ‘phrase’. A sequence of phrases makes
up a ‘theme’. Several themes comprise a ‘song’.
Successive songs can be sung without pause
comprising a ‘song session’.

We identified some unit types based on aural
analysis and spectrographic analysis. Although con-
tours within the same unit type varied slightly, this
variation was generally small compared with those
among different unit types. We categorized phrase
into the same ‘phrase type’ when they consisted of
the same unit types, and categorized themes into the
same ‘theme type’ when they were on the same
position in the songs and consisted of the same or
similar phrase types. We coded unit types by using
alphabetic letters, and described phrase and theme
types in each song using coded unit types. The
details of song structure in Ryukyu region during
this period were represented in Maeda et al. (2000).

Previous studies considered a ratchet sound to be
associated with surfacing (Winn & Winn, 1978;
Tyack, 1981; Chu & Harcourt, 1986; Helweg et al.,
1990; Cerchio, 1993). We treated the ratchet sound
as one kind of unit type because we were not able to
confirm the whale surfacing when ratchet sounds
were produced, and found this sound occurred
every year in singles or together with other unit
types to make up phrases or themes. This sound
was further divided into two unit types based on
differences in duration (unit types Rat and Rat —).

We defined a ‘full song’ as a song recorded fully
from beginning of first theme type to the end of the
last theme type. We arbitrarily chose the theme type
containing ratchet sounds as the last one of a song,
and the following theme type as the first theme type
of the subsequent song. Theme types following the
first theme type were numbered successively. We
did not identify individual whales during recording,
so that information on a particular singer was not
available. We analyzed nineteen full songs from
each year’s sample, all recorded during the same
month (Table 1).

Because unit types of humpback whale song
varied from acoustically simple to complex, we
classified four categories based on the contours
of the sound spectrogram; harmonic, amplitude
modulated, impulsive and complex sounds. We
defined a ‘harmonic sound’ as the unit type that had
clear harmonics. The ‘amplitude modulated sound’
was defined as the unit type which had no distinct
contour and consisted of amplitude modulated
component in frequency. The ‘impulsive sound’ was
defined as the unit type that was short in duration
(<0.3sec) and repeated successively at <0.3 sec
intervals. The ‘complex sound’ was defined as the
unit type which had both harmonic and amplitude
modulated sounds combined.

For units of harmonic sound, we measured the
following variables; duration, minimum frequency,
maximum frequency, peak frequency, initial fre-
quency, frequency at the 1/4 of duration, frequency
at the 1/2 of duration, frequency at the 3/4 of
duration and terminal frequency. For units of
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Table 1. Details of full song sample.

) Recording location
Song duration —

Year Date (min:sec) (N26°, E127°)
1991 March 5 9:20 unknown
March 7 7:20 unknown
March 13 9:01 14.68, 12.71
1992  March 2 14:35 06.15, 06.97
March 10 12:43 17.18, 14.66
March 12 12:37 18.08, 14.95
1993 March 5 9:24 19.04, 06.36
March 27 14:28 14.95, 15.70
1994 March 4 9:52 17.05, 14.98
March 5 9:49 21.87, 03.66
March 9 13:18 06.56, 18.63
1995 March 2 9:03 16.61, 23.76
March 7 6:09 18.72, 12.60
March 8 10:37 06.03, 17.14
1996 March 6 13:56 06.26, 19.36
March 28 7:36 11.09, 13.67
1997 March 9 18:11 20.24, 02.95
March 11 7:34 unknown
March 28 11:39 16.13, 17.25

amplitude modulated and impulsive sounds, we
measured only four variables of duration, minimum
frequency, maximum frequency and peak fre-
quency, and failed to measure the remaining vari-
ables. This is because units of amplitude modulated
sound had no distinct contour and units of impul-
sive sound were very short in duration. These
variables were measured directly on the computer
display using the cursor. To see acoustic character-
istics in Ryukyu region, we also measured peak
frequency of ambient noise in this region.

Most of variables did not meet the assumption of
normal distribution, so that we attempted power or
log transformations. After transformation, princi-
pal component analysis was conducted for each
category. Principal component analysis in all cases
was calculated from a correlation matrix of all
variables.

Results

A total of 4681 units from humpback whale songs
were obtained from 1991 to 1997. Units ranged
from 29 to 4795 Hz and 0.1 to 14.3 sec, which were
similar to the results of previous studies in the other
regions (30 to 4000 Hz, 0.2 to 8.0 sec for Bermuda
song: Payne & Payne, 1985; 50 to 8000 Hz, 0.1 to
5.7 sec for Australian song: Mednis, 1991). Peak
frequency of units ranged from 55 to 4879 Hz. Peak
frequency of ambient noise in the Ryukyu region
varied by weather condition and recording location,
ranging from 29 to 156 Hz. The majority of song

units (83.7%) were higher than the range of peak
frequency in ambient noise.

Thirty-two unit types were identified based on
aural and spectrographic analysis (Fig. 1). We
classified these unit types into four categories;
twenty unit types (A, A—, A+, B, D, E, F, Fj, G,
J,LLM,N,P,S, T, Tj, V, W, and Y) were classified
as harmonic sounds, eight (C, H, O, Q, Z, Z+, Rat,
and Rat —) as amplitude modulated sounds, three
(K, R, and X) as impulsive sounds, and one (Hj) as
a complex sound. Table 2 presents the acoustic
characteristics of each unit type.

Unit groups based on PCA patterns

To explore the relationship among unit types and to
group similar unit types, principal component
analysis was conducted for three data sets of
harmonic, amplitude modulated, and impulsive
sounds. Complex sound was not subject to PCA
because we found only one unit type in this
category.

For harmonic and amplitude modulated sounds,
eigenvalues of the first two factors were higher than
1.00, and these first two factors explained more
than 80% of the variance (Table 3). For impulsive
sound, only eigenvalue of the first factor was higher
than 1.00, and the first factor explained at 75.8%
of the variance (Table 3). For harmonic sound,
most of variables associated with frequency were
heavily weighted on factor 1, and duration was
most heavily weighted on factor 2 (Table 3). A
similar tendency was found for amplitude modu-
lated sound (Table 3). For impulsive sound, all
three variables, except for duration was heavily
weighted on factor 1 (Table 3).

Based on PCA patterns, we divided sounds
visually into four unit groups (H,—H,) for harmonic
sound, two unit groups (A,—A,) for amplitude
modulated sound, and three unit groups (I,-1;) for
impulsive sound (Figs. 2a—c). Within a unit group,
no clear boundary among unit types was found.

For harmonic sound, H, (unit types A, A+, A —,
B,D,F,G,M, N, S, T, Tj, Vand W) was the group
that had less frequency modulation and relatively
long duration compared to the other three groups
in this category. Although unit types Tj, S and V
had rapid frequency modulation, most unit types of
H, started and ended at low frequency. H, (unit
type Y) started and ended at high frequency, and
often had several ‘loops’ in unit contour. Both H,
(unit types J and P) and H, (unit types E, Fj and L)
were a rapid upsweep and short in duration. The
difference between H; and H, was initial frequency.
Unit types of Hj started at higher frequency than
those of H,. For amplitude modulated sound, there
were differences in all variables except for duration
between two unit groups. A, was lower in mini-
mum, maximum and peak frequency than A,. For
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Figure 1. Spectrograms of 32 different unit types in humpback whale songs from 1991 to
1997. Alphabetic letters denote coded unit types.

impulsive sound, three unit types differed in
the height of minimum, maximum and peak
frequency.

Occurrence of each unit group within song
Table 4 represents the occurrence of each unit
group in different theme types of humpback whale

songs during seven years. Some unit groups
occurred in more theme types than others. Unit
groups H,, H, and A, occurred during seven years,
which were found in 34 (65.4%), 18 (34.6%) and 25
(48.1%) of the 52 theme types, respectively. One or
some of these three unit groups were found in all
theme types but one (the fifth theme type of 1996).
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While, C, was found in only one theme type of 1992

(1.9%).

The number of unit groups occurred in each
theme type varied (Table 4). Only one unit group
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Figure 2. Occurrence pattern of unit types based on PCA for: (a) harmonic
sound, (b) amplitude modulated sound, and (c) impulsive sound. Alphabetic
letters denote coded unit types, and solid circles denote + 1 SD around average
in factors 1 and 2 of each unit type. Broken lines denote the borders between
sound types.

207

was found in the first and last theme types all year’s

songs but in 1997 when the last theme type con-

tained two unit groups (H, and A,). While, the
other theme types contained one to five unit groups.



208

Hidemasa Maeda et al.

Table 3. Factor loadings for the acoustic variables, their eigenvalues, and their percent variance explained by each variable

in the three categories.

Category Variables Factor 1 Factor 2 Factor 3
Harmonic sounds Duration 0.34 0.68 0.65
Minimum frequency —0.87 0.40 —0.15
Maximum frequency —0.87 —0.38 0.22
Peak frequency —0.88 0.20 —0.09
Initial frequency -0.83 0.49 —0.15
Frequency at 1/4 —0.89 0.37 —0.11
Frequency at 1/2 -0.96 —0.02 0.10
Frequency at 3/4 -0.91 —0.30 0.20
Terminal frequency —0.82 —0.49 0.21
Eigenvalues 6.3 1.5 0.6
% variance explained 70.3 16.8 7.0
Amplitude modulated sounds Duration 0.25 —0.95 0.17
Minimum frequency 0.85 0.36 0.20
Maximum frequency 0.88 —0.16 —0.44
Peak frequency 0.91 0.08 0.20
Eigenvalues 2.4 1.1 0.3
Y% variance explained 59.5 26.6 7.5
Impulsive sounds Duration 0.48 0.87 0.01
Minimum frequency -0.98 0.13 —0.10
Maximum frequency —0.96 0.19 —0.16
Peak frequency —0.96 0.11 0.28
Eigenvalues 3.0 0.8 0.1
Y% variance explained 75.8 20.9 2.7

Bold values indicate significant loadings.

Discussion

The majority of units (83.7%) were higher in peak
frequency than the range of ambient noise in
Ryukyu region (29 to 156 Hz). A similar tendency
was reported in the calls of bowhead whale, Balaena
mysticetus (Clark & Johnson, 1984) and southern
right whale, FEubalaena australis (Clark, 1982).
Clark (1982) documented that the major type of call
in right whales coincided with the low energy band
in the ambient noise, and suggested that the calls
have been under selective force from environment
condition. Therefore, units of humpback whales
appear to have been influenced by ambient noise in
that they increased in frequency to avoid the lower
ambient noise.

Humpback whales produced a variety of units,
ranging from short harmonic units to long ampli-
tude modulated units such as the ratchet. Thirty-
two unit types were recognized in humpback whale
songs over seven years, which were grouped into
four categories based on the contour of spectro-
grams; harmonic, amplitude modulated, impulsive
and complex sounds. Mednis (1991) recognized

fifteen unit types from the 1988 Australian song,
and grouped unit types into four categories;
harmonic, broad band with spectral line, broad-
band impulsive and complex sounds (he used the
term ‘sound type’, not ‘unit type’). There were
several differences in definition of category between
Mednis (1991) and this study. Amplitude modu-
lated sound reported here was similar to ‘broad-
band with spectral line’ described by Mednis (1991).
However, we referred to amplitude modulated
sound because unit types in this category usually
had no harmonics. ‘Broadband with spectral line’
described by Mednis (1991) contained the sound
that was combination of harmonic sound and
amplitude modulated sounds, while we referred
such sound as complex sound. ‘Broadband impul-
sive’ described by Mednis (1991) and impulsive
sound reported here had a similar temporal pattern.
However, we referred to impulsive sound because
this sound was not a broadband sound and had
often harmonics in our samples. The complex
sound reported herein had harmonics and an
amplitude modulated sounds combined, while that
described by Mednis (1991) was the sound that
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harmonic and impulsive sounds combined. A ‘unit’
was defined as the shortest sound that appears
continuous to the human ear (Payne & McVay,
1971). Judging from sound spectrograms, complex
sound in Mednis (1991) seems not to be one
continuous sound.

Although Mednis (1991) illustrated only eight
spectrograms out of fifteen unit types, inspection of
individual unit types’ spectrograms revealed that
most Australian unit types were similar to those
reported herein. For example, the ‘moan’ and the
‘cry’ described by Mednis (1991) are very similar to
unit types A and B, respectively. ‘Moan staccato’
and the ‘whoomp’ were described by Mednis (1991)
as a combination of harmonic and impulsive
sounds. The impulsive part of the sound was similar
to unit type X reported herein. The ‘chain saw
growl’ and the ‘n-chung’ described by Mednis
(1991) are similar to unit types Ratchet and L
reported here, respectively. Only the ‘screal’ of eight
spectrograms were not found in our samples.

Based on PCA pattern, nine unit groups were
identified from three categories. Some unit groups
occurred more often than others. H,, H, and A,
were found throughout seven years; one or some of
which occurred in all but one theme types. Most
types of H, were slightly frequency modulated
sound and those of H, were rapid upsweep sounds.
Unit types of A, were low frequency broadband
sounds. Most unit types of these three unit groups
were relatively low frequency at the peak, but were
not consistent with the range of peak frequencies
of ambient noise, indicating that these attenuate
less rapidly than higher frequency sound. High
occurrence of these unit groups throughout the
song appears to increase the possibility that the
song message is correctly received over long
distance.

Additionally, rapid upsweep sound, such as H,
and H, or amplitude modulated sound, such as A,
and A, also provide more clues for sound localiz-
ation than less frequency modulated sound.
Although the function of songs remains unknown,
observation from previous studies suggested a role
in attracting female mates (Winn & Winn, 1978;
Tyack, 1981) or in spacing among competing males
(Winn & Winn, 1978; Tyack, 1981; Helweg et al.,
1992). In any case, it seems to be important for
whales listening to the song to locate a singer. These
unit groups also could serve a possible function as
locating singer.

Three unit groups of impulsive sound (I, I,, and
1;), one unit group of harmonic sound (H,) and one
unit group of complex sound (C,) were not ob-
served in songs from any year. Perhaps these could
be less important than certain groups that occurred
more often in a song. Sound characteristics of these
unit group appeared less detectable than other unit

groups. We do not know why humpback whales
used these unit groups. Winn & Winn (1978) and
Payne & Payne (1985) suggested that complexity
and variety of sounds in humpback whale songs is
an adaptation to prevent habituation. Therefore,
these may function as avoidance of monotony.
Interestingly, impulsive sounds were produced in
series with short intervals (<0.3 sec). Repetition
could increase the efficiency of detecting these
sounds against ambient noise.

Throughout seven years, the number of unit
groups in the first and last theme types were small
(one or two), while that of unit groups in the other
theme types varied from one to five. We do not
know why humpback whales construct their songs
in such a way. There could be a possible relation-
ship between the behavior of humpback whales and
song structure. Previous studies reported that sing-
ing whale surfaced after ratchet sounds (Winn &
Winn, 1978; Tyack, 1981; Chu & Harcourt, 1986;
Helweg et al., 1990; Cerchio, 1993), although we
were not able to confirm this. If true, we speculate
that a whale surfaces during the last theme type that
contained ratchet sound and dives diving during the
first theme type. Sound attenuation occurs rapidly
as a singer surfaces. If singer produce a variety of
sounds near the surface, many of these may not
transmit over a long distance. Interestingly, near
the surface singers often produced H, and A,,
the characteristics of which transmit over a long
distance compared to the other unit groups.
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