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Variability in humpback whale songs reveals how individuals
can be distinctive when sharing a complex vocal display
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ABSTRACT:

Individually distinctive acoustic signals in animal vocal communication are taxonomically widespread, however, the
investigation of these signal types in marine mammals has focused only on a few species. Humpback whale songs
are a stereotyped, hierarchically structured vocal display performed by males, and hence thought to be sexually
selected. Within a population, whales conform to a common version of the song despite the song constantly
evolving. While humpback songs have been studied extensively at the population level, individual level variation
has been rarely described, with inconclusive results. Here, we quantified inter- and intra-individual variability at dif-
ferent levels in the song hierarchy using songs from 25 singers across two song types from the eastern Australian
population song of 2002 (12 singers), and the revolutionary song introduced in 2003 (13 singers). Inter-individual
variability was found heterogeneously across all hierarchical levels of the song structure. In addition, distinct and
individually specific patterns of song production were consistently recorded across song levels, with clear structural
differences between the two song types. These results suggest that within the constraints of song conformity, males
can produce individually distinctive patterns that could function as an advertisement to females to convey individual

qualities. © 2023 Acoustical Society of America. https://doi.org/10.1121/10.0017602
(Received 17 July 2022; revised 20 February 2023; accepted 25 February 2023; published online 12 April 2023)

[Editor: James F. Lynch]

I. INTRODUCTION

In animal vocal communication, senders often broad-
cast signals containing information about themselves such
as species, local population, age, body size, dominance sta-
tus, and individual identity (Bradbury and Vehrencamp,
2011). Individual information can be encoded in acoustic
signals of variable complexity, from brief, function-specific
“calls” produced by both sexes all year round, to longer,
complex “songs” produced by males during the breeding
season [Catchpole and Slater (2008b); for examples of inter-
individual variability in contact and group cohesion calls in
South Polar skuas see Charrier et al. (2001), in vampire bats
see Carter et al. (2012), in hyenas see Mathevon et al.
(2010), in gorillas see Salmi e al. (2014), in African ele-
phants see Soltis et al. (2005), in giant pandas see Charlton
et al. (2009), in sperm whales see Gero et al. (2016), in bot-
tlenose dolphins see Janik and Sayigh (2013)]. Individual
information can also be present in advertisement calls pro-
duced to broadcast various aspects of the quality of potential
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mates to females and/or other males as seen for example in
deer (Reby et al., 1998; Vannoni and McElligott, 2008) and
anurans (Pettitt ez al., 2013; Rohr et al., 2020).

Songs generally have longer duration and more com-
plex structural features compared to calls (Catchpole and
Slater, 2008b). In birds, several studies have documented
significant individual differences in structural (e.g., arrange-
ment of utterances into song types) and acoustic (frequency
content and duration) features of songs [e.g., Sandoval ez al.
(2014), Petruskova et al. (2016), Bauer and Nagl (1992),
and Lovell and Lein (2004)]. Song features such as repeti-
tion rate, singing rate, and repertoire size, and acoustic fea-
tures like frequency modulation, can be positively selected
by females because they are indicative of good mate quality
(Searcy, 1992; Catchpole and Slater, 2008a).

Among marine mammals, humpback whales (Megaptera
novaeangliae) provide an interesting example of an apparently
sexually selected vocal trait: a complex, stereotyped song dis-
play (Payne and McVay, 1971), transmitted across multiple
populations over wide geographical scales (Garland et al.,
2011). The fundamental element of this hierarchically organ-
ised display is the shortest continuous sound the human ear
can perceive: the “unit.” A stereotyped combination of units
constitutes a “phrase” (Payne and McVay, 1971). A complex
phrase, constituted of multiple “motifs” (Winn and Winn,
1978), can be subdivided into “sub-phrases” (Cholewiak et al.,
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2013). The repetition of a phrase forms a “theme” (Payne and
McVay, 1971; Frumhoff, 1983), although these phrase repeti-
tions are not always exact copies of one another. This variabil-
ity can lead to the presence, within the same theme, of
multiple “phrase variants” (Payne et al., 1983). A series of
themes sung in a stereotyped sequence is defined as a “song”
or “song cycle” (Payne and McVay, 1971). Singers tend to
sing in continuous bouts of several hours, termed ‘“song
sessions,” containing multiple cyclical repeats of the song.
Songs composed using different themes are classified as dis-
tinct “song types” (Garland et al., 2011).

A general finding among the literature is that, within a
population, humpback whales show a high degree of indi-
vidual conformity to a common version of the song, even if
this is itself constantly evolving (Payne et al., 1983; Winn
and Winn, 1978; Cholewiak et al., 2013). Song content can
either change gradually [“song evolution,” Payne et al.
(1983)] or more rapidly [“song revolution,” Noad et al.
(2000)] over time. Several studies have tracked the gradual
addition, deletion, and/or modification of sound units and
themes both within breeding seasons and across multiple
years [e.g., Cerchio et al. (2001), Payne and Payne (1985),
Payne et al. (1983), Cato (1991), and Allen et al. (2018)].
Songs recorded during periods dominated by this gradual
change are referred to here as “evolutionary songs.” Song
revolutions, by contrast, are the rapid and complete replace-
ment of the song in a population by the introduction of a
novel “revolutionary song.” In all identified examples the
revolutionary song came from an adjacent population
(Garland et al., 2011; Noad et al., 2000).

While song conformity within a population is well
established, sexual selection requires individual distinctive-
ness, and relatively few authors have focused their efforts
on understanding inter-individual song variability. An addi-
tional difficulty faced by researchers in measuring inter-
individual variability is that, due to the song’s hierarchical
structure, variability can occur at multiple levels, and it can
also occur over time as song evolves. For example, Hafner
et al. (1979) measured six acoustic parameters of a single
unit type from a sample of six individuals recorded in the
Caribbean and suggested that unit features could be used to
discriminate among the recorded individuals. However, the
individuals were recorded over a period of two years, and
thus the authors might have misinterpreted song evolution
within and between breeding seasons as inter-individual var-
iability (Cholewiak et al., 2013; Macknight et al., 2001).
Subsequent studies of individual variation have mainly
focused on investigating how the acoustic features of a sub-
set of song units vary across different individuals, with
contradictory results. Frankel (1996) found significant inter-
individual differences among six unit types from eleven
individuals in Hawaii recorded over an eight day period. In
contrast, Cerchio (1993) measured variability within and
among 24 individuals recorded across several months off
Hawaii and Mexico for several acoustic parameters without
finding significant differences. Similarly, a study conducted
off eastern Australia found no consistent differences in the
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features of two unit types that could help discriminate
among six different individuals recorded over a 12day
period (Macknight et al., 2001). More recently, a study con-
ducted off the coast of Brazil found individual differences in
the proportional use of two different units within a theme
from ten different recording sessions likely belonging to ten
distinct individuals (Arraut and Vielliard, 2004). Multiple
studies have documented that one of the most variable fea-
tures of songs is the number of phrase repeats produced in a
theme (Arraut and Vielliard, 2004; Cerchio, 1993;
Cholewiak et al., 2013). Smith (2009) reported how phrase
repetition increased in certain themes when a singer was
recorded while escorting a female compared to when
recorded alone, suggesting that this feature is variable
within as well as between individuals, depending on the
singer’s behavioural context. Finally, while looking at song
complexity over a broad time scale, Allen et al. (2018) sug-
gested that song individuality, defined by the presence of
individually unique phrase variants, tended to increase dur-
ing evolutionary song change.

The study of a sexually selected trait and its inter- and
intra-individual variability can provide insights into how trait
development and female preference might evolve over evolu-
tionary time scales, as well as how trait expression and asso-
ciated fitness variations might change over individual life
histories (Johnstone, 1995; Griffith and Sheldon, 2001). We
are currently far from a full understanding of the nature of
this variability in humpback whale song, so more information
is needed. Here, we report a detailed analysis of intra- and
inter-individual song variability in the songs sung by the east-
ern Australian humpback population in 2002 and 2003.
There were two song types, as in 2003 a new revolutionary
song was adopted. Our aim was to understand how the indi-
vidually distinctive song patterns expected under sexual
selection could be found even in a highly conformist song
system. We had two objectives. First, we quantified inter-
individual variability at different hierarchical levels across
two song types—a sexual selection account would expect to
find consistent individual differences in at least some of these
levels. Second, we measured the consistency of any individu-
ally distinct patterns found by examining the relationship
between intra- and inter-individual variability across singers.
Since song needs to be a reliable individual level signal for
sexual selection to operate, we expected variation within
individuals to be smaller than variation between.

Il. MATERIALS AND METHODS
A. Summary of methods

Humpback whale song recordings were collected on the
east coast of Australia in 2002 and 2003. The song units
within the recordings were then manually classified by two
people based on the visual patterns of the spectrograms and
auditory characteristics of the sounds. The classification
consistency was then evaluated using a Random Forest clas-
sification analysis using frequency and duration variables
measured from the spectrograms of a subset of units of all
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whales recorded. The results suggested that the manual clas-
sification was highly consistent. Units were then transcribed
into alphanumeric strings and grouped into ‘“motifs”
(phrases or sub-phrases) and themes. Motif and song
(sequence of themes) similarity was subsequently measured
using the Levenshtein distance method both within and
among singers. Finally, the presence of individually distinc-
tive patterns of both motif and song production was statisti-
cally evaluated using partial Mantel tests.

B. Study location and recordings

The songs used in this study were recorded in September
and October of 2002 and 2003 off Peregian Beach (26°30'S,
153°07'E), on the east coast of Australia, during the south-
ward migration of the eastern Australian breeding population
of humpback whales. These data were collected as part of a
larger collaborative project known as the Humpback whale
Acoustic Research Collaboration (HARC) (Noad et al.,
2004). A detailed description of the song recording system
can be found in the supplementary material (supplementary
methods section)’.

Our study area is part of this population’s migratory
corridor and whales display a consistent southward migra-
tory behaviour during the months of September and October
(Noad et al., 2004; Cato, 1991; Williamson et al., 2016;
Noad and Cato, 2007; Allen et al., 2018; Kavanagh et al.,
2017). Because of this consistent behaviour we considered
song sessions recorded on different days as belonging to dif-
ferent individuals. In one instance, a song session started in
the late evening extended until the early hours of the next
day. As this song session was uninterrupted, it was attrib-
uted to one individual (ID 6). Most song sessions used, how-
ever, we recorded during daylight hours and so were usually
at least 14 h apart.

Several hundred hours of song were recorded over the
two-year study period [172h in 2002; 285h in 2003; see
Smith (2009), Garland et al. (2011), Rekdahl (2012), and
Allen et al. (2018)]. From this database we selected record-
ings that fulfilled two criteria: (1) a signal to noise ratio of at
least 6 dB so that all units could be clearly identified and (2)
one recognisable singer could be followed for the entire
duration of its song session without interruptions longer
than one minute. We only sampled one song session per
day. While six song cycles are generally considered
representative of an individual’s current song repertoire
(Allen et al., 2018; Garland et al., 2017a; Owen et al.,
2019), we transcribed an average of ten song cycles per indi-
vidual (min =2, max =23, SD =5).

Three main factors contributed to the wide range of
song cycles transcribed. (1) The variability in the number of
themes in each song cycle meant that shorter (or longer)
songs cycles could be completed more rapidly (or more
slowly), increasing (or decreasing) the overall song cycle
count. (2) Good quality recordings could be sometimes
interrupted abruptly due to multiple singers overlapping on
top of each other, singers stopping singing or moving
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outside the study area, resulting in a variable number of
song cycles transcribed. (3) Finally, certain recordings with
relatively fewer song cycles were retained in the analysis
due to their biological relevance. An example of this are the
two song cycles from the singer ID 27 which sung the 2002
song type during 2003.

C. Unit, motif, and theme classification

For each recording, two human classifiers (L.L. and
either J.C. or one of three experienced research assistants)
aurally and visually inspected spectrograms produced with
Adobe Audition 3.0 (Blackman-Harris; 4096 FFT; 90% win-
dow overlap; frequency range inspected: 0-5 kHz) and clas-
sified each unit present. This protocol was consistent with
previous classification methods used in studies that looked
at the same song types (Smith et al., 2008; Garland et al.,
2011; Rekdahl, 2012; Allen et al., 2018). To verify the
repeatability and consistency of our qualitative unit classifi-
cations, we conducted a Random Forest classification analy-
sis using R (R Core Team, 2016) with the randomForest
package (Liaw and Wiener, 2002). We selected a subsample
of units (N =1,125; 26 unit types) out of the total number of
units transcribed (N =42 613). The selected subset repre-
sented each individual’s unit repertoire and all units in one
phrase for each theme produced by each singer were mea-
sured. Twelve frequency and duration variables were mea-
sured for each unit using RAVEN PrRO 1.4 (Hann window,
4096 FFT, 16bits, 5.4Hz frequency resolution and 75%
overlap) following previous studies (Garland et al., 2017a;
Garland et al., 2017b; Charif et al., 2010). The Random
Forest classification analysis was parametrised with m, =4
(N of variables randomly sampled as candidates at each
split) and nye. = 10 000 (N of trees to grow). These parame-
ters were based on the stability of the classification of uncer-
tainty of each tree [i.e., lowest OOB estimate of error rate;
OOB, or “out-of-bag” data is the prediction of data which is
not in the bootstrap sample; see Liaw and Wiener (2002),
Rankin et al. (2013), Garland et al. (2017b), and Breiman
(2001)]. There was 92.8% agreement between the model
and the human classifiers in the classification of 1125 units
into 26 unit types confirming the high consistency of the
manual song transcriptions (see Table II in the supplemen-
tary material' for Random Forest confusion matrix and clas-
sification error for each unit).

Units were transcribed into alphanumeric strings and
then grouped into phrases and themes following previously
published classifications of these song types (Rekdahl et al.,
2013; Garland et al., 2012; Rekdahl, 2012; Smith, 2009;
Miksis-Olds et al., 2008; Allen et al., 2017). However, to
capture the complexity present in some phrase types, in terms
of the number and type of units, units were grouped into sub-
phrases (instead of single phrase types) where these were evi-
dent. A sub-phrase is a “sequence of one or more units that is
sometimes repeated in a series” within a single phrase
[Cholewiak et al. (2013) and Winn and Winn (1978) defined
these units of repetition “motifs”] and either term has been
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used by several authors to describe phrase structure in detail
(Perazio et al., 2018; Magnuisdottir and Lim, 2019; Kowarski
et al., 2019). For example, the phrase constituting theme 3a
(Fig. 1 in the supplementary material) is composed by two
motifs (i.e., sub-phrases): motif c¢ (repeated twice; an
“ascending moan” followed by several “grunts”) and motif f
(an ascending moan followed by three “trumpets”). Where it
was possible to divide phrases into sub-phrases, we did so
(Fig. 1 in the supplementary material).' Where we refer to
either indivisible phrases or sub-phrases, we use the term
“motif” (Winn and Winn, 1978) throughout the manuscript.

Themes could consist of repeated or alternating motifs
(phrases and sub-phrases, respectively), following the hier-
archical structure described in the literature (Cholewiak
et al., 2013; Payne and McVay, 1971). Spectrograms of all
classified motifs from the 2002 and 2003 song types can be
found in Figs. 2 and 3 in the supplementary material.'

D. Levenshtein distance (LD) analysis

Song transcription resulted in (1) sequences (or strings) of
units (forming motifs) and (2) sequences of themes (forming
songs). Multiple song cycles from the same individual in the
same recording constituted a song session. We quantified
sequence similarities using the Levenshtein distance (LD)
method, which returns a distance between a pair of sequences
based on the number of insertions, deletions, and substitutions
needed to turn one string into another (Kohonen, 1985; Garland
et al., 2012). These LDs are then standardised by the length of
the longest string in the pair and subtracted from 1 to give a
similarity measure referred to hereafter as the Levenshtein
Similarity Index or LSI (Garland et al., 2012; Garland et al.,
2013; Garland et al., 2017b). We performed this analysis at two
hierarchical levels. First, we used strings of units to look at
motif composition, similar to Garland et al. (2017b) and
Murray et al. (2018). Second, we used strings of themes to eval-
uate song composition; in both cases we used the routines
developed by Garland et al. (2012) and Garland et al. (2017b)
and the analysis was run unweighted in that all unit changes
were treated equally irrespective of the units’ acoustic features.
If multiple analysed strings are repetitions of a particular set (for
example, multiple repetitions of a given motif from the same
individual), a helpful step is to designate the string with the
highest summed similiarity to all the other strings in its set to be
what we called the “median string” (Kohonen, 1985). We used
this string as representative of its set when comparing with dif-
ferent sets of strings. We calculated, for each individual, (1) a
median string of units for each motif type and (2) a median
string of themes for each individual’s entire song.

All LSI analyses were run in R (R Core Team, 2016) using
published code [Garland er al. (2017b); available online
(Garland, 2023)]. The primary analysis output is an LSI matrix
that includes all the pairwise string similarity coefficients for the
set of provided strings. These comparisons could be both
between and within individuals—details on the specific matrices
calculated are given below. The LSI matrices generated in this
study were visualised both using hierarchical cluster analysis
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with average-linkage clustering and by assigning different col-
ours to different levels (percentages) of similarity within a matrix
plotted as an image (the latter type of plot was produced in
MATLAB). Two methods were used to assess the statistical uncer-
tainty of the cluster analysis. (1) A bootstrapping analysis run in
R (R Core Team, 2016) over 1000 iterations using the package
pvclust, generating the p-values for each cluster (Suzuki and
Shimodaira, 2006; Garland et al., 2012; Garland et al., 2017a;
Garland et al., 2017b). This package provides approximately
unbiased (AU) probability values (significance for p > 95%)
using multi-scale bootstrap resampling as well as bootstrap prob-
ability (BP) values (significance for p > 70%). (2) Cophenetic
correlation coefficients (CCC) (Sokal and Rohlf, 1962), which
measure how well the pairwise distances among the similarity
matrix is preserved (CCC > 0.8 indicates good data representa-
tion), were also calculated with r (Garland et al., 2017a).

E. Quantifying individual variation

To investigate individual distinctiveness at the motif
and song levels, we analysed the LSI matrices using partial
Mantel tests (Smouse et al., 1986). Although there are some
concerns about the validity of the partial Mantel test in spa-
tial ecology studies (Guillot and Rousset, 2013; Legendre
et al., 2015), we have restricted our analyses to testing the
relationship of dissimilarity matrices, for which this test is
still considered useful (Legendre et al., 2015). We measured
the correlation between the LSI matrix and an individual
categorical matrix (ICM) of the same size in which 1 repre-
sented a pair of motifs or songs that were produced by the
same individual and O represented a pair of motifs or songs
produced by different individuals (Araya-Salas et al., 2019;
Gonzalez and Ornelas, 2014; Ruegg et al., 2006; Fischer
et al., 2020). Humpback song evolves over time at the popu-
lation level (Cerchio et al., 2001; Payne et al., 1983; Guinee
et al., 1983), which could confound individual variation
when different individuals are recorded at different times in
the breeding season. To account for these potential evolu-
tionary song changes, we included a time difference matrix
(TDM) in the partial Mantel test which contained the time
differences (calculated in number of days, to the nearest
hour) between the recording dates of pairs of singers pro-
ducing the same song type. Thus, a significant positive cor-
relation in these tests would indicate that songs sung by the
same individual were significantly more similar to each
other than songs sung by different individuals, while taking
into account any song change over time.

The partial Mantel correlation scores r could range
between —1 (strong negative correlation), O (no correlation),
and 1 (strong positive correlation). We performed these tests in
R (R Core Team, 2016) using the package vegan (Oksanen
et al., 2017) with the Pearson correlation method and 9999 per-
mutations (Ruegg et al., 2006; Fischer et al, 2020).
Significance levels were adjusted using a Bonferroni correction
for multiple comparisons in R using the p.adjust function
(Ruegg et al., 2006). Examples of motif and song string
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sequences as well as relevant custom written code used for the
analysis carried out in this paper are available online (Lamoni,
2023).

lll. RESULTS

The song transcription process resulted in data from 25
singers (12 from 2002 and 13 from 2003), comprising 260
song cycles and 42 613 units (Table III in supplementary mate-
riall). Whale ID 27 was recorded in 2003 (3rd September) but
produced only themes from the 2002 song type—this whale
had not made the switch to the revolutionary 2003 song at the
time of recording. For this reason, whale ID 27 was included
in the 2002 dataset for analysis so that the two song types were
analysed separately. Therefore, the final dataset comprised 13
singers with the 2002 song type and 12 with the 2003 song
type. A total of 5599 motifs were transcribed for the 2002 song
type and grouped into 13 motif types, while the 2003 dataset
comprised 3557 motifs organised into 7 motif types.

A. Variation between individuals at the motif level
using individual motif median sequences

The unit of analysis here was the set median string cal-
culated from the set of all productions of a given motif by a
given individual (e.g., the median string for motif “a” for
individual 1). LSI matrices were calculated separately for
the 2002 and 2003 motif datasets. Results are grouped below
following the three most distinct patterns that became appar-
ent while investigating motif variability among individuals
(Fig. 1).

The first distinct pattern was motifs that showed little
variability among individuals. Median sequences of motifs 1
and g (2002) and n, o, and p (2003) generally presented
extremely low levels of inter-individual variability (Fig. 1;

w
<
. )
~ o
. [o\]
E D I | Low variability
o a I hldle ] “c M 5 17 T . Variability in unit
% repetition

Variability in unit
arrangement

B
[
3
2003

Motifs

FIG. 1. (Color online) Summary of the inter-individual variability found
among the singers’ median strings for each motif in 2002 (upper panel) and
2003 (lower panel). The 2002 and 2003 motif dissimilarity matrices were
bootstrapped (1000 times) and are represented by the respective dendro-
grams. Multiscale bootstrap resampling (AU, left, dark-purple dot indicates
p>95%) and normal bootstrap probabilities (BP, right, light-purple dot
indicates p > 70%) are shown. Each dendrogram node represents a different
individual. A horizontal black line above a motif type (height =0) indicates
an identical motif structure among the singers. The three patterns of motif
variability between individuals are shown with different colour shadings:
black for low variability, gray for variability in the number of repetitions of
the same unit, and white for variability in the arrangement of the same units.
Motifs | and m were sung only by ID 14 (2002). The CCC scores calculated
for the 2002 and 2003 dendrograms were 0.98 and 0.99, indicating excellent
data representation.
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black shading; height =0). This means that irrespective of
the singer, these motifs were sung with a consistently high
level of conformity throughout the sampling period.

The second distinct pattern was variability in unit repe-
tition. Here, at least one singer varied in the number of repe-
titions of the same unit type within a motif. For example, in
the 2002 song type, individuals varied in the number of
grunt, trumpet, and “croak” repeats used in motifs a, f, c,
and k, respectively (Figure 1; gray shading; height > 0).
Likewise, in 2003, individuals varied in the number of
grunts, “ratchets,” “high-squeaks,” and “bird-whistles” used
in motifs q, 1, s, and t, respectively (Fig. 1; gray shading).

The last distinct pattern identified in our data were indi-
vidual variability in the unit arrangement within a motif.
The inter-individual variability displayed in motifs b, d, e, h,
and j in the 2002 evolutionary song was mainly due to vari-
able arrangements of the same (or similar) unit types (Fig. 1;
white shading; height > 0). For example, in 2002 whales ID
13, 14 and 26 made a substitution in the initial unit of motif
b, singing a “modulated-moan” instead of the “ascending-
moan” sung by most individuals. The cluster formed by
motifs d and e displayed a larger number of branches com-
pared to other 2002 motifs, indicating a relatively high degree
of inter-individual variability (Fig. 1; white shading). Motifs
d and e were formed by a similar pool of units (excluding
“descending cries” and “short-shrieks” occasionally present
in e). Motifs d and e could also be identified as forming a
“transitional” phrase (Payne and Payne, 1985) due to the fact
that they incorporated units of the preceding motif (f) with
units of the following (h). When analysing population-wide
patterns of song production, it is common practice to discard
transitional phrases due to their potential variability (Allen
et al., 2018; Allen et al., 2017; Garland et al., 2017b).
However, considering both our goal to quantify individual
variability and the importance of transitional phrases in terms
of song production and learning (Garland et al., 2017a), we
decided to keep these transitional elements in our analysis.
Finally, it is noteworthy that in the revolutionary song of
2003 there were no examples of motif types showing this
kind of individual variability.

B. Variation within and among individuals at the motif
level using all motif sequences

We computed an LSI matrix for each motif type across
all singers using all the strings available for each individual
(not medians). Matrix size corresponded to the total number
of times that motif occurred in the dataset. The relevant
ICM (individual categorical matrix) and TDM (time differ-
ence matrix) constructed for each motif type were used,
together with the corresponding LSI matrix, in the partial
Mantel tests. These tested whether motifs produced by the
same individual were more similar than those produced by
different individuals while attempting to also account for
the changes over time we know occur during breeding sea-
sons. Four qualitative categories arose from this analysis
(Fig. 2).
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1. Category A—Complete conformity (correlation
coefficient r not available as zero distances obtained)

Motifs n, o, and p in the 2003 song type showed com-
plete conformity across all individuals, corresponding to the
low motif variability pattern shown by the set-median analy-
sis (black shading; Fig. 1). A clear example is motif n [Fig.
2(A)], sung with complete consistency, both within and
among all 12 singers, more than 1200 times in total. Due to
this complete lack of variation, it was not possible to carry
out the partial Mantel tests for these motifs (Table I).
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FIG. 2. (Color online) Four examples
representative of the four categories of
motif variation within and among indi-
viduals found in the analysis (A: motif
n; B: s; C: j; D: f). In each example,
the correlation between the motif LSI
matrix (left) and its correspondent

>
8888 = ICM matrix (right) is calculated con-
NSO ®© sidering the respective TDM matrix
€ (ra: NaN; rg: 0.052; re: 0.151; rp:
ICM f %) 0.144). Each yellow square in the ICM

represents one individual; its linear
size indicates its sample size (i.e.,
number of times the motif was
recorded). In a scenario of complete
convergence (i.e., LSI matrix in A) all
individuals display maximum similar-
ity scores, whereas in a scenario of
complete individuality the LSI matrix
and ICM would be identical. TDMs
are not represented here to show more
clearly to the reader the correlations
between LSI matrix and ICM.

2. Category B—Equal variability within and between
individuals (—0.003< r< 0.096)

For motifs a, b, g, h, i, g, r, and s inter- and intra-
individual variability were equivalent across all individuals
with no specific pattern present [Fig. 2(B)]. This led to low
correlation scores in the partial Mantel test (—0.003 <r
< 0.096, only 4 out of 8 tests had p < 0.05; Table I). As an
example, motif s presented the same level of variability
within and among individuals [partial Mantel correlation
score r = 0.052; Fig. 2(B) and Table I]. This means that our

2003

FIG. 3. (Color online) Upper panel:
number of themes (including phrase
variants) used in each song by each
individual in 2002 (light gray dots on
the left) and 2003 (dark gray dots on
the right). The horizontal lines repre-
4 sent the median of each individual’s
T set of songs. Data points, each repre-
PR senting one song cycle, were jittered to
:‘ aid visualisation and hence do not all
line up precisely with the number of
themes. Lower panel: individual
median song sequences calculated
using the LSI analysis for all individu-
als. Whale ID’s are listed in row 1 and
13 = I!l El 13 ﬁ are consistent for both panels.
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TABLE I. Mantel correlation coefficients and their corresponding p-values
for all motif types of 2002 and 2003 song. Significant correlation coeffi-
cients are shown in bold. Due to the large number of statistical tests, all p-
values were adjusted using a Bonferroni correction. There are no results for
motifs n, o, and p because all individuals producing these motifs showed
complete conformity, hence every distance was zero—this can be read as
an extreme lack of correlation with the individual categorical matrix (ICM),
but mathematically cannot be computed.

Mantel
Song type  Motifs LSI matrix size Category correlationr p-value

2002 a 1408 x 1408 B 0.023 0.001
2002 b 749 x 749 B 0.096 0.001
2002 c 600 x 600 C 0.109 0.001
2002 d 138 x 138 D 0.179 0.001
2002 e 134 x 134 D 0.183 0.001
2002 f 218 x 218 D 0.144 0.001
2002 g 738 x 738 B —0.003 0.750
2002 h 307 x 307 B 0.069 0.001
2002 i 959 x 959 B 0.016 0.276
2002 j 197 x 197 C 0.151 0.001
2002 k 135 x 135 C 0.156 0.001
2003 n 1395 x 1395 A NA NA
2003 0 1377 x 1377 A NA NA
2003 p 438 x 438 A NA NA
2003 q 168 x 168 B 0.014 0.750
2003 r 172 x 172 B 0.016 0.750
2003 N 189 x 189 B 0.052 0.047
2003 t 115 x 115 C 0.141 0.001

pool of singers produced variable versions of these motifs
with little to no individual distinctiveness.

3. Category C—Individual distinctiveness
(one singer; 0.109< r< 0.156)

This category corresponded to both variability patterns
observed previously: variability in unit repetition (motifs c, k,
and t; gray shading; Fig. 1) and variability in unit arrange-
ment (motif j; white shading; Fig. 1). Here, conformity in
motifs such as j and k was high across all repetitions of the
motif by all individuals except one (ID 20, 2002). This whale
consistently sang a modified version of the common motifs.
For example, it sang motif j 20 times, in all renditions with a
“long-bark™ followed by a “mini-siren” instead of a bark
[Fig. 2(C)]. Motif types in which these individual modifica-
tions occurred presented higher, and statistically significant,
partial Mantel correlation scores (0.109 <r < 0.156, all
p < 0.05; Table I).

4. Category D—Individual distinctiveness
(multiple singers; 0.144<r< 0.183)

In motifs such as f (corresponding to variability in unit
repetition; gray shading; Fig. 1), d and e (corresponding to
variability in unit arrangement; white shading; Fig. 1) multi-
ple singers displayed individual distinctiveness. For exam-
ple, each of three individuals consistently sang their own
versions of the common f motif, sung typically by all the
other singers with an ascending-moan and three trumpets.
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While singer ID 14 (2002) omitted the initial ascending-
moan, ID 19 (2002) and ID 27 (the singer in 2003 producing
the 2002 song) consistently performed the motif with differ-
ent numbers of trumpets [Fig. 2(D)]. The partial Mantel cor-
relation coefficients for this category of motifs were the
highest encountered in the motif dataset (0.144 < r < 0.183,
all p < 0.05; Table I). The partial Mantel tests carried out on
this category of motif types allowed us to reject the null
hypothesis of no relationship between LSI and ICM matri-
ces, suggesting a higher similarity within rather than among
individuals for certain motifs.

C. Variation among individuals at the song level using
individual song median sequences

The dataset at the song level contained 260 song cycles,
129 from 13 singers for the 2002 song type and 131 from 12
singers for the 2003 song type (see Table III in supplementary
material'). Themes could be formed by either a single motif
(a phrase without sub-phrases or phrase variants) or by multi-
ple motifs (more than one sub-phrase and/or phrase variants).
Generally, themes from the 2002 song type included more
numerous and variable motif combinations [i.e., phrase var-
iants; Garland et al. (2017a) and Allen et al. (2018)] com-
pared to the 2003 song type (Table IV in supplementary
material"). Before conducting the LSI analysis, phrase repeti-
tions (formed by one or more motifs) that formed each theme
within each theme sequence were removed to avoid the
potential confounding effects of the singers’ behavioural con-
text so each phrase was represented once at the position the
first repetition occurred in the song (Smith, 2009).

In 2002, seven main themes were consistently sung by
the majority of sampled individuals (Table IV in supplemen-
tary materiall). Three of the common themes (3, 4, and 6)
also had phrase variants that were commonly sung (3a, 3b,
3c, 4a, 4b, and 6a). Different phrase variants were assigned
based on the different motif combinations that characterised
them; for example, 3a and 3b both started with a repetition
of motif ¢, but while the former ended with motif f, the latter
ended with motifs d and e. Three themes (8, 9, and 10) and
four phrase variants of the main themes (3d, 6b, 6¢, and 6d)
were “uncommon” in the 2002 dataset being found in less
than 15% of all song cycles and/or sung by less than half of
the singers (Table IV in supplementary material'). Whale
ID14 (2002) was the only singer that produced the uncom-
mon themes 9 and 10. In 2003, all 6 themes were used by
more than half (8/12) of the whales, including the common
phrase variants of theme 16 (16a and 16b).

Considering both “main” themes and those containing
phrase variants, the theme repertoire of the 2002 song type
was larger than the one present a year later in the revolution-
ary song of 2003 (Table IV in supplementary material').
However, this difference became even more pronounced
when examining the number of themes used in each song
cycle by singers in both years (Fig. 3). In 2002, 10 out of 13
individuals used a median of nine themes (including those
with phrase variants) in each cycle, and none had a median
lower than 8, while 9 of 12 whales in 2003 produced a
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median of 3 or 4 themes per song, with none having a
median greater than 6. Of the 129 song cycles from 2002,
only in 7 did the number of themes used in the song cycle
fall within the range observed in 2003.

In both song types individuals varied in the extent to
which consecutive song cycles had different number of
themes, confirming that the songs produced within a single
song session by the same individual were not exact copies
of one another. Individual median theme sequences were
much longer in 2002 (minimum of eight themes) compared
to 2003 (minimum of three themes; Fig. 3). While some of
the 2003 song type singers produced predominately long
theme sequences (for example ID 2, 4, and 17) others
showed a much more limited repertoire of themes (ID 6, 7,
and 9) resulting in a clear dichotomy (absent in 2002) in the
grouping of 2003 median theme sequences (Fig. 3).

D. Variation within and among individuals at the song
level using all song sequences

The partial Mantel tests carried out with the 2002 LSI
song matrix [Fig. 4(A)] and the corresponding ICM
[Fig. 4(B)], while accounting for time differences, returned
a significant correlation coefficient of 0.254 (p =0.0002).
The same analysis carried out with the 2003 matrix [Figs.
4(C) and 4(D)] resulted in a lower correlation coefficient of
0.101 (p =0.0002). This allowed us to reject for both song
types the null hypothesis that the LSI and ICM matrices
were unrelated, suggesting, for some of the individuals in
our study, a high degree of individual distinctiveness.
However, it is clear there is more individual distinctiveness
in the 2002 data, with double the correlation with individual

A)  LSI2002 (B) ICM 2002 1
20 et g
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(¢)  LSI2003 (D) ICM 2003

Similarity
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AN <t © 0O N
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FIG. 4. (Color online) Matrices used for the partial Mantel tests at the song
level. The correlation between the 2002 (A) and 2003 (C) song LSI matrices
with their corresponding ICM (B and D respectively) were calculated also
taking into account the respective TDM. Each yellow square in the ICM
represents one individual; its linear size indicates its sample size (i.e., num-
ber of song cycles recorded). In a scenario of complete convergence all
individuals in the LSI matrix display maximum similarity scores whereas in
a scenario of complete individuality the LSI matrix and ICM would be
identical.
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identity compared to 2003. In addition, the inclusion of the
motif (i.e., phrase and sub-phrase) repetitions that formed
each theme, in the theme sequences used in the LSI analysis,
led to almost the same Mantel correlation coefficients
(2002: r=0.254, p=0.0002; 2003: r=0.088, p =0.0002).
This indicated that the presence of within-theme motif repe-
titions did not lead to increased individual distinctiveness.

IV. DISCUSSION

In this study we investigated intra- and inter-individual
song similarity among humpback whales recorded off east-
ern Australia over two successive breeding seasons that
encompassed a song revolution. The large variation in
theme production by individuals in 2003 as well as the fine
scale, individually distinct, motif modifications seen in the
2002 song type suggested that while conformity to a general
song type at all hierarchical levels was a consistent feature
of humpback whale songs, individually distinctive patterns
of production were also present. These patterns were notice-
ably stronger in the pre-revolution 2002 songs compared to
the analyses of the 2003 revolutionary song.

A. Multiple sources of inter-individual variability

Our results highlight two main sources of motif vari-
ability. The first and most common type of variability
occurred in motifs that included varying repetitions of the
same unit type. The repetition of the same sound element
might have different functions. For example, repetition can
be used as a proxy to convey fitness information in rock
hyraxes (Procavia capensis) where larger individuals are
able to produce more numerous and longer “chuck” call
bouts compared to smaller individuals (Koren and Geffen,
2009). Moreover, repeating the same sound element can
also function as a compensation mechanism to maintain
communication efficiency in unfavourable conditions
(Lengagne et al., 1999; Miller et al., 2000). In humpback
whales, variation in phrase repetition (rather than repetition
of song units within phrases or sub-phrases) has been linked
to both behavioural context (Smith, 2009), and exposure to
anthropogenic noise [low-frequency active sonar; Miller
et al. (2000)]. Although we did not account for singers’
behavioural context in our data, our results suggest that
motif (i.e., phrase and sub-phrase) repetition does not
increase individual distinctiveness. Within motifs, repeti-
tions of the same unit might be variable both within and
between individuals, yet a few examples were also present
where specific unit repetition patterns resulted in some indi-
vidual distinctiveness.

The second source of inter-individual variability in
motifs, such as d and e, was combinatorial, with different
individuals arranging the pool of units of the same motif in
different ways, resulting in motif variants. This type of vari-
ability was also found in humpback whale songs off the
Brazilian coast where different singers produced distinctive
arrangements of the same phrase type (Arraut and Vielliard,
2004). The act of forming different combinations of sounds
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by an animal can be meaningless (“phonological syntax”;
Kroodsma and Momose, 1991; Collier et al., 2014; Berwick
et al., 2011) or, more rarely, may convey different informa-
tion to conspecifics depending on the combination of mean-
ingful sounds [“lexical syntax”; e.g., Campbell’s monkey
(Cercopithecus campbelli), Ouattara et al. (2009a) and
Ouattara et al. (2009b); banded mongoose (Mungos mungo),
Jansen et al. (2012); Japanese great tit (Parus minor), Suzuki
et al. (2016) and Collier et al. (2014)]. Furthermore, the
salience of different combinations of sounds varies among
species. While combinatorial changes in familiar songs may
elicit behavioural changes in Japanese great tits (Suzuki
et al., 2016) and Carolina chickadees [Poecile carolinensis;
Clucas et al. (2004)], they are poorly discriminated by species
like zebra finches [Taeniopygia guttata; Mol et al. (2021)]
and indigo buntings [Passerina cyanea; Emlen (1972)]. It is
beyond the scope of this paper to conclusively place hump-
back whale songs on the continuum between phonological
and lexical syntax. However, the concurrent presence of
motifs with low and high inter-individual variability recorded
here fits well within a recent hypothesis provided by Murray
et al. (2018), who suggested that humpback whale songs
might be a multi-message signal in which different phrases of
a song convey multiple types of information, such as species/
population recognition and signaller quality (Murray et al.,
2018; Hebets and Papaj, 2005).

The song level analysis showed a clear structural contrast
between the theme sequences that formed the song of 2002
and those of the revolutionary song of 2003. The total number
of commonly sung themes was 7 in 2002 and 6 in 2003.
However, the 2002 song type displayed a higher number of
phrase variants (6 in common themes and 4 in uncommon
ones; Table IV in supplementary material') and uncommon
themes (3) compared to the 2003 song type (2 phrase variants
and 0 uncommon themes; Table IV in supplementary mate-
rial"). Despite using different methods for both transcription
and analysis, Allen et al. (2018) found a similar pattern in
which the percentage of individually unique phrases was
halved in the 2003 song (31.4% in 2002 vs 12.3% in 2003).

The number of themes used in each song, as well as for
median theme sequences in our data (Fig. 3), highlighted a
structural distinction between the two song types.
Individuals from 2002 invariably used more themes per
song than the 2003 singers. Inter-individual song variability
also differed between the two song types. In 2002, there was
a general degree of similarity among individuals, with few
exceptions like whale ID 14, and ID 27, the individual
recorded in 2003 producing the 2002 song type. By contrast,
2003 had two quite dissimilar variations of the basic song: a
short and a long version that varied in terms of number of
themes used (3 vs 4-7; Fig. 3). Despite this dichotomy,
some individuals that presented a short median theme
sequence also sporadically sang the longer song version.

The disparity in the theme content of the two songs and
the different levels of inter-individual variability in our sample
can be attributed to the different nature of these two song
types (Allen et al., 2018). Allen et al. (2018) provided a long-
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term analysis (from 2002 to 2014) of how song complexity
and individuality fluctuated based on song revolution occur-
rences. To characterise intra- and inter-individual song vari-
ability more thoroughly, we focused on a single revolution
event. This gave us an increased sample size, in terms of num-
ber of singers and number of song cycles, compared to Allen
et al. (2018). During the time period between revolutions,
songs undergo cultural evolution through the addition of new
units, the lengthening of existing ones, and the modification of
phrases (Payne and Payne, 1985; Payne et al., 1983; Cerchio
et al., 2001). This evolutionary process usually results in a
general increase in complexity (Allen ef al., 2018). As Allen
et al. (2018) suggest, the relatively rich repertoire of units/
motifs/themes and the higher presence of individually distinc-
tive patterns displayed by singers in 2002 compared to 2003
likely resulted from the cultural evolution of this song type.

The origin of the 2002 song type is uncertain but can be
traced back to at least 2000 (Garland et al., 2011). Therefore,
based on our sample, it is plausible to assume that the rela-
tively long evolution time of the 2002 song type allowed
most singers of this population to learn accurately a long and
stable sequence of themes—all 2002 singers in our sample
sang all the most common themes (Fig. 3). Furthermore, this
evolution period might have helped some singers to develop
individually distinctive patterns at both the motif and song
level (Figs. 2 and 4). In contrast, our analysis of the 2003
singers showed a general lack of individual distinctiveness
(both at the motif and song level; Figs. 2 and 4) and an insta-
bility of theme sequencing represented by some singers pro-
ducing predominantly the long version of the 2003 song (6
themes) and others singing mostly a short version (3 themes)
and, only occasionally, the long one (Fig. 3). By the same rea-
soning used to interpret the 2002 results, the differences dis-
played by the 2003 singers could represent a song type not
stabilised yet due to its recent acquisition (hence short time
scale for cultural evolution and diversification among individ-
uals at motif level) during the breeding season and/or migra-
tion prior to recording. However, in future studies it will be
necessary to compare more song types (before and after song
revolutions) to verify that the differences discussed above are
consistent and not resulting from limited sampling, random
learning and/or production errors.

B. Individual distinctiveness

Two critical requirements for individual distinctiveness
are the occurrence of individually distinct features and their
consistency through time (Sandoval et al., 2014). In our
study, the relationship between inter- and intra-individual
variability both at the motif and song level have highlighted
the presence of individually distinctive patterns among the
singers. Furthermore, these distinctive patterns were mostly
consistent through the duration of the recordings. Ideally, it
would have been optimal to extend the recording time for
each individual over multiple days in order to track the con-
sistency of the individual patterns over a longer sampling
period and to have a more balanced sample size across
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singers. However, the migratory nature of the singers’
movement through the study area did not allow this type of
sampling. Therefore, if consistent across the recorded song
cycles, we assumed that the individually distinctive patterns
recorded were representative of the male singing behaviour
at other times.

At the motif level, our partial Mantel test produced a
heterogenous scenario. While small and non-significant cor-
relations indicated a lack of individual distinctiveness for
some motif types [Figs. 2(A) and 2(B); Table I], other motif
types displayed higher and significant correlations sugges-
ting the presence of multiple individually distinct patterns of
production [Figs. 2(C) and 2(D); Table I]. At the song level,
the 2002 song cycles showed a higher presence of individu-
ally distinctive patterns compared to 2003, regardless of
whether phrase repetitions within themes were considered
(Fig. 4; Table II) and despite overall song similarity among
individuals being higher in 2002 than 2003. These results
suggest that fine scale changes both at the motif and song
level are present and may help a singer/male “stand out”
acoustically from his competitors. Furthermore, it is possi-
ble that acoustic features such as pitch and duration may
help convey information about the singer as well, although
previous studies that compared several acoustic parameters
among a comparable pool of singers did not record any indi-
vidually distinctive pattern (Cerchio, 1993; Macknight
etal.,2001).

Our results are consistent with the suggestion of Arraut
and Vielliard (2004) that individuals may differ in their abil-
ity to learn and compose songs. In general, factors such as
age, personality traits, developmental stress, and reproductive
state are known to affect learning abilities across species
(Mesoudi et al., 2016; Thormton and Lukas, 2012).
Unfortunately, individual life histories are unknown for this
pool of singers. It would be consistent with findings from bird
species [e.g., great reed warbler, Acrocephalus arundinaceus:
Hasselquist e al. (1996); zebra finch, Taeniopygia guttata:
Neubauer (1999); Boogert et al. (2011)] if, within the inher-
ent cognitive constraints of song production (Cerchio et al.,
2001), a wider (or more novel) repertoire of units and/or
themes were to be positively selected for by females (Noad
et al., 2000; Smith et al., 2008) as a potential indication of
male cognitive ability [“cognitive capacity hypothesis™;
Boogert et al. (2008) and Templeton et al. (2014)].
Considering the continuously evolving nature of humpback
whale songs and the potential key role of novelty in song
selection by females, a singer on the leading edge of song
change (i.e., innovating and/or learning quicker than the

TABLE II. Partial Mantel correlation coefficients and their corresponding
p-values for all songs sung in 2002 and 2003. Significant correlation coeffi-
cients are shown in bold. All the original p-values were < 0.0001; they have
been subsequently adjusted using a Bonferroni correction.

Song type Matrix size Mantel Correlation r p-value
2002 129 x 129 0.254 0.0002
2003 132 x 132 0.101 0.0002
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others and therefore demonstrating potentially better quality
mate characteristics) may benefit from higher reproductive
success compared to “slower” learners—the singer ID 27
could be considered a slow learner because it sung the 2002
song type in 2003, albeit being a sample of one individual
other factors could be at play. This is part of the novelty-
threshold hypothesis formulated by Noad (2002), a theoretical
framework into which the individual patterns observed in this
study fit well. Future studies carried out on larger pools of
singers will be able to test more effectively the presence of
“fast” and “slow” learners and quantify other potential
factors.

Humpback whale songs appear then to be characterised
by a tension between conformity and individual distinctive-
ness. In an established song like the one of 2002, the cultural
evolutionary process seemed to decrease the individual vari-
ation at the song level while increasing the occurrences of
individually distinct patterns at the motif level. Thus, in this
context, innovations appeared more prominent at low hierar-
chical levels. Across multiple years, song evolution
increases song complexity and individuality (Allen et al.,
2018). The motif-level individual patterns observed here are
the “song embellishments” suggested by Allen et al. (2018)
to allow males to stand out amidst population-wide song
conformity (Noad, 2002), as also seen in other singing spe-
cies such as Hypocnemis antbirds (Seddon and Tobias,
2010). By contrast, the occurrence of song revolutions, like
the one of 2003, leads to a decrease in song complexity
(Allen et al., 2018) and to a disruption of the balance
between conformity and individual distinctiveness we
observed in 2002. The individual variation in this case
becomes more macroscopic, at the song level, and likely
reflects different learning abilities and/or exposure to the
novel song type.

V. CONCLUSIONS

We quantified intra- and inter-individual song variability,
identifying fine-scale individual patterns at both the level of
motif and song theme sequence, within the context of the
general population-level song conformity observed in all
humpback whale populations. The results presented here
reveal a complex scenario in which inter-individual variabil-
ity is not found homogeneously across the song structure.
While some motif types displayed high variability between
individuals, others showed a complete lack of it, and variation
both within and among individuals could indicate potentially
different motif functions. Distinct individual patterns were
found in both motif and songs, with differences between the
evolutionary and revolutionary song types analysed here.
These results suggest that within the constraints of a conform-
ist song system, male humpback whales are able to produce
individually distinctive patterns that could advertise some
index of their quality as potential mating partners. Equally
however, they could reflect individual idiosyncrasy resulting
from learning and/or production errors that have no signifi-
cance at all for females. Future studies will therefore be
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needed to explore the biological significance of these results.
Analysis of a larger and more diverse song sample size than
we were able to here, incorporating multiple revolutions and
longer periods of evolutionary change, is one obvious require-
ment. Moreover, to understand what constitutes a whale being
at the forefront of song evolution, as opposed to being simply
aberrant, it will be critical to look at individual life histories,
correlating song characteristics and idiosyncrasies over long
individually focused sampling periods combined with other
data such as age, paternity success, and body size.
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