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Interactions in Humpback Whales
Are Mediated Using a Complex
Acoustic Repertoire
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Intraspecific conflict can be costly; therefore, many species engage in ritualized contests
composed of several stages. Each stage is typically characterized by different levels of
aggression, arousal, and physical conflict. During these different levels of “intensity,”
animals benefit from communicating potential information related to features such as
resource holding potential, relative fighting ability, level of aggression, intent (i.e., fight
or flight), and whether or not the competitor currently holds the resource (e.g., a
receptive female). This information may be conveyed using both visual displays and a
complex acoustic repertoire containing fixed (e.g., age, sex, and body size) and flexible
information (e.g., motivation or arousal). Calls that contain fixed information are generally
considered “discrete” or stereotyped, while calls that convey flexible information are
more “graded,” existing along an acoustic continuum. The use of displays and calls,
and the potential information they convey, is likely dependent on factors like intensity
level. The breeding system of humpback whales (Megaptera novaeangliae) involves
intense male competition for access to a relatively limited number of breeding females
(the resource). Here, we investigated the behavior and acoustic repertoire of competitive
groups of humpback whales to determine if an increase in intensity level of the group
was correlated with an increase in the complexity of the vocal repertoire. We categorized
the behavior of humpback whales in competitive groups into three mutually exclusive
stages from low to high intensity. While discrete calls were infrequent compared to
graded calls overall, their use was highest in “low” and “moderate” intensity groups,
which may indicate that this stage of contest is important for assessing the relative
resource holding potential of competitors. In contrast, visual displays, call rates, and
the use of graded call types, were highest during “high intensity” competitive groups.
This suggests that flexible information may be more important in “high intensity” levels
as males continue to assess the motivation and intent of competitors while actively
engaged in costly conflict. We have shown that the relatively complex social call
repertoire and visual displays of humpback whales in competitive groups likely functions
to mediate frequently changing within-group relationships.

Keywords: competition, discrete calls, graded calls, intraspecific conflict, resource holding potential, social
system
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INTRODUCTION

Intraspecific conflict arises when critical resources are limited,
such as food, territory, or access to breeding opportunities
(Campagna, 2009; Bradbury and Vehrencamp, 2011; Hardy and
Briffa, 2013). Arguably the most common source of agonistic
interaction involves the latter, particularly competition between
males for access to reproductive females (Campagna, 2009).
Conflict can be costly, requiring high energy expenditure
and possibly injury or death (Campagna, 2009). In order to
prevent serious injury, many species employ the strategy of
“ritualized fighting,” where competition escalates in successive
stages that provide potential information on the contestants
(Smith and Price, 1973; Maynard-Smith, 1974). This includes
each individual’s relative resource holding potential (RHP), which
are the physiological and morphological traits (e.g., fitness and
fighting ability) that primarily determine the outcome of a contest
(Parker, 1974). Additional factors may also contribute to deciding
the outcome of a conflict, including motivation, aggressiveness,
and ownership status of the resource (Parker, 1974; Allen
and Krofel, 2017). Individuals benefit from conveying this
information continuously to facilitate decisions on whether to
retreat or to engage. Males that produce honest signals indicative
of strength and large body size, therefore, should persuade
inferior opponents to avoid or disengage from combative
situations they will likely lose, with fewer serious conflicts and
injuries for both parties (Maynard-Smith and Harper, 2003).
If competitors choose to proceed and aggression escalates,
signaling behavior often reflects this escalation (Bradbury and
Vehrencamp, 2011; Hof and Podos, 2013).

In an acoustic signaling system, this breadth of potential
information requires a complex communicative repertoire,
including calls that convey both fixed and flexible information.
Acoustic cues related to fitness or fighting ability are typically
correlated with fixed attributes which do not change over time
or change slowly (Marler, 1961, 1977; Green and Marler, 1979).
This includes features related to RHP, such as sex, body size, or
age class. These calls tend to be highly stereotyped (“discrete”)
in that the call structure has little variability in acoustic features
between- and within-contexts in order to reliably encode these
traits. For example, the discrete “groans” of fallow deer (Dama
dama) are displays produced during the breeding season to
convey information on body size (Vannoni and McElligott, 2008;
Charlton and Reby, 2011). As large body size in these animals is
generally associated with higher rank, RHP, and mating success
(McElligott et al., 2001), these acoustic features can be used by
potential competitors to assess the odds of successfully winning
an agonistic encounter (McElligott and Hayden, 1999). Red deer
stags (Cervus elaphus), another species in which males defend
harems, engage in “roaring contests” during the breeding season
(Clutton-Brock and Albon, 1979; Reby et al., 2005). Males use
the acoustic features of “roars” to remotely assess the fighting
ability of their opponents. If neither male withdraws, the rate
of roaring increases. Males also move closer together to signal
RHP using visual displays. If males are evenly matched, or neither
backs down, the interaction may then escalate to physical combat
(Clutton-Brock and Albon, 1979).

Considering that factors other than RHP help to determine
the outcome of a conflict, it may also be beneficial to convey
information such as intent (i.e., willingness to fight, disengage,
or not engage) or level of aggression during a contest (Morton,
1982; Enquist, 1985). This information is considered flexible, and
is related to internal factors such as physiological or motivational
state, as well as external factors such as social context (Marler,
1961, 1975, 1976; Morton, 1977; Hauser, 1996; Manser, 2010).
Unlike discrete calls, those that contain flexible information tend
to be variable, or “graded,” both within and between calls. It is this
gradation that provides listeners with information on the subtle
variations in the signaler’s internal attributes at the time of the call
(Marler, 1961, 1976; Morton, 1977, 1982; Owings and Morton,
1998; Briefer, 2012). As escalation progresses beyond threats
and displays, it may become increasingly more important to
communicate flexible information (e.g., intent) rather than fixed
information (e.g., body size or condition), especially considering
that smaller animals with higher motivation are sometimes able
to dominate larger opponents (Wagner, 1989; Kotiaho et al,
1999; Hofmann and Schildberger, 2001). For example, changes
in the dominant frequency and temporal features of a graded
call found in cricket frogs (Acris crepitans) provides accurate
information regarding the intent of an individual, or how willing
it is to progress in a conflict, independent of its body size. Males
that attacked an opponent produced longer duration calls with
more pulses per call than those that tolerated an opponent.
Additionally, males that fled an opponent significantly lowered
the dominant frequency of their call, while those that attacked
lowered this frequency even further (Burmeister et al., 2002).

The frequency of intraspecific conflict and its intensity are
partially dependent on the complexity of the social system
(Campagna, 2009). Socially complex species that live in dense
societies and have a polygamous mating system have more
opportunities and motives to engage in conflict, particularly
during the breeding season. Most baleen whales (i.e., the filter-
feeding whales) have a relatively simple social system (Berta and
Sumich, 1999; May-Collado et al., 2007), with little evidence of
permanent groups, kin recognition, and long-term associations
(but see Weinrich, 1991; Clapham, 1993; Ramp et al., 2010).
There is also a tendency toward mating strategies that do not
include overt aggressive male competition for mates (Boness
et al., 2002). While some baleen species do engage in agonistic
or competitive behaviors associated with breeding, the level
and intensity of aggression is lower in species which engage
primarily in sperm competition [e.g., North Atlantic right whales,
Eubalaena glacialis (Kraus and Hatch, 2001; Parks, 2003; Parks
and Tyack, 2005; Parks et al., 2007); southern right whales,
Eubalaena australis (Clark, 1983, 1990; Payne and Dorsey,
1983); bowhead whales, Eubalaena mysticetus (Wiirsig et al.,
1993; Rugh and Shelden, 2009)]. Humpback whales (Megaptera
novaeangliae) do not utilize sperm competition and instead males
have two main strategies; displaying using complex patterned
songs (Payne and McVay, 1971), and more direct, physical
competition for access to females (Brownell and Ralls, 1986;
Clapham, 1996; Mesnick and Ralls, 2009). While song is well
described, its function is not yet fully understood. Physical
competition between males, however, is clear and results in
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the formation of large assemblages termed “competitive groups”
(Tyack and Whitehead, 1983; Baker and Herman, 1984; Silber,
1986; Mattila et al., 1989; Clapham et al., 1992; Clapham, 1996;
Pack et al., 1998; Darling and Bérubé, 2001; Herman et al., 2007;
Félix and Novillo, 2015).

Competitive groups appear to function in intrasexual
competition between males for access to a relatively limited
number of breeding females (the resource) (Tyack and
Whitehead, 1983). There is a definitive structure to groups,
with multiple male escorts centered around a nuclear female
(Tyack and Whitehead, 1983; Clapham et al., 1992; Brown and
Corkeron, 1995). The escort that maintains the closest position
to the female is the “principal,” or “primary,” escort. Primary
escorts are challenged by other “secondary” escorts and will
defend their close proximity to the female. Secondary escorts
not only compete with the primary escort for this position, but
also compete amongst themselves. In large and active groups,
the composition and dynamic changes often, with principal
escorts and secondary escorts changing positions and roles
frequently (Tyack and Whitehead, 1983; Clapham et al., 1992).
In addition, there are sometimes animals on the periphery of
the group, typically smaller (i.e., juveniles or sub-adults), that
appear to play a more observational role (Spitz et al., 2002).
Competitive groups can vary in intensity, progressing from low
to high levels of aggression and arousal (Baker and Herman,
1984). Usually, all males within the main group behave in a
similar way, therefore intensity level can be classified at the group
level. Low intensity (i.e., low aggression and arousal) groups are
characterized by animals which have no direct physical contact
and instead rely on displays and chasing behavior (Darling,
2001). Other “non-contact” agonistic display behaviors include
blowing streams of bubbles, jaw clapping, and extending the
throat pleats. Moderate intensity levels are indicated by more
“intermediate” levels of aggression, with “head lunging” one
of the most common behaviors observed (Baker and Herman,
1984). In contrast, higher intensity competitive groups tend
to move more erratically and have elevated respiration rates
(Tyack and Whitehead, 1983; Silber, 1986; Clapham et al,
1993). They also exhibit more aggressive behaviors, which can
include “body thrashes,” “tail lashes,” collisions, injuries, and in
one documented extreme case, death (Tyack, 1981; Tyack and
Whitehead, 1983; Baker and Herman, 1984; Silber, 1986; Pack
etal., 1998; Darling, 2001).

The dynamics of competitive groups likely depend on each
competitor’s relative RHP, based on attributes such as its size
and position within the group, as well as levels of aggression
and stamina. However, competitive groups are temporary and
unstable, with new animals frequently splitting and joining
(Tyack and Whitehead, 1983; Clapham et al., 1992). As each
individual’s relative RHP will change with changing group
membership, this requires relationships to be quickly established
and continuously re-established over the course of a conflict
and throughout the breeding season. The number, diversity, and
instability of relationships, and the frequently changing relative
RHP of individuals in competitive groups would seemingly
require a complex communication system. Humpbacks have
the most variable, complex, and well-studied vocal repertoire

of any of the large whales (Edds-Walton, 1997). Males produce
stereotyped songs during the breeding season (Payne and McVay,
1971), and all humpback whales produce a large repertoire of
social calls. These calls are produced by all age and sex classes
(Winn et al., 1979; Zoidis et al., 2008; Indeck et al., 2021), and
in all habitats [e.g., breeding grounds (Tyack and Whitehead,
1983; Silber, 1986), feeding grounds (Jurasz and Jurasz, 1979;
D’Vincent et al., 1985; Thompson et al., 1986; Stimpert et al.,
2007, 2011; Parks et al., 2014; Fournet et al., 2015), and on
migration (Dunlop et al., 2007, 2008; Cusano et al., 2020)]. The
number of calls within the repertoire is variable, depending on the
population, habitat area, and behavioral context (Dunlop et al,,
2007; Stimpert et al., 2008; Fournet et al., 2015; Rekdahl et al,,
2017; Cusano et al., 2020). These social calls can be highly flexible
in structure, ranging from low-frequency “grumbles” to high-
frequency “chirps.” Further, the acoustic repertoire of humpback
calls includes both discrete and graded call types (Cusano et al.,
2021), which may be related to the complexity of the social
interaction (Cusano, 2021).

Here, we collected dedicated acoustic and behavioral data
from competitive groups of humpback whales in order to test the
hypothesis that their complex social call repertoire functions to
mediate complex social interactions. We predicted that discrete
and graded calls perform different functions during agonistic
competitive interactions, and this will be reflected in differential
use of these calls as intensity changes. Following trends evident
in terrestrial species like deer, we hypothesized that discrete
calls would be used more often in groups with lower levels
of perceived group aggression (i.e., during agonistic displays)
where it is more important to convey fixed information on
RHP. In contrast, graded calls would increase with the perceived
level of aggression (i.e., overt aggression) in order to convey
flexible information regarding intent and motivation to escalate
or continue conflict. Additionally, we hypothesized that call
rates would increase linearly with group size and intensity, as
increased call production is known to be correlated with high
arousal in humpback whales (Cusano et al., 2020). The results
from this study can ultimately increase our understanding of
discrete and graded call use within an animal that engages heavily
in male competition during the breeding season and provide
a foundation for making comparisons between vocal behavior,
mating strategies, and sociality in other baleen whales.

MATERIALS AND METHODS

Behavioral and acoustic data were collected on competitive
groups of humpback whales on the breeding grounds in the
Great Barrier Reef (Figure 1). Effort focused on the Whitsunday
Island group which has high densities of humpback whales
during the breeding season (Smith et al., 2012). Data collection
was conducted in four consecutive years between July and
September, 2016-2019. Data were collected from 6 to 7 m rigid-
hulled inflatable boats on days with winds less than 15 knots
and a sea state less than Beaufort 4. Competitive groups were
located opportunistically, and were defined as two or more
adults centered around a nuclear animal (assumed to be female)
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FIGURE 1 | Map of the study area in the Great Barrier Reef, indicating the
primary survey area around Whitsunday Island. The majority of competitive
groups were found to the northeast, between Whitsunday Island and Bait
Reef.

and demonstrating agonistic surface-active or chasing behavior
(Tyack and Whitehead, 1983; Clapham et al., 1992). Due to the
challenges of obtaining biopsy samples in competitive groups, no
information was available on the sex of most individuals, so it
was impossible to say with certainty whether the nuclear animal
was always female. Although all male competitive groups have
been observed, these are relatively uncommon (Clapham et al.,
1992; Brown and Corkeron, 1995). They are thought to function
in dominance sorting, which would only be useful if individuals
encounter each other frequently (Clapham, 1993), unlikely in a
population this size (2015 absolute abundance estimate 24,545;
Noad et al, 2019). Therefore, all competitive groups in the
present study likely contain at least one female.

Behavioral Data

After sighting a competitive group, a behavioral focal follow
was initiated using continuous focal animal sampling methods
(Altmann, 1974). Recorded data included the number of animals
in the group, approximate group speed based on the vessel speed,
and the frequency of occurrence of specified behaviors. These
behaviors were selected based on previous research on humpback
competitive groups in other areas (Tyack and Whitehead, 1983;

Baker and Herman, 1984; Silber, 1986; Mattila et al., 1989;
Clapham et al., 1992; Clapham, 1996; Pack et al., 1998; Darling
and Bérubé, 2001; Herman et al., 2007; Félix and Novillo, 2015)
and formed the behavioral ethogram for the study (Table 1).

An intensity scale was established based on the estimated
speed of the group, an estimate of the number of breaths per
whale during each surfacing (given that animals performing
high intensity behaviors tend to have elevated respiration rates,
Helweg and Herman, 1994), and the presence and frequency
of aggressive behaviors. The designation of an aggressive or
highly aggressive behavior was primarily based on whether or
not there was direct physical contact, or perceived attempted
physical contact, between group members. For example, a “tail
slap” is a behavior in which the fluke is raised out of the
water and forcibly slapped against either the surface (aggressive)
or another whale (highly aggressive) (Tyack, 1981; Tyack and
Whitehead, 1983). Identification photographs were also taken
of all animals in the group during the focal follow. Humpback
whales may be individually identified using distinct markings
on the tail (flukes) and the shape of the dorsal fin (Katona and
Whitehead, 1981). Due to the size and continued rapid growth
of the east Australian humpback whale population, the resighting
of individuals is rare (Burns et al., 2014). Therefore, individuals
could only be identified for the duration of the follow. Photos
were used to corroborate the number of animals present, confirm
the roles of individuals (e.g., the leading animal was presumed to
be the nuclear female), and determine if individuals maintained
consistent roles (e.g., displacement of the presumed primary or
secondary escorts based on position to the nuclear female).

Each follow was assigned an intensity level by a trained
observer using the behavioral ethogram. Intensity level was based
on the behavior of the group as a whole. A new intensity level was
assigned if the behavior of the group changed during the follow
with no break in data collection. Three group intensity levels
were determined from the behavioral focal follow data (Table 2).
Level one (“low intensity”) was characterized by the fastest swim
speeds (>10 kts) and few course changes. It often appeared
as if one animal was consistently leading (as identified using
dorsal fin and fluke identification markings and shape), with
the remaining animals following behind or chasing. Level two
(“moderate intensity”) was associated with slower speeds (<10
kts), more time spent at the surface, and a more erratic course
(i.e., more course changes), and more surface-active behaviors
(e.g., flipper slapping and tail slapping) compared with low
intensity level groups. Many of these behaviors were identified as
aggressive, but not highly aggressive, because of the lack of direct
body contact (Tables 1, 2). Lastly, level three (“high intensity”)
groups were similar in speed and time spent at the surface to
moderate intensity level groups, but characterized by a higher
frequency of highly aggressive behaviors such as tail slashing, and
chin or head slaps on other group members (Tables 1, 2). Animals
during these follows would periodically surface with blood on
their dorsal fins, indicative of this direct physical contact.

Acoustic Data
Acoustic recordings were collected using a Zoom H4n Pro
Handy Recorder (Zoom North America, 44.1 kHz sampling rate,
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TABLE 1 | Behavioral ethogram for humpback whale competitive groups.

Behavior Description
Body slam ** The collision of two or more whales.
Breach ** Leap in which the entire, or part of, the whale body (up to the tail stock) exits the water. The whale twists in the air and

Bubble streaming *
Chin/Head Slap * or **

Open/Distended Pleats *
Head Lunge **

Jaw Clap *
Pec Slap * or **

Roll
Peduncle Throw/Rear body thrash * or **

lands on its dorsal or lateral side. Includes half breaches and other variations. Considered highly aggressive in this
context as it was typically aimed at other individuals.

Blowing bubble streams underwater.

The head is raised out of the water and slapped against the water’s surface (aggressive) or another whale (body
contact—highly aggressive)

The distension of the ventral grooves or pleats to make the animal appear bigger in size.

Energetic forward motion with a forward lunge of the head, with less than 40% of the body leaving the water with an
angle to the water < 45°.

Forceful opening and closing of the mouth.

The left or right pectoral or both pectorals are raised out of the water and forcibly slapped against the water’s surface
(aggressive) or another whale (body contact—highly aggressive).

Surface or underwater roll in any direction or plane. Includes belly up.
The throwing of the entire fluke and peduncle in a lateral motion out of the water (aggressive) or at/on another whale

(body contact—highly aggressive). No initial lifting from the water as in a peduncle or tail slap, just a single scything

motion.
Tail Slap/Lobtail * or **
contact—highly aggressive)

Tail Slash/Flick * or **
aggressive)

Tonal Blow/Trumpet *
Underwater blow *

The fluke is raised out of the water and forcibly slapped against the water’s surface (aggressive) or another whale (body

Movement of tail in a sideways motion through water (aggressive) or at/on another whale (body contact—highly

Blow accompanied by a loud vocalization, usually low frequency.
A forceful, audible release of breath underwater

*Indlicates aggressive behavior, **indicates highly aggressive behavior, and * or ** indicates level of aggression is determined by whether body contact is made or presumed

to be attempted.

TABLE 2 | Intensity scale developed for competitive groups based on the behaviors outlined in the ethogram and observations of speed and breathing rates.

Intensity level Est. avg. speed (kts)

Key behaviors

Fast travel in a steady direction, long down times, ~ 3 blows/surfacing; chasing behavior, often with

a consistent animal leading; limited presence of aggressive behaviors like head lunges, pec slaps,
tail slaps (1-2 displays per surfacing).

Slower travel in no clear direction, with shorter down times and longer surface times, ~ 4

blows/surfacing; increased presence of aggressive behaviors, but limited or no heightened

1 (Low) 10+
2 (Moderate) 5-10

aggressive behaviors.
3 (High) <5

Even slower travel, although with similar down times and surface times as 2; increased presence of

aggressive behaviors (more than 10 displays per surfacing); addition of heightened aggressive
behaviors like direct body contact and breaches; evidence of blood on tubercles and dorsal fins.

16 bit) and an HTI-96-MIN hydrophone with built in + 40
dB pre-amplifier dropped over the side of the boat (High-Tech,
Inc.). The engine was shut down during recordings to minimize
background noise. Although humpback whale calls are reported
to have an estimated active space of up to 4 km in wind-
dominated noise (Dunlop, 2018b), and up 2.5 km in vessel noise
(Dunlop, 2018a), the acoustic environment in the study area
was dominated by additional biotic noise (i.e., snapping shrimp,
humpback whale song chorusing). Therefore, data were only
collected when whales were within 400 m of the boat in order
to ensure that all calls from the group were detected. Any whales
within this distance were either involved in the competitive group
or alone. As lone humpback whales rarely vocalize (Silber, 1986;
personal observation), it is unlikely that calls were detected from
animals outside the focal group. Due to the high speeds and often
erratic behavior of competitive groups, the duration of acoustic

recordings was limited to short periods (average duration 6 min
15 s, range 1-10 recordings per follow).

Spectrograms of recordings were visually and aurally browsed
in Raven Pro 1.5 (Center for Conservation Bioacoustics [CCB],
2014, RRID:SCR_016190) using a Hann window, Fast Fourier
Transform size of 4,096 samples, and 90% overlap. All humpback
whale social calls were marked and extracted for further analysis.
The nearly constant background song from singing males in the
area meant that most calls detected from competitive groups
had overlapping song units of varying amplitude. This precluded
any analysis of acoustic features (e.g., frequency and bandwidth).
The overlapping song also prevented any automated classification
techniques like those used in previous social call analyses
(Stimpert et al., 2011; Fournet et al., 2015; Rekdahl et al., 2017;
Cusano et al., 2020, 2021; Indeck et al., 2021). Therefore, in order
to determine call types, the results from a previous humpback
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social call analysis were used (Cusano et al., 2021) that applied
fuzzy k-means (FKM) clustering to humpback calls from the
same population (Ferraro and Giordani, 2015; Wadewitz et al,,
2015; Fischer et al., 2017). Similar to other clustering methods,
an FKM partitions data-points (individual calls) into clusters
based on a set of user-defined features. In contrast to other
clustering methods, however, fuzzy clustering assigns each data-
point a membership value to each of the clusters while allowing
intermediate membership between clusters (Bezdek, 1981). Based
on cluster membership values, a typicality coefficient can then be
calculated to define a threshold above or below which a call type
could be considered discrete or graded, respectively (Wadewitz
et al., 2015; Fischer et al., 2017; Cusano et al., 2021).

The FKM was run on a dataset of calls collected from the
same population of humpback whales during their southward
migration from the breeding ground in 2010, 2011, 2015, and
2017 (see Dunlop et al., 2015, 2016, for detailed data collection
methodology). Using the FKM, calls were partitioned into
clusters based on a set of 25 acoustic features, including temporal
(e.g., duration), frequency (e.g., peak and center frequency), and
bandwidth measurements. The FKM identified six discrete and
seven graded call types (Cusano et al., 2021). A further thirteen
were considered intermediate call types as they had average
typicality coeflicients that fell between the thresholds for discrete
and graded calls. Following the results of the analysis, six call
types were determined to be discrete, five of which were detected
in the current study: “paired croak,” “chirp,” “harmonic squeak,”
“thwop,” and “whup” (previously called “wop,” Dunlop et al.,
2007). In addition, individual song units are sometimes used
as social calls in this population (Dunlop et al., 2007, 2008;
Rekdahl et al, 2013). Although song units may have subtle
variations in acoustic structure (Hafner et al., 1979), most males
within a population follow the same song pattern at any given
time, creating highly stereotyped songs (Winn and Winn, 1978;
Payne et al., 1983; Payne and Payne, 1985; Garland et al., 2015;
Allen et al., 2019). Song units were thus classified as discrete
sounds in the present study. Calls detected from competitive
groups that visually and aurally matched these discrete call types
were assigned as that call. Calls that did not visually or aurally
match one of the easily distinguishable discrete call types or that
matched a graded or intermediate call type from the FKM were
assigned as graded. Spectrograms of the discrete call types and an
exemplar graded call are in Figures 2, 3. Sound clips can be found
in Supplementary Material.

Graded call types often fall along an acoustic continuum
(Marler, 1961, 1976; Marler et al., 1992), rendering them difficult
to classify based on visual or aural characteristics alone. However,
three measurements could be obtained directly from the
spectrograms and were thus not influenced by background song:
minimum frequency, maximum frequency, and call duration. To
determine whether there were differences in the use of graded
sounds at different intensity levels, a cluster analysis was run to
objectively group graded sounds into broad call classes. Analyses
were run using the R programming language (R Core Team,
2020; RRID:SR_003005) with the partitioning around medoids
(PAM) method in the package cluster (Maechler et al., 2019).
This method is considered to be more robust than traditional

k-means clustering, representing cluster centers as medoids that
are less sensitive to outliers than means. The pairwise distances
between all of the data points were computed to obtain a matrix
of the sum of dissimilarities using the Gower coefficient (Gower,
1971; Maechler et al.,, 2019). The resulting dissimilarity matrix
was used to run the cluster analysis. Using the silhouette method
(Kaufman and Rousseeuw, 2009), the recommended number
of clusters was determined to be either two or five. The two-
cluster solution resulted in one cluster with a low silhouette
width, indicating poor data structure (Kaufman and Rousseeuw,
2009), so the five-cluster solution was chosen. This resulted in
five graded call classes: (1) low frequency, moderate duration; (2)
mid-frequency, long duration; (3) broadband (i.e., spans a broad
frequency range), very long duration; (4) high-frequency, short
duration; and (5) very high-frequency, short duration.

Statistical Analysis

Call rates, the proportion of discrete and graded calls used, and
the proportion of specific call types/classes used were modeled
as a function of group intensity level to assess the differences
in the communicative behavior within groups. Separate models
were run for call rates and call proportions. Call rates were first
standardized for varying group sizes by dividing the number
of calls by the total number of animals. Then, rates were
compared using generalized linear mixed models (GLMMs) with
a negative binomial error distribution to model a quadratic
relationship between the variance and mean (Brooks et al,
2017b). This allows for small counts (here, low call rates)
to have similar weights to high counts (high call rates; Ver
Hoef and Boveng, 2007). Models were run in R using the
package glmmTMB (Brooks et al, 2017a). A log offset was
applied to the fixed effect of “time” to provide rates (calls per
time of deployment) rather than counts (number of calls). The
number of animals in the group and group ID were included
as random effects.

Next, a GLMM with a binomial error distribution for
proportions was used to compare the use of discrete and
graded calls between the intensity levels. The internally calculated
proportion of discrete versus graded calls was the response
variable, with the number of animals in the group and group ID
added as random effects. Binomial GLMMs were run using the
package Ime4 (Bates et al., 2015). Additionally, separate models
were run for each of the six discrete call types and the five graded
call classes to investigate differences between group intensity
levels. However, due to the low effect size for group ID for
some call types/classes, no random effects could be included, and
general linear models (GLMs) were used for the individual call
type/class models. Post hoc analyses for all models were run using
the emmeans package (Lenth, 2021) with the “mvt” method for
exact Dunnett style contrasts between intensity levels.

RESULTS

A total of 43 competitive groups were observed and recorded in
2016 (n = 5), 2017 (1 = 12), 2018 (1 = 12), and 2019 (n = 14) with
20 h and 38 min of acoustic and behavioral data (Supplementary
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FIGURE 2 | Spectrograms (Hann window, Fast Fourier Transform 4096 samples, overlap 90%) of the relatively low frequency call types detected in competitive
groups during this study: (A) “thwop,” (B) “whup,” (C) a series of “paired croaks,” (D) a graded call, and (E) a low frequency “song unit social call.” Sound clips can
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Material). In order to maintain a workable distance of <400 m
(see section “Materials and Methods”), observations were broken
up into 198 recordings from 59 focal follows. A large proportion
of sightings of competitive groups (>75%) were to the northeast
of the major island groups, particularly between Whitsunday
Island and Bait Reef (Figure 1). As per previous studies, the
number of whales in competitive groups was highly variable
(average 5.8 &= 2.4 SD, range 3-16).

Intensity Level

Low intensity groups were encountered during 23 focal follows
(39% of focal follows) for a total acoustic recording time of
05:18:57 from 67 recordings. The average group size was 5.7
animals (range 3-9). Moderate intensity groups were the most
commonly observed, with a total of 29 focal follows (49%
of focal follows) and 11:59:50 total recording time from 108
recordings. The average group size for moderate intensity groups
was 5.4 (range 3-11). Lastly, high intensity groups were the

least common, encountered during 7 focal follows (12% of focal
follows) for a total recording time of 03:19:16 from 23 recordings.
The average group size for level three was 8.9 animals (range 3-
16). Intensity level was not correlated with the number of animals
in the group (Fisher’s exact test p = 0.3304).

Acoustic Behavior

A total of 6,414 calls were detected over the study period: 971
during low intensity follows, 4,033 during moderate intensity
follows, and 1,410 during high intensity follows. As expected,
call rates (per whale per hour) increased with intensity level.
Groups that were classified as being within the lowest intensity
level had the lowest call rate (GLMM estimate 4.49 + 1.3 SE
calls/whale/h) compared to moderate (12.5 £ 3.0 calls/whale/h),
and high intensity groups (18.2 & 6.8 calls/whale/h). Though
there was an increase in call rate per whale between moderate and
high intensity level groups, these results were not significantly
different, possibly due to differences in sample size (GLMM odds
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FIGURE 3 | Spectrograms (Hann window, Fast Fourier Transform 4096
samples, overlap 90%) of the relatively high frequency call types detected in
competitive groups during this study: (A) “harmonic squeak,” (B) “chirp,” and
(C) a high frequency “song unit social call.” Sound clips can be found in

Supplementary Material.

ratio 0.69 £ 0.24, t ratio = -1.08, p = 0.5207). The significant
difference between low and moderate intensity levels (odds ratio
0.36 £ 0.10, t ratio = —3.62, p = 0.0019), and low and high
intensity levels (GLMM odds ratio 0.25 & 0.11, t ratio = —3.26,
p = 0.0051) suggests there was a significant increase in the
need for individuals to communicate in moderate and high
intensity levels.

Of the total calls analyzed, 2,064 were classified as discrete calls
(i.e., one of the five pre-defined call types) and 4,350 as graded
calls (i.e., calls that did not fit into a discrete call type or were
identified as graded or intermediate from the FKM). Vocalizing
whales within all groups tended to use more graded calls than
discrete calls regardless of intensity level (Figure 4 and Table 3).
However, when comparing the use of discrete and graded calls
between intensity levels, the probability of detecting graded calls
was lower in low (GLMM average probability 0.71 & 0.07 SE)
and moderate intensity levels (0.82 £ 0.05) compared with the
high intensity level (0.91 £ 0.03, Figure 4 and Table 3). The
results of the GLMM indicated this difference was significant

1.0
0.75
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. Discrete
=}
S Graded
£ 05 a
[=5
e
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FIGURE 4 | Probability of detecting discrete and graded call types in the three
intensity levels.

between all groups (Table 3). The highest probability of detecting
graded calls was thus from groups in the highest intensity level,
while the highest probability of detecting discrete calls was from
groups in the lowest intensity level (Figure 4). This indicates
that low intensity groups, where non-contact threats and displays
are more common than overt contact aggression, may benefit
more from communicating fixed information (e.g., body size)
than moderate and high intensity groups. Additionally, these
results suggest that graded calls are used more in escalated
contests where contact aggression between whales is common,
and these groups may benefit more from communicating flexible
information (e.g., motivation and arousal).

When comparing the use of the six discrete call types, the GLM
showed that groups that were low in intensity had a significantly
higher probability of using certain discrete calls compared with
moderate and high intensity levels (Figure 5 and Table 4). This
included paired croaks (GLM average probability 0.21 £ 0.03
SE), which are low-frequency, discrete calls produced in sequence
and are only detected in groups containing one or more escorts
(Cusano et al., 2020). Additionally, this call type is associated
with an increase in arousal and social complexity, although the
exact function is unknown (Cusano et al., 2020; Cusano, 2021).
Whups and thwops, two additional low-frequency, discrete calls,
also had a higher probability of detection in low intensity groups
(0.64 £ 0.03 and 0.03 £ 0.01) compared with the other intensity
levels (Figure 5 and Table 4), although the difference in the use
of thwops between low and moderate intensity groups was not
statistically significant.

Frontiers in Marine Science | www.frontiersin.org

December 2021 | Volume 8 | Article 665186


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

Cusano et al.

Competitive Behavior in Humpback Whales

TABLE 3 | Results from the generalized linear mixed models with the probability of detecting discrete and graded calls in each intensity level in the first three columns,

and the odds ratios in the last three columns.

Call type Low Moderate High Low-mod Low-high Mod-high
(prob. + SE) (prob. + SE) (prob. + SE) (odds =+ SE) (odds + SE) (odds =+ SE)

Discrete 0.29 +£0.08 0.18 £ 0.05 0.09 +£0.03 1.92+0.44 3.94 +1.16 2.06 +£0.38
Graded 0.71 £0.07 0.82 £ 0.05 0.91 £0.08 Z ratio = 2.85 z ratio = 4.69 Z ratio = 3.94
p=0.0111* p < 0.0001** p =0.0003**

Odds ratios indicate the odds of detecting discrete calls over graded calls in the first intensity level listed. *Indicates statistical significance at the p < 0.05 level; ** indicates

statistical significance at the p < 0.001 level.

The GLM showed that moderate intensity groups modified
their acoustic repertoire to include a larger proportion of “chirps”
(GLM average probability 0.18 £ 0.01 SE) compared to the
other intensity levels, and “harmonic squeaks” (0.07 % 0.01)
compared to high intensity level groups (Figure 5 and Table 4).
In addition, there was a greater probability of detecting song unit
social calls in moderate intensity groups (0.50 = 0.01) compared
to low intensity level groups. The probability of detecting song
unit social calls was increased further in high intensity groups
(0.78 £ 0.02) (Figure 5 and Table 4). However, in contrast to low
and moderate intensity levels, the song unit social calls primarily
used in high intensity groups were low frequency, long duration
units (Figures 2E, 3C).

Lastly, the use of the five graded call classes differed between
the three intensity levels in several ways. All three intensity levels
had the highest probability of using low-frequency, moderate
duration graded calls (Figure 6 and Table 5). The most
pronounced differences were in the use of certain graded call
classes in the moderate intensity groups. There was a significantly
higher probability of detecting broadband, very long-duration
calls (Cluster 3) in moderate intensity groups (GLM average
probability 0.16 + 0.01 SE) compared to low (0.09 =+ 0.01) and
high intensity groups (0.05 & 0.01). In addition, high-frequency,
short duration calls (Cluster 4) had the highest probability of
detection in moderate intensity groups (0.14 4= 0.01), and this was
significantly higher than low intensity groups (0.09 £ 0.01). The
very-high frequency, short duration graded calls (Cluster 5) also
had a higher probability of detection in moderate intensity groups
(0.05 £ 0.004), which was significant compared to high intensity
groups (0.02 £ 0.01) (Figure 6 and Table 5).

DISCUSSION

In terrestrial animals, intraspecific conflict often progresses from
low-intensity threats and displays to escalated conflicts. As the
conflict escalates, animals are provided with an opportunity
to constantly reassess their opponents and avoid conflicts they
are unlikely to win (Zahavi, 1982). This can be carried out
using acoustic signals, which may convey aspects of the conflict
such as the local strategy used by an opponent, their relative
fighting ability, and properties of the resource (e.g., the breeding
female) (Enquist, 1985). Here, we have shown that humpback
whales appear to behave in a similar way during competitive
behavior. As the intensity level of these competitive interactions
increased, from low-level non-contact displays to high-level overt
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FIGURE 5 | Probability of detecting the six discrete call types in the three
intensity levels.

aggression, the calling behavior of these whales also changed.
Low intensity groups were more likely to use discrete calls,
and this probability decreased with intensity. In other species,
discrete call types typically contain fixed information related to
features like body size which may be important information
to convey to opponents, particularly at the start of a conflict
in an attempt to avoid escalation (Maynard-Smith and Harper,
2003). In contrast, higher intensity groups used more aggressive
behaviors, had significantly higher call rates per animal, and used
more graded calls within their repertoire. Therefore, for these
whales, graded calls may provide more information on the intent
of the caller, or their willingness to engage or continue to conflict.
While no conclusion can be made about the intent of the caller,
these results show that in humpback whales, the use of graded
and discrete calls, as well as call rates, are clearly correlated
with the level of intensity. These findings demonstrate possible
similarities in mating strategies between a marine mammal and
terrestrial species (particularly ungulates, Clapham, 1996), and
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TABLE 4 | Results of the generalized linear models, with the model calculated probability of each call type in each intensity level in the first three columns and the odds
ratios in the last three columns.

Discrete call type Low Moderate High Low-mod Low-high Mod-high
(prob. + SE) (prob. + SE) (prob. + SE) (odds + SE) (odds + SE) (odds + SE)
Chirp 0.02 £ 0.01 0.18 £ 0.01 0.06 + 0.01 0.09 +£0.04 0.36 £0.18 4.04 +£0.80
z ratio = —5.27 z ratio = —2.08 z ratio = 7.02
p < 0.0001* p =0.0857 p < 0.0001*
Harmonic squeak 0.05 + 0.01 0.07 £ 0.01 0.02 £ 0.01 0.70 £ 0.21 314 +£1.34 4.49 +£1.52
zratio = —-1.18 z ratio = 2.67 z ratio = 4.45
p =0.4579 p =0.0196" p < 0.0001*
Paired croaks 0.21 £0.08 0.02 £+ 0.004 0.01 £ 0.004 10.64 £ 2.60 25.14 + 11.08 2.36 +£1.07
z ratio = 9.69 z ratio =7.35 z ratio = 1.90
p < 0.0001* p < 0.0001* p =0.1306
Song unit 0.06 + 0.01 0.50 £+ 0.01 0.78 £ 0.02 0.06 £ 0.02 0.02 £ 0.005 0.28 £0.03
z ratio = —=10.11 z ratio = —14.02 z ratio = —10.98
p < 0.0001** p < 0.0001** p < 0.0001*
Thwop 0.03 £ 0.01 0.02 £+ 0.004 0.002 + 0.002 1.78 £ 0.75 19.20 + 20.42 10.78 £ 11.04
z ratio = 1.38 z ratio = 2.28 z ratio = 2.32
p =0.3333 p=0.0136" p =0.0471*
Whup 0.64 +0.08 0.20 £+ 0.01 0.14 £ 0.01 6.91 £1.03 10.82 £ 1.91 1.57 £0.22
z ratio = 12.98 z ratio = 13.47 z ratio = 3.24
p < 0.0001** p < 0.0001** p =0.0034*

Odds ratios indicate the odds of detecting that call type in the first intensity level listed compared with the second intensity level listed. *Indicates statistical significance at

the p < 0.05 level; ** indicates statistical significance at the p < 0.001 level.

provide a basis for investigating what information content is
actively conveyed in these contexts.

In this study, low intensity competitive groups were described
as exhibiting little surface activity, and few overtly aggressive
behaviors. Coupled with the low call rates and higher relative
use of discrete calls (29% probability of detection), we propose
that communication during low intensity competitive groups
potentially functions as a way for males to assess each other
remotely without resorting to physical contact. This is further
supported by the relatively fast speeds of these groups, which
would make visual displays less functional since they require
individuals to be in closer proximity (Silber, 1986). There is
ample evidence in terrestrial species to suggest that discrete calls
function to convey information to potential competitors, which
could include resource holding potential (RHP), sex, age class,
and body size (Reby and McComb, 2003b). For example, the
discrete roars of red deer during the breeding season contain
information regarding the age and weight of the sender (Clutton-
Brock and Albon, 1979; Reby and McComb, 2003a; Reby et al.,
2005). These roars are relatively long in duration and are often
produced in series. Roars are produced during the early stages of
conflict, before escalation to physical fighting (Clutton-Brock and
Albon, 1979). Here, whales within low intensity groups tended
to use long duration, relatively low-frequency discrete call types
such as paired croaks, which are always produced in a series to
create relatively long duration sequences (Cusano et al., 2020).
Further, this call type was used primarily in these lower intensity
groups. Thus, it is possible that paired croaks function in a similar
way to the roars of red deer, allowing individuals to gain valuable
information on opponents in the early stages of intraspecific
agonistic conflict.

Moderate and high intensity groups were considerably slower
than intensity level one groups, and displayed more surface-
active behavior. This included an increased number of aggressive
behaviors like tail slashes and breaches (Tables 1, 2). In high
intensity groups, there was evidence of direct body contact
including open wounds and blood. There was also a linear
increase in call rate from low intensity level groups. Here, we
propose that whales are progressing to using more conspicuous
displays, both visual and acoustic. In both moderate and high
intensity groups, there was also a larger proportion of graded
calls, signals that are potentially more indicative of motivation
or intent (Morton, 1982; Enquist, 1985). As suggested by Silber
(1986), these vocalizations may be used in conjunction with visual
threats to convey aggression level more effectively than using only
one signal modality (Smith, 1977). This is also seen in some seals
and sea lions during agonistic interactions, where graded calls
that convey level of threat and/or intensity are associated with
visual displays (Insley et al., 2003).

There were significant differences in the use of higher-
frequency calls between intensity levels, both in terms of
discrete call types and graded call classes. This included discrete
“chirps” and “harmonic squeaks,” as well as high- and very
high-frequency graded calls. In terrestrial species, calls that are
high in frequency, harmonic, tonal, and have a simple pattern
of frequency modulation have been associated with fear or
appeasement contexts (Morton, 1977; August and Anderson,
1987; Briefer, 2012), or with distress (Lingle et al., 2012; Briefer,
2018). In distress situations, these sounds are thought to attract
the attention or even alter the arousal level of conspecifics. As
such, it could be expected that these relatively high frequency
calls would have a higher probability of use in the highest

Frontiers in Marine Science | www.frontiersin.org

December 2021 | Volume 8 | Article 665186


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

Cusano et al. Competitive Behavior in Humpback Whales
calls, and discrete “chirps” and “harmonic squeaks” produced
10 in moderate intensity groups, roughly half occurred during
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FIGURE 6 | Probability of detecting the five graded call classes in the three
intensity levels. Cluster 1: Low-frequency/moderate duration; Cluster 2:
Mid-frequency/long duration; Cluster 3: Broadband/very long duration; Cluster
4: High-frequency/short duration; and Cluster 5: Very high-frequency/short
duration.

intensity competitive groups. Somewhat surprisingly, relatively
high-frequency calls had a higher probability of detection in
moderate intensity level groups. Of the high-frequency graded

focal follows with splits and joins. Previous research has shown
that humpback whales use high-frequency calls often during
the splitting and joining of group members, where changing
hierarchies may occur (Dunlop et al, 2008; Cusano, 2021).
Further research will be needed to determine if there is in fact
a correlation between the stability of competitive groups and
the use of relatively high frequency calls. However, combined
with the results from previous studies, the results presented here
provide preliminary evidence that high frequency calls may be
particularly important during changing group dynamics, where
information on intent and/or willingness to engage or disengage
from competition could be beneficial to prevent further conflict.

Whales in aggressive, high-intensity groups emitted fewer
discrete calls but interestingly the proportional use of song unit
social calls increased. Song unit social calls are detected most
often in lone males and groups of multiple animals, and are likely
only used by males (Dunlop et al., 2008; Rekdahl et al., 2013).
Song itself is a reproductive display, although its primary function
has not been established (Tyack, 1981; Darling and Bérubé, 2001;
Herman, 2017; Murray et al., 2018). It has been proposed to
possibly function in female attraction, whether to an individual
or to an area, and/or by facilitating male-male interactions
(Herman, 2017). In either case, information contained in the song
is likely available to both sexes (Murray et al., 2018) and could
be used by eavesdroppers as well as intended recipients (Dunlop
and Noad, 2016). The greatly increased use of song units as
unpatterned social calls in the current study, particularly in more
aggressive groups suggests that, at least as social calls, they are
likely aimed at other males rather than females. The fact that song
units have a lower source level when used in social contexts than
when produced in song (Dunlop et al., 2013), and are produced at
higher rates when males join groups of multiple adults, provides

TABLE 5 | Results of the generalized linear models for graded call classes, with the model calculated probability of each call class in each intensity level in the first three

columns and the odds ratios in the last three columns.

Graded call class Low Moderate High Low-mod Low-high Mod-high
(prob. + SE) (prob. + SE) (prob. + SE) (odds + SE) (odds + SE) (odds + SE)
Low- 0.55 + 0.02 0.48 + 0.01 0.52 + 0.02 1.30 £ 0.11 1.12 £ 0.11 0.86 + 0.07
frequency/moderate zratio = 3.16 Zratio = 1.06 zratio = —1.97
duration p = 0.0045* p = 05327 p=0.1184
Mid-frequency/long 0.23 + 0.02 0.18 + 0.01 0.28 + 0.02 143 +£0.14 0.78 + 0.09 0.55 + 0.05
duration z ratio = 3.52 zratio = —2.13 z ratio = —6.58
p = 0.0012* p = 0.0834 p < 0.0001**
Broadband/very 0.09 + 0.01 0.16 + 0.01 0.05 + 0.01 0.56 + 0.08 1.99 £ 0.41 3.56 + 0.60
long duration z ratio = —4.23 z ratio = 3.36 z ratio = 7.54
p =0.0001** p =0.0022* p < 0.0001**
High- 0.09 £ 0.01 0.14 + 0.01 0.13 £ 0.01 0.62 + 0.08 0.68 £ 0.11 1.10£0.13
frequgncy/short z ratio = —3.43 z ratio = —2.35 z ratio = 0.79
duration p = 0.0018* p = 0.0481* p = 0.7069
Very high- 0.04 + 0.01 0.05 + 0.004 0.02 + 0.01 0.74 £ 0.16 1.56 £ 047 212 £ 0.51
frequency/short 2 ratio = -1.41 7 ratio = 1.50 2 ratio = 3.09
duration p = 0.3305 p = 0.2860 p = 0.0054*

Odds ratios indicate the odds of detecting that call type in the first intensity level listed compared with the second intensity level listed. *Indicates statistical significance at

the p < 0.05 level;, ** indicates statistical significance at the p < 0.001 level.
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further evidence that they are an intragroup signal aimed at
other males (Dunlop and Noad, 2016). Most of the song unit
social calls used in the current study were low-frequency, pulsive
sounds (Figure 2E). Low frequency pulsed sounds are thought
to function in conveying information regarding dominance
status, primarily to other males, in some terrestrial mammals
(e.g., male rock hyraxes, Procavia capensis; Koren and Geffen,
2009; Demartsev et al., 2016; Weissman et al., 2019) and birds
(e.g., male barn swallows, Hirundo rustica (Galeotti et al., 1997).
These sounds could contain similar information in whales
during humpback whale competitive behavior. However, as low
frequency, pulsive song units are also produced while singing,
they may also be used to convey the same information (e.g., RHP)
but in a different context, supporting the theory that song may
serve multiple functions (Herman, 2017; Murray et al., 2018).

Unfortunately, in the present study, the continuous
background song precluded automated measurement of any
acoustic features of the calls, or any quantitative classification
of call types. Using data from the same population reduced the
likelihood that a discrete call type was present in the current
dataset that was not detected by the previous FKM analysis.
However, it is possible that some discrete call types were missed
here. Future studies should therefore attempt to perform a
quantitative FKM analysis on data directly from competitive
groups to identify potential call types that, although not detected
in previous studies, are relatively discrete. Using data from
other breeding grounds where population sizes are smaller
(e.g., Tonga or New Caledonia) may help as there is likely less
background chorusing from singing males (Allen, pers. comm.)
due to lower numbers on these breeding grounds (Constantine
etal., 2012). In the current study, we were also limited to making
assumptions about the behavior of the animals based on surface
observations. This might not be an accurate representation
of their underwater behavior, especially as humpbacks in
competitive groups are known to use the entire water column
(Herman et al, 2007). However, we carefully determined
intensity levels that were discrete and mutually exclusive,
providing what is likely a conservative view of the variety of
intensity levels observed in competitive groups. Incorporating
underwater video will help to validate the correlation between
surface and underwater behavior, as well as their relationship
with calling behavior.

Overall, we have provided evidence that humpback whales
follow similar trends to terrestrial species that engage heavily
in male competition during the breeding season. As theories
regarding male-male competition predict, humpback whale
competitive groups progressed from low intensity displays to
higher intensity contests, but with escalated contests being
relatively uncommon. Further, we have shown that humpback
whales use acoustic signals in concordance with visual displays
and threats during this progression. Calls within humpback
whale groups classified as low and moderate intensity likely
function to convey more fixed information such as body size,
while calls in the higher intensity levels likely function to convey
flexible information on motivation and arousal. Future research
can build from this to compare baleen whale species with
drastically different mating strategies, social systems, and vocal

repertoires in order to shed light on the link between high
communicative complexity and sociality in baleen whales.
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