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Abstract 
Stemming from the traditional use of field observers to score states and events, the study of animal behaviour often relies on 
analyses of discrete behavioural categories. Many studies of acoustic communication record sequences of animal sounds, 
classify vocalizations, and then examine how call categories are used relative to behavioural states and events. However, 
acoustic parameters can also convey information independent of call type, offering complementary study approaches to 
call classifications. Animal-attached tags can continuously sample high-resolution behavioural data on sounds and move-
ments, which enables testing how acoustic parameters of signals relate to parameters of animal motion. Here, we present 
this approach through case studies on wild common bottlenose dolphins (Tursiops truncatus). Using data from sound-and-
movement recording tags deployed in Sarasota (FL), we parameterized dolphin vocalizations and motion to investigate 
how senders and receivers modified movement parameters (including vectorial dynamic body acceleration, “VeDBA”, a 
proxy for activity intensity) as a function of signal parameters. We show that (1) VeDBA of one female during consort-
ships had a negative relationship with centroid frequency of male calls, matching predictions about agonistic interactions 
based on motivation-structural rules; (2) VeDBA of four males had a positive relationship with modulation rate of their 
pulsed vocalizations, confirming predictions that click-repetition rate of these calls increases with agonism intensity. Tags 
offer opportunities to study animal behaviour through analyses of continuously sampled quantitative parameters, which can 
complement traditional methods and facilitate research replication. Our case studies illustrate the value of this approach to 
investigate communicative roles of acoustic parameter changes.

Significance statement
Studies of animal behaviour have traditionally relied on classification of behavioural patterns and analyses of discrete 
behavioural categories. Today, technologies such as animal-attached tags enable novel approaches, facilitating the use of 
quantitative metrics to characterize behaviour. In the field of acoustic communication, researchers typically classify vocali-
zations and examine usage of call categories. Through case studies of bottlenose dolphin social interactions, we present 
here a novel tag-based complementary approach. We used high-resolution tag data to parameterize dolphin sounds and 
motion, and we applied continuously sampled parameters to examine how individual dolphins responded to conspecifics’ 
signals and moved while producing sounds. Activity intensity of senders and receivers changed with specific call param-
eters, matching our predictions and illustrating the value of our approach to test communicative roles of acoustic parameter 
changes. Parametric approaches can complement traditional methods for animal behaviour and facilitate research replication.

Keywords Behavioural parameters · Acoustic communication · Acoustic parameters · Signal grading · Bottlenose dolphin · 
Biologging

Introduction

Studies of animal behaviour have traditionally relied 
upon an observer watching animals when they are in 
view and categorizing their behaviours into discrete 
states and events (Altmann 1974). Limitations with 
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this approach can create challenges that are common in 
ethology. Researchers can seldom follow wild animals 
continuously while reliably assessing subtle details of 
their behaviour, and direct observation is not possible for 
many taxa. Behavioural patterns are highly stereotyped in 
some species, but clear states and events are difficult to 
define in some taxa and in a variety of contexts (e.g. dis-
tinguish movement states such as traveling and foraging-
related searching in wide-ranging species, or unambigu-
ously define and score types of social behaviour within 
complex social systems). Finally, discretization of the 
flow of behaviour into units often raises questions about 
whether information is lost, and whether the categories 
identified are biologically relevant for the study spe-
cies (Altmann 1974; Martin and Bateson 2007). Today, 
animal-attached recording devices offer opportunities 
to monitor a continuous stream of behaviour from indi-
vidual animals in natural conditions, thus overcoming 
multiple limitations of traditional observational methods 
and opening novel possibilities for behavioural research 
(Ropert-Coudert and Wilson 2005).

In the research field of acoustic communication, the 
dominant study approach is to classify a species’ repertoire 
on the basis of acoustic properties of calls, and to examine 
usage and function of different call types (Hopp et al. 1998; 
Bradbury and Vehrencamp 2011). Various techniques can 
be used to classify animal sounds, including visual exami-
nation of spectrograms combined with aural impressions 
and/or comparisons to a call library (Winter et al. 1966; 
Fossey 1972; Ficken et al. 1978; Ford 1989; Herzing 1996; 
Rendell and Whitehead 2003; Ouattara et al. 2009a, b; Luís 
et al. 2021), multivariate analyses of acoustic parameters 
(Nowicki and Nelson 1990; Rendell and Whitehead 2003; 
Wadewitz et al. 2015), and automated methods such as 
machine-learning (Molnár et al. 2008; Brown and Smar-
agdis 2009; Trawicki et al. 2005; Pandeya et al. 2018; Ber-
mant et al. 2019; Nanni et al. 2020). Different techniques 
can yield contrasting results (Janik 1999), which empha-
sizes the importance of testing whether the study species 
categorizes sounds the same way as the researchers do. 
Sound categories can be validated through studies of cat-
egorical perception (Ehret 1987; Harnad 1987; Nelson and 
Marler 1989; Fischer 1998; Baugh et al. 2008; Green et al. 
2020) or by demonstrating a specific differential usage of 
calls relative to surrounding conditions (e.g. Seyfarth et al. 
1980) or features of the sender (e.g. Janik 1999). Percep-
tual studies are particularly important in the case of graded 
sounds, which could be perceived either continuously with 
no discontinuity or categorically on the basis of acoustic 
boundaries that may not be predictable a-priori (Marler 
1976). However, these validation studies are usually car-
ried out in controlled settings or in the laboratory, and are 
not feasible for all species.

Another approach in bioacoustics research is to char-
acterize signals through one or more acoustic metrics 
and to analyse these acoustic features in their own right, 
without an end goal of defining classes of calls. Acous-
tic parameters can convey information independent of 
what call type is used (Marler 1976; Morton 1977, 1982; 
Taylor and Reby 2010; Bowling et al. 2017). In many 
mammals, for example, formant frequencies correlate 
with body size of the sender (Fitch and Hauser 2002), 
and fundamental frequency can be a reliable indicator 
of features such as sex, age, size, dominance rank and 
individual identity (Taylor and Reby 2010; Bowling 
et al. 2017). Motivational states of senders of sounds 
can also be associated with specific acoustic properties 
(Owings and Morton 1998; Scherer et al. 2003; Laukka 
et al. 2005). An established hypothesis describing these 
relationships is represented by the motivation-structural 
rules (Morton 1977), validated in various species (Ohala 
1984; Compton et al. 2001; Yin 2002) and applied in 
broad inter-specific studies (Morton 1982; August and 
Anderson 1987; Gouzoules and Gouzoules 2000). This 
framework postulates the existence of call acoustic fea-
tures typical of aggressive versus friendly social con-
texts in mammals and birds, with aggressive calls being 
relatively low-pitched and high bandwidth, and friendly 
calls being high-pitched with low bandwidth (Morton 
1977). Other acoustic metrics such as call amplitude, 
rate and duration can encode information about levels 
of urgency and arousal of the caller (Taylor and Reby 
2010), as well as about the intensity of specific emotional 
states (Scherer et al. 2003; Briefer 2012, 2018). Thus, 
parameterization of sounds can offer valuable insights 
into functional attributes of acoustic signals.

Similar to acoustic signals, animal movements are also 
frequently resolved by researchers into discrete classes, 
but it can be useful to quantify motion parameters as well. 
Measures of dynamic body acceleration can be used as 
proxies for activity level and energy expenditure (Qasem 
et al. 2012; Wilson et al. 2006; Halsey et al. 2009). Ani-
mal acceleration, speed and orientation can be used to 
infer aspects of body condition (Miller et al. 2004a) and 
internal physiological state (Wilson et al. 2014), while 
the speed of specific movement patterns can correlate 
with individual fighting ability (Baird 2013). In studies 
of acoustic communication, movement metrics derived 
from participants in a social interaction can also help 
characterize the visual component of multimodal dis-
plays (Ota et al. 2015; Ronald et al. 2017), and quantify 
features of the social context (e.g. intensity of aggres-
sive behaviour during agonistic interactions; Briffa 2013; 
Earley and Hsu 2013) or of behavioural responses to 
signals (e.g. approach or avoidance). Sound-and-move-
ment recording tags enable sampling of high-resolution 
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quantitative data on behaviour and offer opportunities to 
test how acoustic parameters of signals relate to patterns 
of animal motion. In this paper, we explore the use of 
animal-attached tags to derive continuous parameters for 
sounds and motion from senders and receivers of signals 
for the study of acoustic communication.

The advent of bio-logging devices in recent decades 
has opened new frontiers for research in a variety of 
animal taxa (Ropert-Coudert and Wilson 2005; Rutz 
and Hays 2009; Hussey et al. 2015; Kays et al. 2015). 
These instruments have made important contributions in 
many fields (e.g. movement ecology, foraging behaviour, 
physiology, conservation biology; Hussey et al. 2015; 
Kays et al. 2015), but have been less used for studies of 
communication (but see Jensen et al. 2011; Jensen and 
Tyack 2013; Stimpert et al. 2015; Arranz et al. 2016). The 
bottlenose dolphin (Tursiops spp.) is a good candidate 
to illustrate the use of tags to study acoustic communi-
cation, owing to its heavy reliance on acoustic signals 
(Janik 2013) and the limitations of other sensory cues in 
its underwater environment (Tyack 1998). These animals 
display a sophisticated communication system and com-
plex forms of social interactions, but detailed informa-
tion on their social behaviour is still limited compared to 
many terrestrial taxa, due to the inherent difficulties of 
behavioural research on wide-ranging aquatic organisms.

The acoustic repertoire of both bottlenose dolphin spe-
cies, the common bottlenose dolphin (Tursiops truncatus) 
and the Indo-Pacific bottlenose dolphin (Tursiops aduncus), 
is traditionally classified into three broad categories: whis-
tles, clicks and burst pulses (Janik 2009). The communi-
cative function of whistles, especially signature whistles, 
has been studied extensively (Caldwell and Caldwell 1965; 
Tyack 1986; Janik et al. 2006; Janik and Sayigh 2013; King 
and Janik 2013; King et al. 2018; Jones et al. 2020), as 
has the role of clicks for echolocation (Au 1993; Jensen 
et al. 2009; Wahlberg et al. 2011). Less studied are burst 
pulses, which generally refer to pulsed calls with a high 
repetition rate, although some apply this label for all sounds 
that are not whistles or echolocation clicks (Janik 2009). 
Beyond these generic broad classes, several additional call 
types have also been identified (Jones et al. 2019; Luís 
et al. 2021), but a consistent classification of these dol-
phins’ repertoire is still missing across different field sites 
and populations (Jones et al. 2019). In addition to studies 
based on call classification, some work has focussed on the 
communicative function of specific acoustic parameters of 
signals. Studies of dolphins in captivity reported that fea-
tures of burst pulses (i.e. call duration and repetition rate of 
clicks) can correlate with levels of aggression (i.e. occur-
rence and rate of agonistic displays) during agonistic inter-
actions (Overstrom 1983; Blomqvist and Amundin 2004; 
Blomqvist et al. 2005). Links between acoustic features of 

whistles and the behavioural context of sound production 
have also been documented (Janik et al. 1994; Esch et al. 
2009).

Sounds produced by males during “consortships” with 
females (Connor et al. 1992; Smolker et al. 1992), when 
cycling/oestrous is likely (Wallen et al. 2017), represent an 
interesting case study to analyse the relationship between 
acoustic features of calls and the intensity of agonistic behav-
iour. In the mating system of bottlenose dolphins, receptive 
females are dispersed and asynchronous, and males often 
form long-term stable alliances in pairs or trios to compete 
for reproductive opportunities (Wells et al. 1987; Wells 2014; 
Connor et al. 2000; Connor and Krützen 2015). Consortships 
between a female and a male alliance vary in duration from a 
few minutes to months, and are usually interpreted as forms 
of sexual coercion, mate guarding or pre-emption of female 
choice (Connor et al. 2000, 1996; Connor and Vollmer 2009). 
Males can direct agonistic signals towards a consorted female, 
including threat calls that induce the female to remain close to 
them (i.e. “pops”; Connor and Smolker 1996; Vollmer et al. 
2015; King et al. 2019). Interactions can escalate and involve 
physical aggression (e.g. chases, coordinated flanking from 
allied males), to which females can respond with avoidance 
behaviours and by bolting away attempting to escape (Connor 
et al. 2000; Connor and Vollmer 2009; Connor and Krützen 
2015). Several sound types can be used by males in complex 
vocal sequences and as agonistic signals (Connor et al. 2000; 
Sayigh et al. 2017; King et al. 2019; Moore et al. 2020), but 
a precise comparison of call categories is still missing across 
field sites, and the detailed function of some of these signals 
is unclear.

Here, we use data from animal-borne sound-and-move-
ment recording tags (Dtags: Johnson and Tyack 2003) to 
present a parametric approach for the study of acoustic 
communication. We illustrate this approach through case 
studies of social interactions in wild common bottlenose 
dolphins. In a first case study, we examine relationships 
between acoustic parameters of male calls and move-
ments of one tagged female as signal receiver during 
consortship interactions, and we test a hypothesis based 
on motivation-structural rules: if increased levels of 
aggression are associated with a lower frequency of male 
calls, then we predicted a negative relationship between 
female movement intensity and the frequency of male 
sounds. In a second case study, we use four tagged males 
to analyse relationships between call acoustic parameters 
and movements of senders of sounds, and we test the 
relationship between click repetition rate of pulsed calls 
and levels of aggression, reported in captivity for the spe-
cies (Overstrom 1983; Blomqvist and Amundin 2004). To 
test hypotheses, we derive a measure of activity intensity 
from tag data and apply it as a proxy for the intensity of 
dolphin agonistic behaviour during social interactions.
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Methods

Data

Sound-and-movement recording tags were deployed from 
2011 to 2019 in Sarasota Bay, FL during periodic capture-
release operations for health assessment of a long-term resi-
dent bottlenose dolphin population (for details on capture-
release and health assessment, see protocols described in 
Wells et al. 1987, 2004). Version 3 Dtags (www. sound tags. 
org) were deployed on dolphins of both sexes and different 
age classes after handling for health assessment, and were 
attached by hand to the dorsal surface, halfway between the 
blowhole and the dorsal fin, by means of suction cups. Pairs 
of allied males or mother-calf pairs were typically released 
at the same time, and we often tagged both members of 
the pair in such cases; overall, 67 dolphins (35 males and 
32 females) were instrumented with a Dtag over 9 years, 
for a total of 92 individual tag deployments. Tags sampled 
stereo sound at 240 kHz (with in-built 80 kHz low-pass 
filter and 200 Hz high-pass filter) and also depth, tri-axial 
accelerometer and tri-axial magnetometer data at 200 or 
250 Hz; they were programmed to remain attached to the 
dolphins for periods of up to 24 h. After release, dolphins 
were followed and observed from a 7-m motorboat dur-
ing the tagging period while daylight and weather condi-
tions permitted. A 3-min focal point sampling was adopted 
for behavioural observations (Mann 1999; McHugh et al. 
2011), and ad-libitum notes were taken continuously on 
visible behavioural events (Mann 1999; during 83 out of 92 
tag deployments, concomitant focal-follow data were col-
lected, using one of the tagged dolphins as focal individual). 
Dolphins in sight were photo-identified relying on the long-
term catalogue of individuals in the population. Follows of 
individual tagged dolphins provided contextual information 
to be matched with tag data, and confirmed the occurrence 
of social interactions along with the identity of interact-
ing individuals. A VHF tracking system (Cushcraft, USA; 
Lkarts, Norway) facilitated following the tagged animals 
and enabled recovery of the tags once they released from 
the dolphins. To minimize observer bias, blinded methods 
were used when all behavioural data were recorded and/or 
analysed. Observers were blind to the multivariate tag data 
being collected autonomously during follows.

Data processing

Selection of social interactions

Data offloaded from tags were processed and analysed using 
custom functions in Matlab R2013b (Mathworks, USA; 

www. mathw orks. com). In order to visualize tag data, we 
used a custom tool that allowed inspection of the sound 
spectrogram (60 kHz down-sampled data, FFT size of 512 
points, Hamming window with 50% overlap), sound inten-
sity envelope and depth profile of animals, synchronously in 
consecutive 10-s intervals (www. sound tags. org). In select-
ing periods of social interactions for the case studies, we 
focussed on sections of tag data with intense vocal activity. 
These sections were chosen as being particularly relevant 
for illustrating the analysis of continuous parameters of 
vocal and motion behaviour. Only periods of tag data with 
simultaneous focal-follow information were considered. 
To identify dolphins involved in interactions, we relied on 
focal-follow data and included all individuals within the 
monitored “social group”, defined as animals moving in the 
same general direction, engaged in similar or coordinated 
activities, within a distance of approximately 100 m from 
each other (Wells et al. 1987).

We explored two possible applications of our analytical 
approach: in the first case study, we examined relationships 
between vocal behaviour of senders of sounds and movements 
of a signal receiver, while in the second case study, we looked 
at relationships between vocal behaviour and movements of 
senders of calls. In order to assess whether sounds recorded 
by a Dtag were produced by the tagged dolphin or by another 
individual, we examined the angles of arrival of vocalizations 
(AOA, obtained from time-of-arrival differences between 
the two hydrophones on each tag; Johnson et al. 2006) and 
their root-mean-squared (RMS) received levels. Sounds 
were attributed to a tagged individual if they (1) had angles 
of arrival (throughout the call duration) consistently within ± 
20 degrees of the mean AOA of echolocation clicks measured 
throughout that animal’s deployment (this AOA average cor-
responds to the orientation of the tag on the tagged individual; 
Johnson et al. 2009; Marrero Pérez et al. 2016), and (2) had 
a higher received level on that animal’s tag compared to tag 
recordings from another animal in the group (in cases where 
multiple tags were deployed simultaneously; Marrero Pérez 
et al. 2016). Sounds that did not meet these two criteria were 
attributed to non-tagged individuals. The use of AOA for 
determining which individual produced calls is widespread 
in cetacean biologging (Johnson et al. 2009). While a single 
AOA measurement does not provide a conclusive discrimi-
nation between the tagged individual and another individual 
that is positioned exactly on-axis relative to the tagged one, 
the assessment of multiple angles (and of their variability) 
throughout entire vocalizations provides stronger evidence.

First case study, relations between male calls and female 
movements Two interactions from a tag deployment on the 
17-year-old female FB123 from 11 May 2015 were used for 
the first case study. The two interactions involved the tagged 
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female, her 3-year-old calf (FB286, which was also tagged) 
and a pair of allied adult males (a different pair in each inter-
action). This tag deployment was selected because physi-
ological measurements from the health assessment prior to 
tagging reported high estradiol concentrations for FB123, 
indicating that she might have been ovulating. This suggests 
that the males associated with her for reproductive purposes 
(Connor et al. 1996; Wallen et al. 2017) and was useful to 
identify probable consortship interactions. Both interactions 
occurred when a pair of males encountered the mother-calf 
pair and joined to form a single social group. The first male 
alliance remained associated with the mother-calf pair for 
approximately 9 min, and the group spread was generally 
loose (21–50 m). The second male alliance remained asso-
ciated with the mother-calf pair for at least 48 min (after 
which the focal-follow was interrupted because it became 
too dark), and the group spread was generally moderate 
(11–20 m) but also tight (1–10 m) and loose at times; the 
individually distinctive signature whistles (Janik and Sayigh 
2013) of both allied males were recorded on Dtags in mul-
tiple separate bouts during a period of 8 h after the end of 

the focal-follow, suggesting a prolonged association between 
the males and the mother-calf pair during the night. Fur-
ther evidence suggesting a consortship context for these 
two interactions included the following aspects: (1) in both 
interactions males rapidly approached the mother-calf pair 
upon joining; (2) flanking behaviour of the males towards 
the female was observed in the first interaction; (3) in inter-
actions males produced low-frequency narrow-band pulses 
(Supplementary Material; spectrogram settings: 512 FFT, 
Blackman-Harris window; 44.1 kHz down-sampled data) 
that share acoustic features (e.g. frequency features, pro-
duction pattern) with “pop” calls, reported to be associated 
with consortship behaviour in T. aduncus (for comparison, 
see Fig. 4 and 5 in Connor and Smolker 1996, Fig. 3A in 
King et al. 2019, Fig. 1 in Moore et al. 2020); (4) two days 
after the interactions, the female was sighted with a third 
different male alliance, strengthening the possibility that she 
was ovulating at the time (Connor et al. 1996; Connor and 
Krützen 2015; Wallen et al. 2017).

Since both the female and her calf were tagged, vocaliza-
tions produced by the males could be identified by exclusion. 

Fig. 1  Angles of arrival of vocalizations (AOA) estimated from tags 
on a female (FB123) and her calf (FB286) during a male–female 
interaction.  Vocalizations (shown in the spectrogram of the upper 
plot, 512 FFT, Hamming window, 50% overlap) are clearly not pro-
duced by the tagged individuals, since AOA measured from both tags 
are consistently different from 0 degrees and are variable along time 
(middle and bottom plots; 0 degrees correspond to sounds produced 

on axis relative to the tag; it was possible to confirm that the tags had 
remained on-axis relative to the animals using AOA measurements 
of echolocation click series, which showed consistent values of 0 
degrees). At times (e.g. sec 7–10), it is also possible to confirm that 
multiple non-tagged dolphins (i.e. the two males by exclusion prin-
ciple) are vocalizing simultaneously, as AOA measurements separate 
into distinct trajectories along time
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First, sounds produced by the female and the calf were iden-
tified using call AOA and received level measured from the 
two tags (Fig. 1). Once these calls were excluded, all remain-
ing sounds were assumed to be from the males, since no 
other dolphin was present in the focal group or sighted in the 
area. This allowed assigning calls to the males collectively 
(in both consortships, the large majority of calls was from 
the males). At times, distinct AOA trajectories (e.g. Fig-
ure 1) indicated that both males were vocalizing. In the sec-
ond interaction, vocal matching sequences of low-frequency 
sounds were observed between males (Moore et al. 2020).

Second case study, relations between calls and movements 
of vocalizing dolphins Four interactions with different group 
compositions from four tag deployments on adult males 
were used for the second case study. Interactions occurred 
when the tagged male and his alliance partner encountered 
and joined other dolphins. This case study focussed on the 
relationship between sounds and concurrent movements of 
the tagged dolphin. In two of the interactions (those from 
May 2014 and May 2017; Table 1), the tagged animal was 
observed chasing one of the newly encountered individuals, 
suggesting an aggressive context. In the other two interac-
tions, the type of social context could not be conclusively 
identified by the focal-follow data (for the interaction from 9 
May 2012 possible avoidance behaviour was scored for one 
of the non-tagged dolphins; chases were not observed from 
tagged or non-tagged individuals). Table 1 provides details 
of group composition during the social interactions used 
for both case studies. All interactions except the one from 9 
May 2012 comprised tag data collected more than 30 min 
after the animal release, reducing potential effects of capture 
procedures on the sampled dolphin behaviour.

Labelling and classification of dolphin acoustic signals

Before measuring acoustic parameters from dolphin 
calls, acoustic tag data were manually labelled for pres-
ence of dolphin acoustic signals, using the visualization 
tool previously described. Manual labelling was per-
formed to (1) locate signals in the acoustic time series 
and check that they were dolphin sounds, (2) classify 
signals into call types, which were used to compare the 
parametric approach developed in this paper with dis-
crete call classification. Signals were classified through 
visual inspection of spectrograms aided with compari-
sons to a call library (Supplementary Methods; spectro-
gram settings used for plots of the call library: Hamming 
window with window size 2048 samples, 85% overlap, 
4096 DFT; 240 kHz sampling rate) into nine categories 
routinely utilized for the Sarasota population: whis-
tle, chirp, click series, buzz, burst, rasp, crack, quack, 
indeterminate (Sayigh et al. 2017; see Supplementary 
Methods for definitions of categories). Since detailed 
comparisons are still missing for many call categories 
across bottlenose dolphin species and populations, and 
considering the difficulties of recognizing same sound 
types across sites if a mixture of acoustic and usage cri-
teria is adopted for definitions (Jones et al. 2019), we did 
not re-use specific call types identified in other field sites 
for our classification.

Labelled sounds from periods of social interactions 
were retained and used for extraction of parameters if 
they met the following criteria: (1) they did not overlap 
with strong ambient noise (a Signal-to-Noise ratio, SNR, 
criterion was applied subsequently, but these sounds 
were excluded at this stage through human assessment 
to prevent strong ambient noise from causing errone-
ous estimates of high SNR that could affect acoustic 

Table 1  Details of group composition during social interactions 
involving tagged dolphins and analysed for case studies. The third 
column specifies ID, age and sex of the focal tagged dolphin, the indi-
vidual from which acoustic and movement tag data were analysed in 

each interaction, and which was used as focal animal during follows. 
Other dolphins that were also tagged during interactions are indicated 
with the symbol (*) in the fourth column

Case study Social inter-
action ID

Focal tagged dolphin Other dolphins in the social group during the interac-
tion

Deployment date

1 1 FB123 (17-year-old female) Calf of the focal female*, 2 allied males 11 May 2015
1 2 FB123 (17-year-old female) Calf of the focal female*, 2 allied males 11 May 2015
2 2 FB20 (23-year-old male) Alliance partner of the focal male*, 2 allied males, 2 

unknown dolphins
7 May 2012

2 1 FB276 (20-year-old male) Alliance partner of the focal male*, 2 allied males, 1 
adult female

9 May 2012

2 4 FB276 (22-year-old male) Alliance partner of the focal male*, 2 allied males, 1 
mother-calf pair

6 May 2014

2 3 FB164 (28-year-old male) Alliance partner of the focal male*, 2 juveniles 11 May 2017
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measurements); (2) they were ascribed to the sound 
sender(s) of interest in the analyses, in each interaction; 
(3) they did not overlap with calls from dolphins that were 
not the sound sender(s) used in the analyses.

Extracting acoustic parameters from dolphin signals

We developed a method to extract acoustic parameters as 
time series from labelled dolphin signals in tag acoustic 
recordings. Dolphin vocalizations were parameterized by 
measuring acoustic metrics on consecutive non-overlap-
ping 0.1-s windows throughout calls. This window length 
was selected to be broadly similar to the integration time 
of mammalian hearing (Manley et al. 2004; Tougaard et al. 
2015) and the acoustic response time measured for the spe-
cies (Ridgway 2011). In selecting parameters, we focussed 
on two simple acoustic metrics that are relevant for the 
hypotheses tested within the case studies: centroid frequency 
and amplitude modulation rate. The first is a standard and 
robust measure of call frequency, which is a central acoustic 
feature of the motivation-structural rules framework (Morton 
1977). The second relates to click repetition rate in the case 
of dolphin pulsed calls (where signal amplitude and its mod-
ulation depend mostly on the rate with which clicks are pro-
duced), which is reported to convey information about levels 
of aggression (Overstrom 1983; Blomqvist and Amundin 
2004). Additionally, we selected two parameters useful to 
separate tonal and pulsed sounds: we adopted a measure of 
signal occupancy in the frequency domain (15 dB bandwidth 
from the peak frequency), and a measure of signal occu-
pancy in the time domain (a duty cycle measure similar to 
that used by Murray et al. 1998).

All sound samples used for analyses were high-pass-fil-
tered at 400 Hz (4-pole Butterworth filter) in order to remove 
strong low-frequency noise (e.g. flow noise) often present in 
on-animal recordings. This threshold is below the frequency 
range of most bottlenose dolphin vocalizations (Jones et al. 
2019), and from preliminary analyses with unfiltered data, 
it also appeared to be below the centroid frequency of low-
frequency dolphin vocalizations in our dataset.

The first step for the extraction of parameters was cal-
culation of SNR. For each call, the RMS level was meas-
ured on consecutive sound segments of 1024 points each 
(4.3 ms, 50% overlap between successive segments) and 
was divided by the RMS ambient noise immediately pre-
ceding the call, as an estimate of the time-varying SNR 
throughout the sound (see Supplementary Methods for 
details; 0.1 s of ambient noise was selected for each call 
(same window length used for measuring acoustic param-
eters), and for SNR calculations, we used the  90th percen-
tile of the RMS levels measured on 1024-point segments 
of noise). A 6 dB SNR criterion was used to (1) exclude 
low-SNR calls from the analysis, and (2) for high-SNR 

calls, precisely cut the length of a labelled sound so as to 
contain the dolphin vocalization (Supplementary Meth-
ods). The resulting high-SNR calls were divided into 
consecutive non-overlapping time windows of 0.1 s for 
which acoustic parameters were measured (Fig. 2). For 
each sound, the number of windows was equal to the 
sound duration in seconds divided by 0.1 s and rounded 
up to the nearest integer.

Before measuring frequency parameters in the identi-
fied 0.1-s windows, 1024-point segments with low SNR 
were discarded. This was done to minimise the impact of 
noise on the spectrum of low duty cycle signals, such as 
clicks. The same SNR cut-off used previously was applied 
to the 1024-point segments of each window (50% overlap 
between successive segments), and the high-SNR seg-
ments were used to calculate a power spectrum (i.e. the 
average power in each 1024-point FFT of these remain-
ing segments) from which the centroid frequency and 
spectral occupancy (i.e. 15 dB bandwidth from the peak 
frequency) were measured. If none of the 1024-point seg-
ments within a window presented a high SNR, the win-
dow was considered empty and acoustic measurements 
were not taken (such windows could occur, e.g. in case of 
low duty cycle and low repetition rate signals).

Entire 0.1-s windows were used for calculating ampli-
tude modulation rate and temporal occupancy, since the 
sound duty cycle is relevant for measuring these metrics. 
However, if no 1024-point segment of a window pre-
sented a high SNR, the window was considered empty 
and parameters were not measured. To measure amplitude 
modulation rate, the envelope of each window was cal-
culated using the Hilbert transform (Au 1993) and then 
low-pass filtered at 4 kHz (4-pole Butterworth filter). The 
modulation rate was then calculated as the centroid fre-
quency of the spectrum of this filtered envelope (FFT of 
24,000 points, equal to the duration of the 0.1-s window). 
Temporal occupancy was calculated as the average of the 
unfiltered envelope divided by the envelope maximum, 
for each window.

Extracting movement parameters

Numerous methods have been described for calculating 
motion and posture parameters from high-resolution tag 
data, and we used three standard metrics to parameterize 
dolphin motion from Dtag data. To quantify activity levels, 
the RMS of tri-axial high-pass-filtered acceleration was 
used (this is the same as vectorial dynamic body accelera-
tion (Qasem et al. 2012) but obtained using a custom FIR 
filter, and will be called simply VeDBA hereafter). Calcu-
lations used data with a decimated sampling rate of 25 Hz 
and a high-pass filter of 0.5 Hz; the 0.5-Hz filter cut-off was 
about 70% of the dominant stroke frequency over entire tag 
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Fig. 2  Time-series of acoustic parameters extracted from a bottlenose dolphin whistle. The spectrogram of the call is shown, along with meas-
urements of the four selected acoustic parameters from consecutive non-overlapping 0.1-s windows
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deployments, a typical threshold for dynamic body accel-
eration (which allows accounting for regular swimming 
as well as faster motions; Martin López et al. 2015, 2016, 
2021). This parameter was averaged over 2-s intervals and 
used as a proxy for the intensity of dolphin agonistic behav-
iour during social interactions. In addition to VeDBA, two 
parameters quantifying changes in orientation were meas-
ured. The Euler angles of pitch, roll and heading were esti-
mated following Johnson and Tyack (2003) and were used 
to calculate absolute changes in pointing angle (i.e. changes 
in orientation of the longitudinal axis of an animal; Miller 
et al. 2004b) and absolute changes in roll, over 2-s intervals. 
Before estimating Euler angles, sensor data were corrected 
for orientation of the tag in case it had slid from its original 
position, and decimated accelerometer and magnetometer 
data (0.5 Hz sampling rate) were used for calculations. Each 
of our three movement parameters was calculated on con-
secutive non-overlapping intervals from the start of each 
social interaction.

Statistical analysis

Statistical analysis was performed in R Studio (RStudio, 
USA; www. rstud io. com). To examine relationships between 
the acoustic and movement parameters, each movement 
parameter was modelled separately as a function of the 
acoustic parameters of concomitant vocalizations. Spe-
cifically, acoustic measurements from 0.1-s windows were 
averaged over the same time intervals that were used for 
calculating movement parameters (if a certain time interval 
did not contain any call acoustic measurement, that cor-
responded to a “not-available” (NA) data-point for each 
of the acoustic metrics). Therefore, measures of different 
parameters were matched on the basis of the time inter-
val over which they had been calculated, and time series 
of acoustic and movement metrics with equal resolution 
were used for the modelling. Based on the relation between 
call frequency and social context postulated by motivation-
structural rules (Morton 1977), for our first case study, we 
predicted a negative relationship between female VeDBA 
and centroid frequency of male calls: the higher the female 
activity levels got (e.g. reflecting increased female avoid-
ance) as the intensity of agonistic signalling increased, the 
lower the frequency of male calls was expected to be. Based 
on earlier results on the usage of pulsed calls in bottlenose 
dolphin social interactions, with higher click repetition rates 
associated with higher levels of arousal (as observed by 
Overstrom 1983 and postulated by Blomqvist and Amundin 
2004), for the second case study, we predicted a positive 
relationship between VeDBA and amplitude modulation 
rate of these signals. In the case of changes in pointing 
angle and changes in roll, we did not have specific pre-
dictions for how these dynamics of postural change might 

relate to call parameters, and these two metrics were used 
for exploratory analyses to illustrate possible applications 
of our approach.

To model movement parameters, Generalized Estimating 
Equations (GEEs) were used in order to account for serial 
correlation (geepack R package). GEEs allow the temporal 
autocorrelation within clustered data to be modelled explicitly, 
and they estimate population averages for model predictors 
(Hardin and Hilbe 2002). Call acoustic parameters and a cat-
egorical social interaction-ID variable were used as predic-
tors. To account for the possibility of non-linear relationships 
between the response variable and predictors, model formu-
las were chosen during exploratory analysis in order to best 
approximate the shape of relationships (by setting the link 
function, either as identity or log link, and/or by log-trans-
forming explanatory variables; Gaussian error distribution 
was used). In order to assess autocorrelation and define a suit-
able correlation structure, Generalized Linear Models (GLM) 
were fit to the data (with the same model formula chosen for 
GEEs) and residuals were examined with the autocorrelation 
function. The length of the clustering unit in the GEEs was 
set according to the number of time lags with significant auto-
correlation in GLM residuals, and AR-1 autocorrelation was 
assumed within each unit (Zuur et al. 2009). Model selection 
was performed using QIC values (the AIC-type criterion for 
GEEs; Pan 2001) and applying the parsimony principle for 
choosing among models with different number of predictors 
and small difference in QIC (i.e. ∆QIC < 2).

GEEs were fit again using qualitative presence-absence of 
call categories as explanatory variables (including interaction-
ID as a predictor) instead of acoustic parameters, to compare 
the use of parameters and discrete call types to predict the 
selected movement parameters. For each movement metric, 
models with parametric and categorical predictors were com-
pared using information criteria.

Results

Male–female interactions from tag deployment 
on a female

Each of the two consortship interactions analysed from 
the tag deployment on the female FB123 involved two 
allied males. The males produced signals in concentrated 
bouts at the onset of encounters, lasting respectively 47 
and 205 s from the first to the last sound in the two inter-
actions. Calls could be assigned to the males collectively 
(see the Methods section for details) but not always to 
a specific non-tagged individual, so sounds from allied 
males were merged and kept as a single data stream in the 
analyses; this is consistent with the cooperative behav-
iour of males during reproductive encounters (Connor 
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et al. 1996, 2000; Connor and Krützen 2015; Moore et al. 
2020), which suggest that a female would respond to their 
combined signalling in these contexts. No evidence of 
foraging behaviour was found from focal-follows or tag 
acoustic data (i.e. occurrence of “buzz” signals; Supple-
mentary Methods) during the periods analysed, which 
suggests that movements of the tagged female were not 
related to feeding.

Each movement parameter measured from the tagged 
female was modelled with GEEs as a function of the 
selected four acoustic parameters of concomitant male 
calls, including all male signals regardless of call cate-
gories. In the two interactions, male calls corresponded 
respectively to 283 and 868 0.1-s sound windows with 
high-SNR. Acoustic measurements from those windows 
were averaged over 2-s intervals thus obtaining time series 
with the same resolution as the movement metrics (Fig. 3; 
Supplementary Results). The sample size was 100 data-
points overall for the two interactions (corresponding 
to 200 s of tag data). The best model of female VeDBA 
retained only the centroid frequency of male sounds as 
a predictor (effect size of − 0.02  g/log(Hz); Table  2), 
showing a significant negative relation with acceleration 
(Fig. 4). Change in pointing angle was also best explained 
by centroid frequency (effect size of 0.03 log(radians)/
kHz), while the best model of change in roll retained spec-
tral occupancy (effect size of 0.02 log(radians)/occupancy) 
and temporal occupancy (effect size of 0.08 log(radians)/
occupancy) of calls (Table 2).

GEEs were fit again explaining movement param-
eters as a function of call categories of male vocaliza-
tions. Since 42% of the 2-s intervals used for calculating 
movement metrics comprised multiple call types, a sin-
gle explanatory variable was not suitable, and a binary 
presence-absence variable was calculated for each of 
the six call categories observed (click series, whistle, 
chirp, quack, burst and indeterminate) and was included 
in the model. The best model of VeDBA retained two 
call types, quacks and chirps, as significant predictors 
(quacks, effect size of 0.07 g if present; chirps, effect size 
of − 0.06 g if present), and offered a similar goodness 
of fit compared to the model calculated with centroid 
frequency as a predictor (∆QIC = 0.4). Change of female 
roll was better explained when using parameters as pre-
dictors (∆QIC = 2.5), with a negative effect of indeter-
minate sounds observed when using categorical variables 
(effect size of − 0.69 log(radians) if present). Finally, the 
best model of change in female pointing angle retained 
the occurrence of indeterminate sounds and quacks, with 
a slightly lower QIC compared to the use of quantitative 
model predictors (∆QIC = 0.7; Table 2).

Interactions from male tag deployments

Four interactions were analysed from four tag deploy-
ments on adult males. In all interactions, the tagged male 
produced primarily pulsed calls, including the “burst” 
and “rasp” categories utilized in this paper (both falling 
within the broad group of “burst pulses”; Janik 2009), as 
well as stereotyped whistles in one interaction. Given the 
low diversity of call types observed and the prevalence of 
burst pulses, these interactions were particularly suited 
to test communicative functions of these signals, and 
analyses focussed on the relationship between acoustic 
parameters of these calls and movements of the vocal-
izing animal. In the four interactions, burst pulses of the 
tagged dolphin corresponded respectively to 196, 225, 
125 and 205 0.1-s sound windows with high SNR, spread 
over a period of 216, 252, 169 and 572 s from the first to 
the last signal. No evidence of foraging from the tagged 
animal was found from focal-follow or tag data concomi-
tant to the vocalizations analysed.

GEEs were calculated for VeDBA, change in point-
ing angle and change in roll as a function of modulation 
rate and temporal occupancy of burst pulses (centroid 
frequency and spectral occupancy were not analysed 
in this case study because these frequency parameters, 
particularly in the case of pulsed calls, can be strongly 
altered in sounds of a tagged animal as recorded on its 
own tag; Johnson et al. 2009). The sample size was 93 
data-points overall for the four social interactions. For 
male VeDBA and change in pointing angle, model selec-
tion retained modulation rate and the interaction-ID vari-
able, with modulation rate showing a significant positive 
relationship with both VeDBA (effect size of 0.25 g/kHz; 
p < 0.001) and change in pointing angle (effect size of 
0.51 radians/kHz; p = 0.03). For change in roll, modula-
tion rate and temporal occupancy were retained, respec-
tively with an effect size of 0.26 radians/kHz (p < 0.001) 
and 0.03 radians/occupancy (p < 0.001).

The same analyses were also performed using a cate-
gorical variable for male vocalizations as predictor. Unlike 
the previous case study, a single predictor was sufficient 
to express the occurrence of the “burst” versus the “rasp” 
category in each time interval. Call type was rejected 
during model selection for both VeDBA and change in 
pointing angle. These movement parameters were better 
explained when modelled as a function of acoustic param-
eters rather than as a function of call type (∆QIC of 14 
and 5.1 respectively). Call type was retained when model-
ling change in roll, with larger changes in roll observed 
when bursts were produced (effect size of 0.19 radians; 
p < 0.0001). However, this model offered a lower good-
ness of fit compared to the best model of change in roll 
obtained with parametric predictors (∆QIC of 6.6).
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Fig. 3  Parameters of male vocalizations and female movement meas-
ured as time series during one of the male–female interactions. Male 
acoustic signals are represented as presence/absence of different 

signal categories (top plot; abbreviations are burst (B), quack (QU), 
indeterminate (IND), whistle (W), click series (CS)) and also through 
centroid frequency and temporal occupancy (0.5-Hz resolution)

Page 11 of 21    59Behavioral Ecology and Sociobiology (2022) 76: 59



1 3

To examine whether the relationship between move-
ment metrics and modulation rate of burst pulses changed 
between interactions with and without a documented 
aggressive context, models were fit again using modu-
lation rate and occurrence of a chase (categorical vari-
able) as predictors, including an interaction term between 
the two (interaction-ID was not included due to lack of 
sufficient data-points to estimate all model parameters). 
Adding chase as a predictor improved goodness of fit 
only in the case of VeDBA (∆QIC = 10.4). The best 
model of VeDBA retained modulation rate (p < 0.0001) 
and the interaction term between explanatory variables 
(p = 0.006), estimating a positive effect of modulation rate 
on VeDBA equal to 0.37 g/kHz and 0.12 g/kHz respec-
tively for interactions with and without a chase (Fig. 5).

Discussion

Many studies of animal behaviour rely on classification 
of behavioural patterns and analyses of discrete behav-
ioural categories. However, modern technologies offer 
continuous sampling of fine-scale behavioural data, 
which enables novel analytical approaches that charac-
terize behaviour through quantitative metrics. Continu-
ously sampled behavioural parameters are not frequently 
used in some fields (e.g. acoustic communication stud-
ies), but they can bring multiple advantages: (1) they 
avoid challenges of defining a complete set of discrete 
behavioural categories that are biologically relevant for 
the study species; (2) they facilitate comparison and 
replication of studies, which can be problematic in the 
case of categories defined solely by human observers. 
In practice, analyses of parameters may require contex-
tual information about the behaviour being sampled and 
studied; this is most readily obtained via discrete classes, 

so parametric and categorical approaches can work syn-
ergistically. The case studies presented here exemplify 
how analysis of continuous parameters can efficiently 
integrate with behavioural categories and observations, 
thus complementing and extending traditional research 
methods for animal behaviour.

In this study, we first developed a method to extract call 
acoustic parameters as time series from tag data. We then 
applied acoustic and movement parameters to examine how 
receivers move concurrent with acoustic signals, and how 
signallers modify movements along with their own vocaliza-
tions. In the following, we discuss the selected case studies of 
dolphin social interactions, and details of our methodology 
adopted to parameterize tag acoustic data. Finally, we discuss 
the broader relevance of the proposed approach for studies of 
acoustic communication and animal behaviour.

Social interactions

Testing motivation‑structural rules and functions of burst 
pulses

To illustrate the utility of our parametric approach, we used 
bottlenose dolphin social interactions to test hypotheses 
about acoustic communication that are framed in terms of 
parameters. In the first case study, two probable consortships 
from a tag deployment on a female were used to test moti-
vation-structural rules, by examining the relation between 
female movements and male sounds. Existing research indi-
cates that females are the intended signal receivers of some 
male calls in these contexts (Connor and Smolker 1996; 
King et al. 2019). Additionally, it seems likely that females 
would attend to sounds directed by one male to his alliance 
partner, given that males cooperate to herd females (Wells 
et al. 1987; Connor et al. 1996; Connor and Krützen 2015), 
and that females can face considerable individual costs 

Table 2  Results of GEE models explaining female movement as a function of male vocal behaviour. For each movement parameter, the best 
model obtained with parametric and categorical predictors is presented

Movement
parameter

Modelling using acoustic parameters: 
predictors retained (effect size; p-value)
and model QIC

Modelling using call categories: 
predictors retained (effect size; p-value)
and model QIC

Model 
comparison
(∆QIC)

VeDBA Centroid frequency (-0.02 g/log(Hz); p = 0.02)
QIC =  − 476.9

Quack (0.07 g if present; p = 0.01)
chirp (− 0.06 g if present; p = 0.02)
indeterminate (0.05 g if present; p = 0.07)
QIC =  − 476.5

∆QIC = 0.4

Change in pointing angle Centroid frequency (0.03 log(rad)/kHz; p = 0.002)
interaction ID (0.7 log(rad); p = 0.02)
QIC =  − 208

Quack (− 0.18 log(rad) if present; p = 0.17)
indeterminate (− 0.64 log(rad) if present; p = 0.02)
QIC =  − 208.7

∆QIC = 0.7

Change in roll Spectral occupancy (0.02 log(rad)/occ.; p = 0.01)
temporal occupancy (0.08 log(rad)/occ.; p = 0.006)
interaction ID (0.57 log(rad); p = 0.05)
QIC =  − 202.4

Indeterminate (-0.69 log(rad) if present; p = 0.01)
interaction ID (0.5 log(rad); p = 0.05)
QIC =  − 199.9

∆QIC = 2.5
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if they do not respond rapidly to male calls (Connor and 
Smolker 1996). To test the relations predicted by Morton 
(1977), we used VeDBA (Qasem et al. 2012) calculated from 
the tagged female as a proxy for female activity intensity 
during interactions. Bottlenose dolphin consortships con-
stitute forms of mate guarding and sexual coercion, and can 
often include an agonistic component between males and 
the consorted female (Connor and Krützen 2015). Multiple 
behavioural patterns observed in these interactions underlie 
a link between female activity levels and intensity of ago-
nistic signalling that we expect in these contexts and that 
we rely on to test Morton’s rule. Females can, for example, 
often show avoidance behaviour and may bolt away attempt-
ing to escape, to which males have been shown to respond 
with chases and with an increase in threat displays (Connor 
and Smolker 1996). In response to a sequence of threat dis-
plays initiated by males, females can submissively respond 
by quickly moving closer (Connor and Smolker 1996; Moore 
et al. 2020) or show avoidance and even physical aggression 
responses (Connor and Smolker 1996; Connor et al. 1996). 
In all these cases, female movement intensity is expected 
to positively correlate with the intensity of agonism and 
with the intensity of male agonistic signalling within the 
2-s intervals used here for analyses.

Of the four acoustic parameters examined, the centroid 
frequency of male vocalizations was the single best predic-
tor of female VeDBA, showing a significant negative rela-
tionship with activity levels. This matches predictions of 
motivation-structural rules on the relation between agonis-
tic behaviour and acoustic features of calls (Morton 1977): 
intensity of agonistic behaviour was higher when males 

produced low-frequency sounds and decreased as the fre-
quency of male calls increased. The study of motivation-
structural rules has traditionally relied on comparisons of 
call acoustic parameters between different behavioural con-
texts (August and Anderson 1987). Here, we investigated 
Morton’s hypothesis within specific social interactions, 
using a continuous estimate of the intensity of agonis-
tic behaviour. Our approach requires identifying a metric 
measurable with tags to use as proxy for the intensity of the 
“motivational system” (McFarland 1985) of interest. This 
may require restricting analyses to data from specific social 
contexts, as we did for consortships. While this still implies 
the use of observer judgement, identifying general types 
of social interactions can be much easier and less arbitrary 
compared to defining a discrete set of behavioural contexts 
and ranking them in order of intensity for a motivational 
system. Measures of dynamic body acceleration, such as 
VeDBA, are valuable proxies of activity level and energy 
expenditure (Halsey et al. 2009). If measured longitudinally 
during agonistic interactions, they may approximate well the 
intensity of agonism, especially for animals where agonis-
tic behaviour involves high-energy movements and displays 
(such as bottlenose dolphins; Connor et al. 2000).

In this case study, we used acoustic parameters as 
model predictors. Female bottlenose dolphins are known 
to respond to male calls during consortships, but males 
adjust their signalling to female movements too (Connor 
and Smolker 1996). Methods such as time-lag analyses 
could offer insights into the contribution of these con-
current bidirectional links and into causality relations. 
However, these aspects are beyond the main focus of 

Fig. 4  Female acceleration 
(VeDBA) modelled as a func-
tion of centroid frequency of 
male vocalizations, during 
interactions. The GEE model 
(identity link function, Gaussian 
error distribution) calculated 
with variables averaged over 
2-s intervals is shown in red. 
Dashed lines mark the 95% 
confidence interval, calculated 
by means of bootstrapping (fol-
lowing Pirotta et al. 2011)
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motivation-structural rules, which postulate correlations. 
Given the rapid responses of females to males and vice 
versa during dolphin consortships, we expect the 2-s 
windows used in the present analyses to be long enough 
to capture concurrent links between female and male 
behaviour.

In the second case study, we used tag data from males to 
investigate the function of pulsed vocalizations. Based on 
existing results (Overstrom 1983; Blomqvist and Amundin 

2004), we hypothesized that the intensity of threat commu-
nicated by these calls increases with their modulation rate. 
We predicted that this acoustic parameter would positively 
correlate with the intensity of agonistic behaviour, approx-
imated by VeDBA of call senders during agonistic inter-
actions. A chase from the tagged dolphin towards another 
individual was observed during two social interactions, 
and was taken as indicative of an agonistic context. Chases 
are often part of agonistic interactions (Janik 2015) and 

Fig. 5  Relationship between 
modulation rate of burst pulses 
and VeDBA of the vocalizing 
individual, during interactions. 
For the first and second interac-
tion (top plot), no indication 
on the specific type of social 
context was available from 
focal-follow data. For the third 
and fourth interaction (bottom 
plot), a chase from the tagged 
individual towards another 
dolphin was observed, suggest-
ing an aggressive context. GEE 
model results are represented 
with red lines, including 95% 
confidence intervals marked 
with dashed lines (calculated 
following Pirotta et al. 2011). 
Parameters were calculated on 
2-s intervals
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have been used to recognize aggressive behaviour in the 
species (Overstrom 1983; Connor et al. 1996, 2000). We 
found a significant positive relationship between VeDBA 
of the tagged dolphins and the modulation rate of pulsed 
calls that they produced, both for interactions where chas-
ing was observed (stronger effect size) and for the remain-
ing two interactions. Results from interactions with chase 
match our predictions: dolphins increased the modulation 
rate of pulsed calls concurrent with the intensity of ago-
nistic behaviour. The relationship found for the remaining 
interactions may indicate that pulsed calls encode infor-
mation about arousal levels in different social contexts. 
This case study focussed on call categories within the 
burst pulses group, exemplifying again how parametric 
approaches can be used in combination with categories 
of behaviour (e.g. for testing hypotheses about a specific 
context or signal type). A link between modulation rate 
of pulsed sounds and agonistic behaviour has been docu-
mented in other cetaceans as well (such as harbour por-
poises, Phocoena phocoena, which modify click-repetition 
rate of calls across behavioural contexts; Clausen et al. 
2010). Signal grading of acoustic parameters and graded 
vocalizations are likely to play important communicative 
roles in the communication systems of cetaceans (Janik 
et al. 1994; Murray et al. 1998; Rehn et al. 2007; Jones 
et al. 2019). A tag-based parametric approach opens valu-
able possibilities for research on these wide-ranging elu-
sive species, even though to this day the tagging of free-
ranging small delphinids remains challenging (Andrews 
et al. 2019) and capture-release procedures are not feasible 
in many sites.

Analyses of posture changes

When modelling female movements as a function of male 
calls, we observed a positive relationship between centroid 
frequency and changes in pointing angle, and a positive rela-
tionship of spectral and temporal occupancy with changes in 
roll. Interpreting these patterns of postural changes is diffi-
cult without detailed data on the position of senders relative 
to the receiver over time, and the main goal of these analyses 
was to illustrate a possible application of our parametric 
approach. Changes in pointing angle of a female during 
consortships might relate to avoidance behaviours or might 
reflect responses to threat calls adopted to remain close to 
the males (Connor and Smolker 1996). Changes in roll may 
reflect social displays or might also be forms of avoidance 
(for example if a female rolls her ventrum away from a flank-
ing male). Future studies could investigate the biological 
significance of these movements by monitoring the location 
of senders and receivers, and by relating this to the motion 
parameters examined.

Analysis of tag deployments on males showed a positive 
relation between modulation rate of pulsed calls and changes 
in pointing angle of the vocalizing animal, as well as a posi-
tive relation of modulation rate and temporal occupancy 
with changes in roll. This is consistent with a usage of these 
sounds as part of multimodal displays, where a visual com-
ponent of displays correlates with an acoustic one. Pulsed 
calls can indeed be produced during agonistic interactions 
simultaneously with aggressive visual displays (Overstrom 
1983; Blomqvist and Amundin 2004).

Acoustic parameters and call categories as predictors 
of movement parameters

In both case studies, we compared acoustic parameters and 
presence-absence of call categories as model predictors of 
movement metrics. The parametric predictors offered a simi-
lar goodness of fit (2 out of 6 model fits; ∆QIC < 2) or a bet-
ter goodness of fit (4 out of 6 model fits; ∆QIC > 2). These 
results suggest that, in bottlenose dolphins, (1) receivers of 
acoustic signals can modify their movements on the basis of 
quantitative acoustic properties of calls, rather than only on 
the basis of discrete call categories, (2) senders can make 
movements that correlate in some features with acoustic 
parameters of their signals, either reflecting movement pat-
terns associated with calls, or visual components of graded 
multimodal displays. Our chosen acoustic parameters appear 
to encode information that is relevant in the communication 
system of the species, and may provide important additional 
information to call categories. This highlights that, while 
there are open questions on how to categorize the full bot-
tlenose dolphin call repertoire (Jones et al. 2019), patterns of 
acoustic communication can fruitfully be studied by analys-
ing acoustic parameters in their own right.

Parameterization of acoustic tag data

In developing a method to extract selected acoustic param-
eters as time series from vocalizations, a first challenge is 
to precisely locate sounds (including all call types) within 
acoustic recordings. We used manual labelling to identify 
dolphin signals, and we applied a SNR criterion to exclude 
weak calls that could be inaccurately parameterized. The 
manual processing of tag acoustic recordings is time-con-
suming, and risks introducing subjectivity. However, no 
automatic method is currently available to recognize all 
bottlenose dolphin sounds in varying conditions of ambient 
noise, nor to fully automate the exclusion of signals over-
lapping with strong ambient noise. Although methods exist 
for automatic detection of cetacean sounds (Mellinger et al. 
2007; Zimmer 2011), these are typically restricted to spe-
cific call categories of interest. The development of new 
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techniques (e.g. methods based on machine learning; Molnár 
et al. 2008; Bermant et al. 2019) may improve scope and 
reliability of automatic labelling.

A second challenge of parameterizing calls is to ensure 
consistency when extracting parameters from sounds with 
different structures, particularly from continuous as well as 
pulsed calls. Again, methods exist for extracting acoustic 
parameters from cetacean vocalizations, either as single val-
ues per call (Gillespie 2004) or as multiple values measured 
within a call (Deecke et al. 1999; Gillespie et al. 2013), but 
they are usually restricted to specific call types (although 
see the recent software Luscinia (rflachlan.github.io/Lus-
cinia/), which offers novel opportunities for sound param-
eterization). The ability to consistently measure parameters 
from any given call is a key feature of our approach. For 
this aspect, we relied again on a SNR criterion, discarding 
low-SNR portions of recordings before measuring frequency 
parameters, and thus avoiding biased measurements in the 
case of low duty cycle signals.

An additional consideration regards the sampling inter-
val. Assessing call features by simply measuring parameters 
on entire vocalizations is appropriate for many studies, but 
it does not generate time series with a constant resolution 
that are desirable for some analyses. Here, we used a 0.1-s 
time window to measure acoustic parameters (relevant 
duration for auditory processing in mammals and in dol-
phins; Ridgway 2011; Tougaard et al. 2015), followed by 
averaging over longer intervals to match the measurement 
interval of movement parameters. A window length of 0.1 s 
is too short to capture relevant patterns of posture change 
and to quantify activity levels of locomotion, which led us 
to choose a 2-s sampling interval for movement metrics (a 
duration deemed suitable to examine dolphin interactions, 
and compatible with the dominant stroke frequency in the 
deployments analysed).

While these challenges arise in any study aiming to 
extract time series of acoustic parameters from vocaliza-
tions, the method specifics used here (e.g. chosen SNR cri-
terion and window length) are fine-tuned solutions suitable 
for our study system. Future applications of our approach 
should tailor methods for extracting acoustic metrics to the 
features of the study species and to the scientific questions 
being asked. In the case of tag data, choices of parameters 
should also consider the impact of the tag location on the 
body on some metrics (e.g. due to tissue transmission of low 
frequency components and directionality of high frequen-
cies; Johnson et al. 2009).

Significance and applications of the parametric 
approach

Parameterization of animal behaviour is well suited to 
test hypotheses that are based on quantitative variables. 

However, hypotheses in ethology are often framed in terms 
of behavioural categories, which reflects the traditional 
methods used to collect data in this field (Altmann 1974; 
Martin and Bateson 2007). With the advent of new instru-
ments that facilitate sampling quantitative data on the stream 
of behaviour, ethologists may pose more questions that are 
framed in terms of behavioural metrics, and that treat animal 
behaviour as a multivariate quantitative pattern (Dial et al. 
2008; Brown and de Bivort 2018). This will offer valuable 
complementary study approaches to traditional categorical 
analyses.

Examples of technologies that enable parameterization of 
behaviour include animal-attached tags and remote-sensing 
devices such as stationary high-speed video cameras, which 
present different advantages and limitations. Tags allow 
sampling data from a consistent position on the tagged indi-
vidual in natural conditions, including data from multiple 
sensors, but they require effective methods of attachment 
for a given species and a design for minimal impact on the 
study animals. Fixed cameras and acoustic monitors can 
collect behavioural data from multiple animals at the same 
time, such as data on location, fine-scale movements, pos-
ture, visual communication signals, physical social interac-
tions, and infrared imagery of temperature in the case of 
cameras (e.g. Noldus et al. 2001; Fusani et al. 2007; Geberl 
et al. 2015; Ota et al. 2015; Mathis et al. 2018), and data on 
vocal behaviour as well as location information in the case 
of acoustic monitors (Van Parijs et al. 2009; Zimmer 2011; 
Gibb et al. 2019). However, sampling is often limited to 
one sensor type, cameras require predictable locations of 
individuals, and acoustic monitors may not allow character-
izing the behaviour of specific individuals within groups. 
Data collected with tags and remote-sensing devices initially 
require contextual information in order to make inferences 
about the type of behaviours being sampled (similar to the 
case studies presented here). This is one example of how 
observational methods can be efficiently integrated with 
these instruments, and of how categorical contextual data 
and continuously sampled parameters can complement each 
other. If reliable signatures associated with specific behav-
iours or behavioural contexts are identified in the parameters 
analysed (e.g. Ydesen et al. 2014; Tennessen et al. 2019), it 
is then possible to extend analyses to periods when obser-
vational data are not available. Among other benefits, quan-
titative behavioural parameters can offer advantages from a 
statistical standpoint, since the use of categorical instead of 
continuous data (as well as the categorization of continuous 
variables) often results in the reduction of statistical power 
(Donner and Eliasziw 1994; Irwin and McClelland 2003).

In the field of acoustic communication, the use of 
behavioural parameters offers opportunities to investigate 
the communicative role of acoustic parameter changes, 
across categories or embedded within call type. Acoustic 
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parameters can convey a wide range of information in their 
own right, including information on body size, sex, age, 
individual identity, dominance, fighting ability, intentions, 
social context, environment, arousal, and motivational and 
emotional states (Owings and Morton 1998; Sousa-Lima 
et al. 2002, 2008; Taylor and Reby 2010; Bradbury and 
Vehrencamp 2011). The first features listed change gradu-
ally over the lifetime of an individual or may even be fixed, 
and so vary mainly across individuals. By contrast inten-
tions, arousal, surrounding context and motivational states 
can change quickly and within social interactions. Our 
parametric approach can examine parameter changes that 
convey these latter types of information, which are relevant 
in many kinds of interactions and can be difficult to study 
through observational methods alone. Animal contests, ago-
nistic and mating interactions are examples of research areas 
where this approach could be particularly useful: informa-
tion about motivation, intention and arousal is often critical 
during agonistic and mating encounters, and interactions can 
evolve rapidly and be difficult for observers to discretize into 
categories. Our approach could also be valuable to inves-
tigate the direct links between motor patterns associated 
with vocal production and acoustic properties of resulting 
vocalizations (Suthers and Goller 1997; Scherer et al. 2003). 
Sound-and-movement recording tags stand out as effective 
tools to study acoustic communication by means of behav-
ioural parameters, since they provide continuous multivari-
ate data on both vocal and non-vocal behaviour sampled 
from the tagged individual. However, standard acoustic 
recorders combined with high-resolution cameras could be 
just as effective in some settings, and would be applicable 
to a wide range of species for which tagging is challenging 
but continuous visual and acoustic monitoring is possible 
for extended periods of time.

If studies of acoustic communication focus exclusively 
on call categories, important communicative roles of sig-
nal parameters may be overlooked. An example of this 
from a different communication modality is the well-
known honeybee dance described by von Frisch (1967), 
used by bees to signal direction and distance of a new 
food source to their conspecifics. If von Frisch had limited 
his work to describing the existence of waggle dance and 
round dance, without quantifying and studying specific 
parameters of these movements, a Nobel-winning discov-
ery of a sophisticated communication mechanism might 
have not been made.
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