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Abstract: Emotions in animals may be expressed by arousal and understanding this often relies
upon the monitoring of their behaviour. Under human care, animals’ arousal states may be linked
to husbandry decisions, whereby animals may display arousal responses to scheduled events such
as feeding and human interaction. Here, we investigate vocal correlates of arousal associated with
public presentations of bottlenose dolphins (Tursiops spp.) in human care by comparing vocal
production rates and characteristics between high and low arousal contexts. Elevated arousal during
the day compared with overnight was characterised by increased signature and non-signature whistle
production. High intensity broadband crack vocalisations were produced less than whistles during
the day and did not correlate with increased arousal around presentation times. Three of ten dolphins
increased signature whistle production before and/or after presentation sessions, indicating elevated
arousal and variation in individual responses. Many individuals elevated minimum frequency and
suppressed maximum frequency of signature whistles in a way that correlated with higher arousal
contexts, indicating that these may therefore be good indicators of changes in arousal state. Overall,
our study demonstrates that passive acoustic monitoring can provide a useful indication of arousal
linked to husbandry decisions, and that individual variation in vocal responses, likely linked to
personality, is important to consider.
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1. Introduction

Understanding animals’ internal states and minimising the effects of stressors expe-
rienced while in human care is important to ensure the positive welfare of animals [1,2],
including dolphins [3]. While it is accepted that animals display emotions, these internal
states are difficult to quantify in non-human animals [4]. However, emotional arousal can be
interpreted through intense, short-lived behavioural responses to environmental stimuli [5,6]
and can be monitored through vocal behaviour [7–9]. Monitoring behavioural responses
is a common measure of internal state for animals in human care [10,11] as behavioural
responses are linked to arousal [12]—the intensity of the internal state [6]—and valence—the
positive or negative association [5,12]. More recently the importance of monitoring animals
as individuals has become widely recognised, as individual differences in personality may
influence their behavioural responses to external stimuli/events [13–16]. In facilities where
animals are in human care, they have structured daily schedules where activities such as food
provision or public presentations are highly predictable through signalled cues associated
with the carers [17]. There is conflicting information regarding the impact of the predictability
of schedules, with evidence supporting enhanced positive welfare of animals through both
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predictable [17–20] and unpredictable [21] schedules. More recent studies have indicated
that more predictable schedules can improve levels of social behaviour [22] and increase
behavioural diversity [23] of dolphins under human care. The introduction of moderate levels
of randomisation in daily scheduling needs more attention [22].

Emotional arousal is known to influence vocal signals through shifts in the production
rate and structural characteristics of vocalisations [7,24,25], providing both voluntary and
involuntary vocal cues of changes in internal emotional states [6]. When investigated
across taxa, [6] identified several common rules regarding how the vocal behaviour of
mammals changed in response to arousal state. For example, many terrestrial mammal
species produce calls more frequently during high arousal states with negative valence,
such as aggression [26,27], and produce lower frequency sounds during aggressive in-
teractions [6]. However, such generalities are not universal across mammal species. For
example, silver foxes increase their call production rate during both positive and negative
arousal [27], and various species of rhesus monkeys use higher frequency calls during
negative arousal contexts, such as aggression, for example [28]. Consequently, acoustic
indicators of arousal are complicated by species differences and the nuances of behavioural
context. To date, the majority of research effort has focused on terrestrial mammals under
negative contexts and associated vocal responses [29–31], with little focus on arousal and
valence in cetaceans. The mechanisms of sound production differ in cetaceans compared
with terrestrial mammals [32], thus vocal cues of arousal may also differ.

The acoustic behaviour of common bottlenose dolphins (Tursiops truncatus) has been
widely studied in various contexts, both in the wild and while in human care [3,33–36]. Their
vocal repertoire consists of a range of pulsed and tonal sounds [37], most of which have
clearly defined functions [38,39]. Tonal sounds include narrow-band, frequency modulated
whistles used to communicate during social interactions [34,40]. Individually distinctive
‘signature whistles’, which encode identity information, are the most frequently emitted
whistle type used by bottlenose dolphins, among both those in the wild and those in human
care [35]. Signature whistles develop in the first few months of life through vocal production
learning [41] and remain stable over time [33]. These whistle types are primarily used
to maintain contact with [33,39] and address [42] one another. Bottlenose dolphins have
been shown to increase the production rate of signature whistles during isolation [24,43] or
separation [39,44], with shifts in structural characteristics, such as frequency and duration,
providing a vocal cue of the underlying arousal state of an individual [24,43,45,46]. Pulsed
sounds emitted by bottlenose dolphins include echolocation used to orient and locate objects
such as prey [38] and burst pulsed sounds, which are likely a graded signal with context-
dependent functions used in social interactions [47,48]. A discrete category of pulsed sounds
includes high intensity broadband cracks [49]. Compared with whistles and echolocation, the
characteristics and function of cracks is poorly understood [50], though they are thought to be
emitted in fearful [51] and aggressive [52] contexts which may be linked to high arousal states
with negative valence.

As vocal cues (changes in production rate and structural characteristics) may indicate
underlying arousal states [53–55], these features may be used as a non-invasive tool with
which to monitor animals in human care [56–58]. uShaka Sea World dolphinarium (here-
after uShaka), established in 2004 in Durban, South Africa, houses two species and hybrids
of bottlenose dolphins [59]. Vocal correlates of arousal have been previously documented
for the dolphins in the facility, and results indicate that whistles are a strong indicator of
arousal [25]. This study built on these prior findings to investigate shifts in vocal cues,
including whistles and crack vocalisations, in response to public presentations, of which
arousal valence is unknown.
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2. Materials and Methods
2.1. Data Collection and Study Animals

Acoustic data were collected on the 13, 14, 15, 16 and 18 October 2010, 22 and 23
November 2016 and over 24 nights in May, July and August 2018 at uShaka. In 2010 the
group consisted of 11 bottlenose dolphins and was composed of two recognised species
(Tursiops truncatus and Tursiops aduncus) and hybrids thereof. Following the death of
one male in 2015, the 2016 and 2018 recordings consisted of 10 individuals (Table A1).
The dolphins were held in seven interconnecting pools with a total volume of 11,000 m3

(Figure 1) and split into three social groups separated by gates through which animals in
adjacent pools could maintain both visual and acoustic contact.

J. Zool. Bot. Gard. 2023, 4, FOR PEER REVIEW 3 
 

 

2. Materials and Methods 
2.1. Data Collection and Study Animals 

Acoustic data were collected on the 13, 14, 15, 16 and 18 October 2010, 22 and 23 
November 2016 and over 24 nights in May, July and August 2018 at uShaka. In 2010 the 
group consisted of 11 bottlenose dolphins and was composed of two recognised species 
(Tursiops truncatus and Tursiops aduncus) and hybrids thereof. Following the death of one 
male in 2015, the 2016 and 2018 recordings consisted of 10 individuals (Table A1). The 
dolphins were held in seven interconnecting pools with a total volume of 11,000 m3 (Fig-
ure 1) and split into three social groups separated by gates through which animals in ad-
jacent pools could maintain both visual and acoustic contact. 

 
Figure 1. A schematic representation of the pools at uShaka, adapted from [60]. 

Acoustic behaviour and context data were collected in 2010 and 2016 using one to 
three dipping hydrophones (HTI-96-MIN; High Tech Inc., United States; flat frequency 
response of 2 Hz–30 kHz ± 1 dB re 1 µPa) connected to a digital Tascam recorder (model 
DR-680; TEAC America Inc., United States), sampling the data at 96 kHz and sample 
depth 24-bit stereo. Simultaneous vocal notes of activities (presentation and training ses-
sions, and the position of various dolphins relative to the hydrophone) were documented 
by one to three visual observers from a pool side location and recorded into a concurrent 
vocal track using a headset microphone. As a control, acoustic data were collected over-
night in 2018 (between 20:00 and 03:00, for the first 15 min of each hour) in the absence of 
training staff. These data were collected using a single Sound Trap 300 HF hydrophone 
(Ocean Instruments, New Zealand, frequency response: 20 Hz–150 kHz ± 3 dB, sensitivity: 
183.3 dB re. 1 µPa) sampling the data at 576 kHz and sample depth 16-bit mono and re-
cording continuously. The hydrophone was placed in the link channel, an area central to 
the pool network and within acoustic range of dolphins held in all pools (Figure 1) and 
the dolphins were left undisturbed. The hydrophone was attached to a 1 kg dive weight 
and suspended from a rope mid water (at 1.5 m depth; total channel depth 2.5 m) and 
attached to the roof with a carabiner clip to prevent movement which could produce un-
necessary noise on the hydrophone. 

2.2. Signature Whistle Catalogue 
Whistle contours are characterised by their time–frequency modulation patterns and 

in bottlenose dolphins signature whistles can consist of a single contour or of repeated 

Figure 1. A schematic representation of the pools at uShaka, adapted from [60].

Acoustic behaviour and context data were collected in 2010 and 2016 using one to
three dipping hydrophones (HTI-96-MIN; High Tech Inc., United States; flat frequency re-
sponse of 2 Hz–30 kHz ± 1 dB re 1 µPa) connected to a digital Tascam recorder (model
DR-680; TEAC America Inc., United States), sampling the data at 96 kHz and sample depth
24-bit stereo. Simultaneous vocal notes of activities (presentation and training sessions, and
the position of various dolphins relative to the hydrophone) were documented by one to
three visual observers from a pool side location and recorded into a concurrent vocal track
using a headset microphone. As a control, acoustic data were collected overnight in 2018
(between 20:00 and 03:00, for the first 15 min of each hour) in the absence of training staff.
These data were collected using a single Sound Trap 300 HF hydrophone (Ocean Instruments,
New Zealand, frequency response: 20 Hz–150 kHz ± 3 dB, sensitivity: 183.3 dB re. 1 µPa)
sampling the data at 576 kHz and sample depth 16-bit mono and recording continuously. The
hydrophone was placed in the link channel, an area central to the pool network and within
acoustic range of dolphins held in all pools (Figure 1) and the dolphins were left undisturbed.
The hydrophone was attached to a 1 kg dive weight and suspended from a rope mid water
(at 1.5 m depth; total channel depth 2.5 m) and attached to the roof with a carabiner clip to
prevent movement which could produce unnecessary noise on the hydrophone.

2.2. Signature Whistle Catalogue

Whistle contours are characterised by their time–frequency modulation patterns and
in bottlenose dolphins signature whistles can consist of a single contour or of repeated
contours (loop). A repeated contour, or multiloop whistle, is either connected with no
breaks in the entire contour or disconnected with a maximum inter-loop interval of 0.25 s
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between successive loops [24]. Time–frequency spectrograms of the acoustic recordings
(FFT = 1024, frequency range = 0–40 kHz, time series window = 10 s, Hann window, 50%
overlap) were analysed in Adobe Audition CC (v 6.0; Adobe Inc., San Jose, CA, USA).
Signature whistles are often produced when animals are separated from the group [43] and
temporary separation can be used to determine signature whistles of individuals [33,34]. A
signature whistle catalogue was generated from temporary separation sessions recorded
with simultaneous vocal notes in 2016, whereby each animal was placed in a separate
pool for 10–20 min. For the separation sessions, the signature whistle was defined as the
most common whistle recorded in each session and was matched to the individual by
comparing the relative amplitude of signals on the three hydrophones placed at different
sites. Signature whistles were then confirmed using the SIGID bout analysis approach [35]
where each signature whistle type had at least three out of four whistles of the same contour
shape occurring within 1–10 s of one another.

2.3. Behavioural Contexts

Shifts in vocal production rates as an indicator of arousal associated with public presen-
tations were investigated using acoustic data collected in 2010, 2016 and 2018. Presentations
took place three times a day at fixed times (see Table 1), during which time participating
dolphins were moved into the link channel and then to the presentation pool to perform
before an audience (Figure 1). Each presentation lasted 30 min whereby either a group
(two to five dolphins at a time) or an individual was on public display for up to 10 min.
During presentations the participating dolphin/s received food rewards (fish) as positive
reinforcement for the successful completion of tasks as cued by the trainer.

Table 1. Details of the seven contexts under which the dolphins were recorded.

Context (Year; No.
of Sessions) Time of Day Details Trainers’ Activities Dolphins’ Activities

Night (2018; 12 randomly
selected from 24) 20:00–03:00 Lights were off,

dolphinarium was quiet Absent from facility Minimal to no human
interactions *

Daily activities (2010, 2016; 8) 09:30–16:00

All other normal daytime
dolphinarium regimes
excluding the morning
feeding session and
presentations

Interactions included
training/feeding sessions
with the dolphins

Involved in training
sessions, feeding sessions
or at rest

20–10 min pre (2010, 2016; 6) 10–20 min before
presentations

The 10 min period leading
up to presentation
preparation

Starting preparation for
the presentations
(preparing boxes of fish,
more staff activity around
the presentation pool)

Starting to get prepared
for the presentation

10–0 min pre (2010, 2016; 6) Within 10 min before
presentations

The period immediately
before and within 10 min
preceding presentations.

Preparing for the
presentation
(sound/music checks,
moving dolphins around
to different pools)

Moved between pools in
preparation for the
presentation

Presentation (2010, 2016; 11) 10:30, 12:30 and 15:00
Included one to
five dolphins at a time.
Music playing.

Participating in
presentations and
back-of-house preparing
to shift dolphins around

Either participating in the
presentation or
back-of-house

0–10 min post (2010, 2016; 7) Within 10 min after
presentations

The period immediately
after and up to 10 min
following presentations.
Music stops playing.

Moving dolphins around
to designated pools

All dolphins were
reunited, within their
social groups,
back-of-house and moved
around to
designated pools

10–20 min post (2010, 2016; 7) 10–20 min after
presentations

The 10 min period after
which all dolphins are
reunited back of house

Either preparing for
further training sessions
or resting periods

All dolphins were moved
into their designated pools

* Except occasional movement of the overnight security staff near their pools.
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Acoustic data collection was represented by seven broad contexts reflecting dolphi-
narium activities (Table 1). Daytime contexts were considered higher arousal [61] than
overnight, particularly during periods associated with presentations (10–0 min pre, during
presentations, and 0–10 min post). Overnight was considered the lowest arousal period as
human poolside presence was minimal (limited to security staff only), lights were off, and
the dolphins were housed in their allocated pool configurations (see [25]).

2.4. Identification of Sound Types

The acoustic data were viewed in the spectral display of Raven Pro v 1.4 [62] to
identify whistles (FFT = 1024, frequency range = 0–40 kHz) and cracks (FFT = 512–2048
depending on sampling rate, frequency range = full frequency range of recording) and
were documented in a database. Whistle identification and classification was verified
through independent analysis by two trained bio-acousticians (author RP and one other)
following well established methods [63–65]. The signal to noise ratios (SNR) of whistles
were visually assessed using the following criteria: SNR 1 = whistle is faint/barely visible,
SNR 2 = whistle is clear and unambiguous, and SNR 3 = whistle is prominent [63]. Cracks
were high intensity and easily distinguishable through visual and aural characteristics,
and all identified cracks were included in the analysis. Bottlenose dolphins can copy
whistles of others to address, draw attention from or direct information to an individ-
ual [42,63,66]. Whistle copies are not always exact replications but may incorporate features
of the producer’s whistle type [42,64]; however, they may also be indistinguishable from
the original whistle. Without acoustic localisation, identification of whistle matching in
freely interacting dolphins is problematic. We adopted the approach of [65] to limit inflation
of whistle counts caused by copying by removing whistle contours of matching frequency
modulation patterns if they overlap in the time domain. Additionally, we observed stereo-
typed whistle copying behaviour where the signature whistle of P2 was emitted at various
frequencies in all three datasets. For these stereotyped whistling interactions, we could not
confidently assign whistle production to P2. We assigned a series of these whistles to their
own category named ‘square copies’ (see [25] for a full description of these whistles) and
removed these sections of recording from subsequent analysis of individual production
rates and characteristics. All whistles of good quality (SNR 2 and 3) were compared with
the signature whistle catalogue and categorised as one of the following: a signature whistle,
signature whistle copy (a copy of a signature whistle by another individual), square copy
(unique stereotyped copying behaviour of the contour of P2), unclassified (masked or
partial whistles that were unidentifiable and faint), or non-signature whistle (a whistle
contour that does not match any of the catalogued signature whistle types).

We used broadband recordings (sampled at 576 kHz) collected in 2018 (Figure 2)
to measure the structural characteristics of cracks. All 15 min acoustic files from three
randomly selected recording days were used to extract 30 cracks with good SNR for
measuring. A high pass filter was applied at 100 Hz to remove system noise and broadband
noise reduction in Adobe Audition CC. The peak frequency (from the spectral view) and
duration (from the waveform) were measured from each crack in RStudio version 4.0.3 [67]
using the package “warbleR” [68] with built-in functions from packages “tuneR” [69] and
“seewave” [70]. Once cracks were characterised in the full bandwidth recordings, we
compared these measurements to 30 randomly selected cracks recorded with a 96 kHz
sample rate (same filter processing applied) to determine if any important information was
omitted from recordings at a lower sample rate. The peak frequency and duration of cracks
from each sampling year were compared using Kruskal–Wallis tests as the data were not
normally distributed.
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(96 kHz).

2.5. Influence of Context on Group and Individual Vocal Production Rates

The production rate of whistles (signature whistles, non-signature whistles and square
copies) and cracks were assessed through the recordings by counting the number of each
vocalisation within each category separately for each context. The vocal production rate
was calculated by dividing the total count of each call per context session and dividing it
by the duration of the session (in minutes). There were significantly more ‘Night’ sessions
than any other context and, as a result, half of these were randomly selected and used
for subsequent analyses. A preliminary analysis was carried out using Welch t-tests to
compare the production rates of each call type between the two sampling years (2010 and
2016) to determine whether data from these two years can be combined. Once determined,
call production rates were compared across the seven contexts for each call separately using
Kruskal–Wallis tests (data not normally distributed). Multiple post hoc tests were run using
the package “conover.test” [71] following a significant result, adjusting the alpha value
using the Benjamini–Hochberg method.

As crack vocalisations were produced more commonly than whistles overnight, the
production rate was compared between four configurations in which the social groups
were housed for the night [25], sometimes limiting visual contact between certain groups
(see Figure 1). Configurations were as follows: (1) all social groups back-of-house with one
group having access to the IP, and none having access to the PP; (2) female group housed
in the PP while the mixed and male groups were back-of-house, with one group having
access to the IP; (3) male group housed in the PP while the mixed and female groups were
back-of-house, with one group having access to the IP; and (4) mixed group housed in the
PP while the male and female groups were back-of-house, with one group having access to
the IP. The IP and PP are linked and only separated by a gate through which the dolphins
have visual contact with one another. The production rate of cracks was compared using
Kruskal–Wallis tests (data not normally distributed).

Changes in individual vocal production rates across contexts were investigated using
individually unique signature whistles. For each dolphin, signature whistle production rates
were zero-inflated, therefore three count models accounting for excess zeros were run for each
(zero-inflated Poisson, zero-inflated negative binomial, and hurdle negative binomial models).
Each of these model types are composed of a binomial model (presence/absence of signature
whistles), and within each session where signature whistles are present, an abundance model
(either negative binomial or zero-truncated) determines the distribution of signature whistles.
Session duration (in minutes) was set as the offset variable, and all contexts were compared
with the “Presentation” context. The best model fit for each signature whistle type was
selected using the Bayesian information criterion (BIC).
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2.6. Shifts in Individual Signature Whistle Characteristics between Low and High
Arousal Contexts

We investigated changes in time–frequency characteristics of individual signature
whistles across contexts. Whistle duration and minimum and maximum frequency were
measured in Raven Pro using the selection function, and the number of loops per whistle
were manually counted. As many dolphins either produced few or no signature whistles
during some of the contexts, changes in production rate and structural characteristics
were compared between the low arousal (overnight) context and one high arousal (during
presentations) context. Individual signature whistles were only included in the analysis if a
minimum of ten whistles were produced for each context to allow for any inter-contour
variation. Sample sizes were evened out for both contexts for each signature whistle by
random selection. Each time-frequency characteristic was compared between contexts
using Wilcoxon signed-rank tests (data not normally distributed).

3. Results

A total of ~61 h of data were collected across recording contexts totalling 49 recording
sessions (see Table 1 for details). Within these recording periods, 6772 vocalisations were
identified, including 3815 whistles and 2957 cracks. Of the whistles, 2512 (65.8%) were
signature whistles, 998 (26.2%) were non-signature whistles, 28 (0.7%) were whistle copies
and 277 (7.3%) were square copies. Ten signature whistles were documented for the group
of 11 dolphins. The whistle of male M4 was not identified in the 2010 recordings and as
he subsequently died this animal was not included in the 2016 isolations or subsequent
analyses, therefore the signature whistle remains unconfirmed. Eight of the ten signature
whistles were confidently assigned to individuals (P1, P2, F1–5 and M3). The two remaining
stereotyped whistles (M1 and M2) could not be confidently differentiated between individ-
uals Ingelosi and Khwezi (Table A1; Figure 3) and it is possible that these individuals have
a shared repertoire.
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To measure and compare the structural characteristics of cracks, 60 cracks were mea-
sured (30 sampled at 96 kHz from daytime recordings and 30 from full bandwidth record-
ings collected overnight). Mean peak frequency as measured from the spectral view was
1.46 ± 1.02 kHz from full bandwidth recordings and 1.10 ± 0.82 kHz from lower sampling
rate recordings (Kruskal–Wallis; n = 60; p > 0.05) with a similar coefficient of variation (CV)
within each subset of data (CV for full bandwidth = 0.70 and lower bandwidth = 0.75).
Cracks in full bandwidth recordings were measured with a mean waveform duration of
0.02 ± 0.00 s, similar to cracks recorded at a lower sample rate (0.02 ± 0.00 s) (Kruskal–
Wallis; n = 60; p > 0.05). These measurements indicate that cracks recorded at the 96 kHz
sample rate are not missing important structural information. Furthermore, similar struc-
tural characteristics between recording periods (daytime or overnight recordings) indicate
that context has no effect on the structure of cracks, therefore only the production rate of
cracks was further investigated for arousal responses.

3.1. Influence of Context on Group and Individual Vocal Production Rates

Acoustic data collected in 2010 and 2016 were merged as one dataset as Welch t-tests
presented no significant differences in call rates between the sampling years (p > 0.05
for each call type). The production rates of signature and non-signature whistles were
significantly higher during daytime contexts compared with overnight (Figure 4, signifi-
cance levels represented). The production rate of square copies did not shift significantly
between recording contexts (p > 0.05). Cracks were produced least overnight, particularly
when compared with the 0–20 min following presentations (Figure 4, significance levels
represented). When comparing the overnight production rate of cracks between the four
pool configurations, there were no significant differences (p > 0.05), with production rates
being 0.51 ± 0.29, 0.72 ± 0.57, 0.36 ± 0.07, and 0.71 ± 0.37 cracks per minute for pool
configurations 1–4, respectfully.
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Figure 4. Vocal production rates (per minute) of four call types for all dolphins at the facility under
each recording context. Adjusted significance levels are indicated: **** p < 0.0001, *** p < 0.001,
** p < 0.01, * p < 0.05, NS not significant.

Investigating individual signature whistles, the occurrence of signature whistles (pres-
ence/absence model) did not differ significantly across contexts (M1: zero-inflated negative
binomial model, p > 0.05; P1–2, F1–5, M2–3: hurdle negative binomial models, p > 0.05).
However, the production rate of signature whistles shifted significantly around presen-
tation times for three of the ten dolphins (F5, M1 and M3). All three dolphins increased
signature whistle production pre-presentation compared with during presentations, one
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of which (F5) also increased signature whistle production post presentation (Figure 5,
significance levels represented).
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Figure 5. Zero-truncated/negative binomial whistle production rates for three dolphins with significant
model outputs. Significance levels are indicated: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.

3.2. Shifts in Individual Signature Whistle Characteristics between Low and High Arousal Contexts

Only five dolphins had sufficient data to investigate changes in time–frequency char-
acteristics of individual signature whistles (three males—M1, M2, M3; two females—F2,
P2). Of these, the majority (3) shifted the frequency of their whistles upwards but reduced
the bandwidth (i.e., higher minimum and lower maximum frequency) in the context of
increased arousal (Figure 6, significance levels represented). Shifts in signature whistle du-
ration and number of loops varied among individuals between the two contexts (Figure 6,
significance levels represented).
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4. Discussion

This study demonstrates acoustic cues of arousal through shifts in whistle charac-
teristics. The production rate of signature whistles and non-signature whistles differed
between overnight and daytime contexts, with higher production rates during the day.
Three dolphins expressed arousal around daily presentation times through shifts in signa-
ture whistle production rates. When comparing signature whistle characteristics between
high and low arousal contexts, results indicate that changes in minimum and maximum
frequency (lowering the bandwidth) are good indicators of arousal. This study contributes
to the understanding of the vocal behaviour of bottlenose dolphins housed at uShaka
and provides further motivation for individual-based acoustic monitoring of bottlenose
dolphins in human care.

The dolphins produced more signature whistles throughout the day compared with
the overnight period, likely resulting from high levels of activity at the facility throughout
the day. There was no evidence of elevated arousal through acoustic cues associated with
daily public presentations for the group of dolphins as a whole. This contrasts with the
group arousal responses (increased signature whistle production) associated with staff
presence and the morning feeding schedule previously reported for the dolphins at this
facility [25]. Positive reinforcement (food reward) is an integral part of presentations, and,
as arousal responses associated with food provision and presentations have been previously
reported for bottlenose dolphins in human care [25,36,61], arousal responses were expected
around presentation times. However, more recent evidence suggests that the motivation
of dolphins may not be driven and reinforced by food but rather the interactions with the
trainers [72]. As the vocal behaviour of all dolphins were pooled, this indicates high levels
of vocal activity at the facility throughout the day regardless of the type of stimulation and
does not consider individual responses to stimuli.

Individual signature whistle production shifted around presentation times for three
dolphins, indicating considerable variability in behaviour across individuals. The increase
in signature whistle production before presentations may reflect dolphins cueing in on
the general increase in activity at the dolphinarium from trainers and the sounds of the
gathering crowds and music prior to the start of public presentations. This likely indicates
anticipatory-related arousal to a predictable event for these three dolphins. In a previous
study, bottlenose dolphins increased vigilance and surface behaviours, indicating antic-
ipation preceding public presentations; however, increased general activity was rarely
observed [61]. The amount of anticipatory behaviour from a dolphin before a predicted
event can determine the level of participation in the event in various contexts [73]. Moti-
vation can therefore be measured by anticipatory behaviour [73,74]. Public presentations
are anticipated through cues, and such predictability may improve levels of social be-
haviour [22] as well as promote behavioural diversity [23], which can lead to improved
overall welfare. In the wild, signature whistles function as contact calls. The shift in
production rate of signature whistles from one dolphin supports this function in human
care as this individual increased signature whistle production after presentation sessions,
when the participating dolphins were reunited back-of-house. During presentations the
dolphins are under trainer control and engage in set behaviours, but once returned to
back-of-house, individuals may need to relocate each other within the facility pool network
and thus increase signature whistle production to regain acoustic contact during this time.
However, this behaviour would be expected for more than one individual. Bottlenose
dolphins exhibit inter-individual variation in acoustic cues and behaviour throughout the
day [72,75] which may be the result of personality traits [76]. Previous studies on dolphins
in human care have provided evidence for consistent personality traits [16], which are also
supported anecdotally by the trainers at uShaka. Identifying these personality differences
enables caretakers to understand individual behaviour and responses [77]. Individuals
may not behave the same way day-to-day [78], as individual responses may be dependent
not only on the meaning of the signal, but the internal state and situation assessment of
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the individual at the time of the event [79]. This emphasises the importance of monitoring
individual states rather than taking a unified approach [80–82].

An increase in signature whistle production has previously been identified during
brief capture-release, an event expected to evoke elevated arousal linked to stress [24], con-
texts associated with trainer presence and food provision [25], and contexts with unknown
valence of arousal responses, for example “swim-with-dolphin” tour operations [83]. This
has also been documented in other populations (Table A2). Similarly, an increase in call
production is indicative of the level of emotional arousal, but not valence of arousal, in ter-
restrial mammals [26,27,84]. Shifts in structural characteristics of calls have also indicated
arousal levels in terrestrial mammals [6,26]. Contrary to levels of arousal, valence indicators
may be more species specific [85], and universal indicators of valence in structural charac-
teristics of signature whistles have not yet been identified. We compared time-frequency
characteristics of individual signature whistles, and the results indicate that minimum and
maximum frequency, and thus frequency range, are good indicators of heightened arousal
in the context of presentations [25]. Considering other relevant published studies on the
vocal behaviour of bottlenose dolphins (Table A2), the structural characteristics of whistles
do not conform to any consistent rules when considering valence indicators. Although
public presentations were not perceived as stressful for bottlenose dolphins in a previous
study [61] we could not definitively determine whether the dolphins were experiencing
positive or negative arousal during periods associated with public presentations, even
though positive reinforcement is an integral part of these events. This needs further in-
vestigation in which time–frequency characteristics of signature whistles can be measured
under different contexts, for example when dolphins experience stressful situations such as
pool scrubbing [36,86] or social stress [1].

Individual identity is not encoded in square copies (as far as we know), and these
were produced sporadically throughout the day and overnight and were not associated
with arousal levels. The function and producers of square copies remain unknown and may
not be correlated with scheduled arousal-eliciting activities, but rather used in other social
contexts and perhaps between certain individuals only. Furthermore, non-signature whistle
production was highest during the day compared with overnight. It was reported by [87]
that non-signature whistles were produced more when swimming alone, and less when
physically interacting with conspecifics. Our results contrast these findings as daytime
activities at uShaka are composed mostly of interactions and enrichment. More focus on
the production context of non-signature whistles and square copies is needed.

Cracks were first documented by [51], where it was found that most of the energy of
the call lies within 0.1 to 8 kHz; however, their equipment limited recordings to 10 kHz so
analysis of the full spectrum of the call was not carried out. We document the first spectral
measurements of cracks recorded at this facility. Within the full frequency spectrum, we
measured the peak frequency, which lies between 0.09 and 3.81 kHz and has a duration
of 100–200 ms. Previously, cracks were described as alarm calls that are produced during
fearful contexts [49], and during aggressive behaviour between males, and mother–calf
pairs [48]. Cracks can be produced both with concurrent “jaw claps”, which are loud
noises produced by a snapping shut of the jaws and are associated with aggression [88], or
without [49]. Cracks were produced more commonly than whistles overnight, although the
production rate was very low. The production of cracks could not be linked to individuals
and results provided no evidence that cracks are associated with high arousal presentations.
Similar production rates of cracks when the dolphins were housed in four different pool
configurations indicates that these calls are likely produced within social groups, and not
between social groups. Production of cracks without jaw claps was commonly observed
at uShaka when individuals were swimming around the pools not interacting (personal
observation), indicating that there may be another function of cracks as this observed
behaviour was not associated with either aggressive or fearful contexts. This context of
crack production when stimulation is minimal may be indicative of boredom (personal
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observation) and may thus be a welfare concern that needs to be considered [89]. However,
the function of this call type remains unclear and requires further investigation.

Behaviour is a good measure of welfare in animals in human care and may be useful in
identifying physical health issues before medical diagnoses [90,91]. Measures of behaviour
have previously been used to monitor the welfare of bottlenose dolphins. Concurrent
behavioural data and vocal cues could be assessed for more conclusive results [6]; however,
stereotyped behaviour should never be the sole indicator of poor or improved welfare [92].
Vocalisation rate has been used to detect welfare in animals in human care, such as slaughter-
related stress in cattle [93], cold- and hunger-related stress in piglets [94], presence of disease
in chickens [95], and presence of environmental stressors in beluga whales [56]. Using
vocal responses is a promising method for the welfare monitoring of bottlenose dolphins
in human care [96] and requires more attention in such facilities. Welfare monitoring is
essential for animals in human care, and understanding the responses of the group as
well as each individual is important for the detection of the shifts in welfare state that
are likely indicated by shifts in behaviour. Daily public presentations at uShaka play a
role in the enrichment of the group as they are an integral part of the dolphins’ lives.
Future studies on dolphin welfare should integrate monitoring of vocal behaviour and
measurements of physiological parameters that are known to fluctuate under stress in
order to provide a comparative study on the reliability of the use of vocal behaviour as a
welfare tool. These should include other events, such as routine medical checks, cleaning
of pools, and construction and maintenance, that may occasionally occur. As the level of
arousal correlates to the animal’s participation in a subsequent event [73], it is important to
consider which individual or group of individuals the event, such as routine medical exams
or public presentations, is aimed at. Moving forward, a factor that needs to be addressed
when assessing vocal behaviour is the unique behaviour displayed by dolphins in human
care compared with wild populations. These animals spend a considerable amount of
time with their heads out of the water, including during feeding time, training sessions,
presentations, resting sessions where they have enrichment “toys” in the pools, and curious
spy-hopping behaviour. This may affect the vocal behaviour, as well as how it is captured
on the underwater hydrophones. Furthermore, the lack of individual identity information
present for cracks, square copies and non-signature whistles limited this part of the study
to overall group arousal responses only. Effort should be taken to identify call producers in
future as arousal information, and thus individual welfare indicators, may be encoded in
the production characteristics of calls other than signature whistles. Paired with [25], this
study provides a useful index of baseline vocal behaviour across various states of arousal
linked to the scheduled daily activities of the dolphins at uShaka.
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Appendix A

Table A1. Genetic, social grouping and individual data for the dolphins at uShaka, adapted from [25,59].
Tt = Tursiops truncatus, Ta = Tursiops aduncus.

Social Group Name Species Sex In Human
Care Since Date of Birth Age in 2018 Signature

Whistle ID

Female group Affrika Tt F Born in facility 12/05/1995 23 F1
Zulu Ta-Tt Hybrid F Born in facility 09/12/1998 19 F2
Khanya Ta-Tt F2 F Born in facility 17/07/1993 25 F3
Tombi Ta-Tt Hybrid F Born in facility 23/05/1993 25 F4
Khethiwe b Ta-Tt Hybrid F Born in facility 25/11/2008 9 F5

Male group Ingelosi Ta-Tt Hybrid M Born in facility 22/05/2004 14 M1/M2
Khwezi Ta-Tt Hybrid M Born in facility 07/09/1995 24 M1/M2
Kelpie Tt M Born in facility 22/01/1984 34 M3

Jula Ta-Tt Hybrid M Born in facility 28/07/1990 Deceased
2015 M4

Mixed group Gambit Tt M 08/12/1976 ≤08/12/1971 a 46 P1
Frodo Ta F 26/06/1979 ≤26/06/1974 a 44 P2

a Estimated date of birth from age at capture. b Moved from the mixed group to the female social group in 2012

Table A2. Review of relevant literature considering indicators of valence from bottlenose dolphin
(Tursiops spp.) whistles.

Valence Context Setting Whistle
Production

Frequency
Parameters Duration Loops Reference

Unsure Tour boat presence Wild NA Increase Min F
Increase Max F No shifts NA [46]

Unsure Tour boat presence Wild Increase No shifts No shifts NA [97]
Unsure Birth Human care Increase NA NA NA [98]

Unsure Public
presentations Human care Increase Decrease Max

F Increase
Varied
between
individuals

This study

Likely positive Human in-water
interactions Human care Increase NA NA NA [99]

Positive Feeding, staff
presence Human care Increase Decrease Max

F Decrease Decrease [25]

Positive ‘Swim with
dolphin’ tours Wild Increase NA NA NA [83]

Positive Social, feeding Wild Increase NA NA NA [100]
Positive Social, dispersed Wild Increase NA NA NA [101]
Positive Social, feeding Wild Increase NA NA NA [102]
Positive Social Wild Increase NA NA NA [34]

Positive Feeding, social Wild NA

Increase Max F
(feeding)
Decrease Max
F (social)

No shifts NA [103]

Positive Feeding, social Wild NA

Increase Max F
(feeding)
Decrease Max
F (social)

Increase
(feeding)
Decrease
(social)

NA [104]

Positive Social, foraging Wild Increase NA NA NA [105]
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Table A2. Cont.

Valence Context Setting Whistle
Production

Frequency
Parameters Duration Loops Reference

Positive +
negative

Sexual + aggressive
combined Wild Increase

Decrease Min F
Decrease F
range

No shifts NA [85]

Negative Capture-release Wild Increase Increase Max F Increase Increase [24]

Negative Lowering water
levels in tanks Human care Decrease NA NA NA [43]
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