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Social deep-diving odontocetes face the challenge of balancing
near-surface proximity to oxygen and group members with
foraging in the deep sea. Individuals rely on conspecifics for
critical life functions, such as predator defence, but disperse
during foraging to feed individually. To understand the role
of social acoustic mediation during foraging in deep-diving
toothed whales, we investigated the context of social burst-
pulse call production in Risso’s dolphin (Grampus griseus)
using biologgers. Dolphins produced context-specific burst
pulses predominantly during daytime foraging, preceding
or following foraging dives and in the early descent of
daytime deep dives. Individuals applied differential short
and long burst-pulse calls intended for either near-surface
receivers (horizontal transmission) or deep-foraging receivers
(vertical transmission). Our results show that deep-diving
toothed whales are reliant on acoustic communication during
certain foraging contexts, to relay information including
foraging conditions or an individual’s location. Moreover, they
accentuate the importance of maintaining acoustic contact
with conspecifics, specifically when dispersed during deeper
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foraging. It also signifies that our oceanic top predators may be specifically vulnerable to the current
strong increase in anthropogenic noise. Potential masking of the signals from group members
communicating at a distance could undermine their social cohesion, and hence their capacity to
maintain vital life functions.

1. Introduction

Cetaceans rely on acoustics for vital functions such as navigation, communication, foraging and
predator avoidance [1,2]. Being highly dependent on sound, cetaceans are vulnerable to anthropo-
genic underwater noise. Behavioural disturbances (e.g. disrupted foraging), acoustical disruption (e.g.
adapted call use or masking) or physical damage (e.g. temporary or permanent hearing loss) could
lead to reduced fitness and survival [3]. However, the acoustic communication systems of cetaceans,
e.g. required for relocation of conspecifics following periods of dispersal, are often poorly understood,
and we have yet to understand their context of production and specific function.

Social deep-diving toothed whales form highly cohesive social groups at the surface [4,5]. During
foraging, however, group members spread out to feed individually at depth [6-8]. These deep divers
must balance the benefits of foraging in remote deep-sea waters for capturing energetic prey with the
critical need for oxygen access and proximity to their conspecifics. Acoustic communication is expected
to be the primary mediator in maintaining group cohesion and enabling relocation at the surface [9].
The importance of staying connected with conspecifics has been demonstrated in Blainville’s beaked
whales (Mesoplodon densirostris) that produce social calls only at great depth when they separate to
forage while remaining in close coordination with their calves [10-12]. Pilot whales (Globicephala sp.)
increase their call rates during foraging [13] and are capable of producing social calls at great depth
[14]. In sperm whales (Physeter macrocephalus) [15-17] and Risso’s dolphins (Grampus griseus) [18,19],
social calls were recorded both at the onset of and during the foraging dive. The specific conditions
that provoke the production of these sounds and their functional importance remain unknown.

To better understand the potential role of social acoustic mediation during foraging, we investigated
the contextual use and timing of social burst-pulse calls produced within a foraging context in Risso’s
dolphins. Risso’s dolphins are highly social deep-diving tooth whales, which in contrast to several
other highly social delphinids, show relatively sparse production of social calls (F Visser 2021, personal
communication). Therefore, they provide the opportunity to create insight into the contextual usage of
burst-pulse calls during foraging. Off the Azores, Risso’s dolphins’ foraging dives trace the depth of the
deep scattering layer. Individuals use different foraging strategies. During the day, they perform spin
dives to target deep layers, and during night-time, they perform more shallow non-spin dives [20]. In
addition to the variation in diving strategies, Risso’s dolphins produce a range of social calls, including
whistles, burst pulses and the simultaneous production of a whistle and a burst pulse, termed a whistle
burst pulse [18,19,21,22]. Highly directional broadband burst pulses are acoustic signals that have been
proposed to serve a communicative function and have been documented to be associated with foraging
context [18,19]. While tonal calls are challenged by hydrostatic pressure, click-based sounds, such as
the burst pulse, appear to be a suitable communicative signal for deep-diving odontocetes since they
require less air volume [23]. We hypothesize that Risso’s dolphins produce burst-pulse calls (i) during
or around foraging dives, to inform group members about their location; (ii) during deeper dives, to
remain connected with group members while being most dispersed; and (iii) during night-time as the
potential use of visual cues is impeded.

2. Material and methods

2.1. Acoustic dataset

We analysed the occurrence of burst-pulse vocalizations throughout the dive cycle by examining nine
existing tag records (DTAG v. 3) [24], holding periods of foraging behaviour, deployed on eight
individual Risso’s dolphins (one animal was tagged twice) off Terceira Island, Azores, between 2013
and 2019 (table 1). DTAGS were deployed using a 6-8 m carbon-fibre pole from a small 6 m
rigid-hulled inflatable boat [20]. Tags were attached non-invasively with four suction cups and
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detached after 4.9-16.7 h (table 1). Detached tags floated to the surface and were retrieved using VHF

radio tracking [24]. DTAGs recorded acoustics using two built-in hydrophones (sampled at 240 kHz)
and diving depth, using a pressure sensor (sampled at 200 Hz) [24], allowing for the identification of
foraging dives [25] and matching of the timing of social call production with the dive cycle.

2.2. Acoustic and depth data processing

The first 15 min of each DTAG recording were excluded from the analysis to avoid potential tagging
effects on the behaviour of the tagged animal [19,25]. Pressure sensor data were calibrated and
converted to obtain dive depth. Incomplete dives (n = 3), lacking the full ascent phase owing to a
tag-off event, and the associated burst-pulse calls (1 = 31) were only included in the analysis of the
descent phase. Tags recorded both vocalizations of the tagged Risso’s dolphin as well as from animals
nearby. Sounds produced by the tagged animal propagate within the body and create an artificial
low-energy component [26,27]. Together with the angle of arrival of the calls on the two hydrophones
[24], this enables the distinction between calls produced by the tagged animal from those produced
by nearby conspecifics [26,28]. Vocalizations, including foraging echolocation clicks (search clicks),
foraging buzzes and social calls, were identified by their acoustic characteristics [19]. Echolocation
clicks are broadband signals of short duration (40 us) with a peak frequency of 50 kHz [29]. Buzz
and burst-pulse sounds consist of a series of high-repetition clicks, where a buzz indicates a prey
capture attempt, while burst pulses are theorized to serve a communicative function. Buzzes follow
regular echolocation click trains [19]. Other social call types produced by Risso’s dolphins include the
whistle (frequency-modulated, narrowband tonal sound) and a combination of a burst pulse with a
simultaneous whistle, termed whistle burst pulse [22]. Given the known prevalence of the burst pulse
as the main call produced in the foraging context, we focused on the burst pulse. The start and end of
all vocalizations recorded on the tag were marked manually on the spectrogram (Hamming window,
1024 fast Fourier transform, 512 (50%) overlap, 90 dB dynamic range), and classified by (i) call type
and (ii) produced by the tagged animal or other nearby conspecifics. Calls marked as burst pulse and
produced by the focal animal were extracted and overlaid on the diving profile. To explore whether
burst-pulse characteristics are associated with contextual use, the occurrence and duration of the call
were examined in relation to timing within the dive cycle (i.e. the different phases of the dive). Call
length was obtained by using an automated findclicks function, within the DTAG toolbox, in which the
automated detection was manually checked and adjusted, to make sure all clicks within an isolated
call were selected. In addition, the maximum dive depth, start of clicking and burst-pulse depth were
determined to investigate the relation of call use with foraging diving depth. Acoustic and depth
sensor data from the DTAGs were processed in Matlab R2013a (MathWorks, Natick, MA, USA) using
the DTAG toolbox (soundtags.wp.st-andrews.ac.uk).

2.3. Foraging context and dive type specification

Foraging dives were defined as dives deeper than 20 m [25], containing at least one buzz vocalization,
i.e. indicating a prey capture attempt [19,20]. Non-foraging dives were defined as all dives deeper
than 20 m and without a buzz vocalization. All foraging dives were then classified as spin dives or
non-spin dives, following Visser et al. [20]. Spin dives are deep-foraging dives (mean (s.d.) = 428 (131)
m; range 132-623 m), employed mostly during the daytime and characterized by a strong acceleration
and right-turning rotation (spin) at the dive onset. Non-spin dives are shallower foraging dives (mean
(s.d.) = 185 (88) m; range 37-599 m) and start with an arch-out (slow-rolling dive onset). Foraging
dives were classified as ‘day’ or ‘night’ by the timing of the dive onset relative to local sunset in the
Azores (Portugal). This resulted in the following four foraging dive categories: spin day, spin night,
non-spin day and non-spin night. A foraging bout was defined as a series of foraging dives with a
maximum inter-dive interval of twice the mean foraging dive duration (16 min; mean (s.d.) = 8 (2) min,
n = 146). The foraging period was defined as starting 16 min before the first foraging dive and ending
16 min after the last foraging dive of a foraging bout, to include calls potentially facilitating foraging
onset and relocation after foraging, at the surface. To investigate calling behaviour as a function of
foraging behaviour, all burst-pulse calls within foraging periods were analysed for their occurrence in
relation to the phase of the dive cycle, dive type and time of day. Calls were assigned to dive cycle
phases according to their production timing, and defined as follows: (i) calls emitted during the 0-16
min preceding the foraging dive (PRE); (ii) during the descent (DES), the period between the surface
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and the first emitted buzz; (iii) during foraging (FOR), the period between the first and the last buzz; n

(iv) during the ascent (ASC), the period between the last buzz and resurfacing; or (v) during the 0-16
min following the foraging dive (POST; figure 1a). A call occurring between two foraging dives was
classified as PRE or POST based on the smallest time difference to the nearest dive.

2.4, Statistical analysis

To investigate whether the occurrence of burst-pulse calls differed as a function of timing within the
dive cycle, dive type and time of day, we used generalized estimating equations (GEEs) [30], in R
v. 4.0.3 [31]. GEEs were fitted using the geepack package [32]. To account for the repeated measures
design, whale ID was used as a clustering factor, which allowed residuals to correlate within an
individual but were assumed to be independent between individuals. The models were fitted with a
Gaussian family identity link and an autoregressive correlation structure (AR1) was used to correct
for temporal autocorrelation [33]. This implies that the expected correlation between the occurrence of
burst-pulse calls within each cluster (whale ID) decreased when the burst-pulse calls got further apart
in time. To test whether Risso’s dolphins’ use of burst pulses varied across specific phases of foraging
dives (hypothesis 1), burst-pulse production was fitted as a response variable and dive phase (PRE,
DES, ASC and POST) as the predictor variable (GEE1). In addition, the context of call duration was
investigated by which burst-pulse length was fitted as the response variable and the timing within the
dive cycle (at the surface or during the dive) as the predictor variable (GEE2).

To test whether Risso’s dolphins’ burst-pulse use varied across dive types and time of day (hypoth-
eses 2 and 3), burst-pulse production was fitted as a response variable, using dive type (spin and
non-spin), time of day (day and night) and their interaction as predictor variables, for all burst pulses
(GEE3a), and separately for the burst pulses produced during different phases of the dive (GEE3b—e).
The effect of the foraging context was further studied by examining whether maximum diving depth
(GEE4) and depth of start of clicking (GEE5) varied as a function of the dive category. A backward
model selection was conducted, in which individual predictors with the largest p-value in sequential
Wald tests using ANOVA (geepack package) were removed. The models were refitted until all predic-
tors retained were significant (p < 0.05).

3. Results

The eight tagged individuals performed 149 foraging dives (95.1 h of tag data; table 1), of which 146
complete dives were included in the analysis. Individuals foraged during both day- and night-time (n =
45 versus 104 of dives day and night, respectively), with foraging dive depths ranging from
37 to 623 m (mean (s.d.) = 310 (165) m). During daytime, Risso’s dolphins predominantly performed
spin dives (96%, n = 43), while during night-time dives, individuals mainly produced non-spin dives
(67%, n = 70). A total of 400 burst pulses were identified within the foraging context, across eight
individuals (table 1). Burst pulses (67% of all social calls, n = 400) were found to be the dominant used
social call within the foraging context. Other recorded social calls (whistle burst pulse: 25%, n = 150;
whistles: 8%, n = 45) had lower call rates.

3.1. Burst-pulse use during and around foraging dives

Burst pulses were emitted during all dive phases except for the foraging phase of the dive (figure
1a). Burst-pulse production varied as a function of the dive phase (GEEI1, p < 0.001; table 2 and
electronic supplementary material, table S1) and most calls were emitted around surfacing events,
preceding (PRE) and following (POST) foraging dives (figure 1a). Post-dive burst-pulse calls were
mostly produced within 1 min after resurfacing (1 = 105/139, 76%). Burst pulses produced at the
surface, either at the dive onset or when resurfacing, were found to be significantly shorter than
burst-pulse calls produced during the descent and ascent phase (mean * s.d. = 0.13 + 0.11 versus
0.34 + 0.08 s, respectively; GEE2, p < 0.001; table 2 and electronic supplementary material, table S2).
Burst-pulse production was typically shallow, occurring near the surface pre- or post-diving (mean
depth + s.d. = 6.3 =+ 14 m) or early in the descent (mean + s.d. = 53 + 35 m; figure 1b ). During ascent
call, depth was more dispersed and calls were emitted just after the last buzz or near-surface, with a
mean depth of 168 m and strong variation in depth (s.d. = 117 m) (figure 1b). Burst pulses were not
specifically associated with the first or last dive in a foraging bout.
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Figure 1. Burst-pulse (BP) production as a function of phase in the dive cycle. (a) Mean number of BP recorded per dive over the
different dive phases, for each of the four foraging dive categories (colours). (b) Depth of burst-pulse production by dive phases.
Boxplots present the median (solid horizontal line), the interquartile range (boxes), values 1.5 X the interquartile ranges (whiskers),
outliers (thick dots) and raw data points (thin dots). PRE = 0—16 min preceding the foraging dive; DES = descent phase, from surface
till first buzz; FOR = foraging, between first and last buzz; ASC = ascent, from last buzz till resurfacing; POST = 0—16 min following the
foraging dive.

3.2. Burst-pulse use during deep and shallow foraging

Dive type was found to be a significant predictor for burst-pulse calls produced during the descent
phase, ascent phase and post-diving (GEE3c-e, p < 0.05; table 2 and electronic supplementary material,
tables S5-7). During spin dives, burst-pulse production was higher during the descent and ascent
phases (GEE3c—d, p < 0.05; table 2 and electronic supplementary material, tables 55-6), while calls
produced following foraging dives (POST) showed higher production rates during non-spin dives
(GEE3e, p < 0.001; table 2 and electronic supplementary material, table S7). Overall, burst-pulse call
rates during spin dives were five times higher (n = 309/77 dives) than during non-spin dives (n = 60/72
dives). More specifically, Risso’s dolphins showed specific use of burst pulses during descent in the
daytime spin dives (GEE3c, p < 0.001; table 2 and electronic supplementary material, table S5), and this
behaviour was commonly recorded, (67%, 29/43 spin day dives), across six of the seven individuals
performing this dive type (figure 2). The seventh individual (Gg16_171 a) only made a limited number
of spin dives (1 = 4) of which two were relatively shallow.

3.3. Burst-pulse use during day- and night-time

Burst-pulse production exhibited pronounced diel variation. Time of day had a significant effect on
burst-pulse production (GEE3a, p < 0.001; table 2 and electronic supplementary material, table S3) in
which the majority of the burst pulses were produced during daytime (85%, n = 312 versus 15%, n =
57, day and night, respectively; figure 1a). Burst-pulse call rates produced during foraging dives were
13 times higher during daytime than during night-time (6.9 versus 0.55 burst pulses per foraging dive,
respectively). While clear contextual use of burst-pulse production was recorded during the descent
phase of spin day dives, this behaviour remained absent during spin night dives (figure 2). Spin
foraging dives showed deeper maximum diving depths over day versus night (mean (s.d.) = 506 (81)
versus 329 (114) m; GEE4, p < 0.01; table 2, electronic supplementary material, table S8 and figure
3) and started their echolocation clicking later after the dive onset during the day (mean (s.d.) = 81
(56) versus 21 (21) m; GEE5, p < 0.01; table 2, electronic supplementary material, table S9 and figure
3). Burst-pulse production during the descent phase of a dive most often occurred before starting
echolocation clicking (1 = 44/55, 80%).

4. Discussion

The deep-diving social odontocete, Risso’s dolphin, employed differential communication modes
during dispersed foraging, one probably geared for horizontal transfer to near-surface individuals
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Figure 2. Occurrence of burst pulses (BP; black circle) produced during the descent phase of a foraging dive. The panels show all
individuals’ foraging dives per dive category, (a) spin day, (b) spin night, (c) non-spin day and (d) non-spin night. Each tag deployment
(tag ID) is represented by a colour code.

Table 2. Results of the ANOVA (sequential Wald tests) showing the significance of the GEE models. Parameter estimates and standard
errors (s.e.) of the different models can be found in the electronic supplementary material, tables S1—10. Dive phases: PRE = 0-16

min preceding the foraging dive/DES = descent phase, from surface till first buzz/FOR =

foraging, between first and last buzz/ASC =

ascent, from last buzz till resurfacing/POST = 0—16 min following the foraging dive. Significance codes: ***'0.001, “**" 0.01, **’ 0.05.

model

response variable

burst-pulse production

factor

dive phase

p-value

2.4 107B**x

burst-pulse production
during dive phase:
PRE

burst-pulse production
during dive phase:
DES

burst-pulse production
during dive phase:
ASC

burst-pulse production
during dive phase:
POST

and a second mode for vertical transfer to deeper-diving individuals. Short burst pulses were used at
shallow depths during or after surfacing from foraging dives, by the animal swimming at or very near
the surface. Long burst pulses were used during the descent or ascent of deep-foraging dives when
the individual was angled steeply down or up [20]. Surprisingly, while diving deep, most burst-pulse
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Figure 3. Burst-pulse (BP) production as a function of dive depth and echolocation behaviour. Comparing the depth of BP production
during the descent phase (red), depth of start of clicking (green) and maximum diving depth (blue) per dive category. Boxplots
present the median (solid horizontal line), the interquartile range (boxes), 1.5 interquartile ranges (whiskers) and outliers (black
circles).

calls occurred near the surface or within the first 100 m of the dive descent, and predominantly during
daytime, when foraging dives were deepest. Burst-pulse use and production rates, as well as call
length, were specific to the foraging dive phase, dive type and time of day. These results demonstrate
that social toothed whales are likely to use acoustic communication to maintain contact and/or share
information with conspecifics to facilitate efficient foraging. Anthropogenic noise has the potential to
mask communication between group members and could therefore undermine their social cohesion,
and hence their capacity to maintain vital life functions like foraging and predator defence.

4.1. Shallow communication during deep foraging

Risso’s dolphins consistently produced burst-pulse communication calls within the foraging context.
Calls were predominantly produced during the day, preceding or following foraging dives, or in the
early descent or late ascent of foraging dives, respectively, preceding or following the echolocation
search phase. They did not call during the prey search and capture phases, probably because they
are then already audible by their echolocation search clicks, and producing burst-pulse calls may
reduce their foraging efficiency. Although capable of producing tonal sounds such as whistles, Risso’s
dolphins favoured the use of highly directional burst pulses within a foraging context, in agreement
with previous findings by Neves [18]. Call rates were high near surfacing events at the onset and
offset of foraging dives, supporting our hypothesis that Risso’s dolphins communicate near-surface at
the start and end of foraging dives. As not all dives contained associated burst-pulse calls and calling
was not recorded during the night, Risso’s dolphins probably can also relocate their group members
through eavesdropping on each other’s foraging echolocation signals [34] or other potential sensory
cues such as chemical signals [35].

4.2. Horizontal communication with near-surface group members

Pre- and post-diving burst pulses were significantly shorter (mean duration (s.d.) = 0.13 (0.11) s) than
those used during foraging dive descent or ascent (mean (s.d.) = 0.34 (0.08) s), signifying alternative
information transfer and communication needs between animals engaged in a foraging dive and those
present near the surface. This shorter type of burst-pulse call may serve as a quick and efficient
way to acoustically signal position to group members. Transmission of broadband burst-pulse calls is
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described as highly directional for the frequency components above 5 kHz and becomes attenuated
at greater angles [36-38]. Risso’s dolphin produces broadband clicks with a peak frequency of around
50 kHz and little energy below 20 kHz [29]. Surfacing animals would probably be able to signal
their position to listeners as these broadband signals make good carriers of location and direction
of movement as directionality alters the signal structure (absence of higher frequency components
when the signaller is moving away) [36]. The difference in attenuation will allow receivers to deduce
the signallers’ orientation, and subsequently, these cues may be important to relocate and improve
cohesion during foraging behaviour. Given the production at or near surfacing events, the vocalizing
individual is probably oriented more or less horizontally, suggesting most energy is directed in the
horizontal plane, and that the signal is intended for other near-surface individuals.

4.3. Deep-foraging dives demand specific communication

Foraging dive depth of Azorean Risso’s dolphins traces the diel vertical migration of the deep
scattering layer. They use two different foraging dive types: spin dives with sprints to target deep
layers (500-700 m), and more shallow non-spin dives focusing on shallow-residing prey, which has
migrated closer to the sea surface at night [20]. These dive types provide two foraging contexts, in
which the relative distribution of and distance between group members is likely to differ substantially
and demand different communication strategies. The second mode of foraging dive communication
occurred during the diving descent, or—less often—the dive ascent, of daytime deep dives. Descent-
phase burst pulses were produced early in the descent and at a defined depth (mean (s.d.) = 53 (35)
m), predominantly before starting an echolocation-guided prey search. Producing a burst-pulse call,
just before starting with echolocation clicking, suggests a communicative function. This specific timing
of call use has also been reported in Blainville’s beaked whales (M. densirostris) [10,11], in which these
calls were suggested to coordinate group dispersion at depth. For Risso’s dolphins, the signal probably
serves a different communication function (detailed below) as they demonstrate dispersion already at
the surface and remain vocal also in shallow waters.

Burst pulses were previously described for spinner dolphins (Stenella longirostris) as a more intimate
form of signalling meant for conspecific in close vicinity [37], while studies on odontocetes using
narrowband high-frequency clicks theorize that broadband burst pulses may be suitable for long-range
detection as the low-frequency component transmits further and can be detected more readily by
conspecifics [38-41]. Sound level differences as large as 40 dB were reported to occur in orientation
between 0 and 180 degrees relative to the bottlenose dolphins’ front [38]. Shading from cranial bones
and nasal air sacs also plays a role, making it difficult for a broadband signal to radiate equally in
all directions [42,43]. This indicates that conspecifics at depth are the intended receivers and would
receive the high-amplitude, high-frequency component of the signal, while other dispersed group
members (at the surface or elsewhere) might only receive the low-frequency, omnidirectional compo-
nent of the signal [44]. The longer duration of burst-pulse calls during the dive descent indicates a
requirement for the call to transfer its information over longer distances (against signal transmission
loss) [45], or the need for higher information content.

Surprisingly, Risso’s dolphins only used burst pulse during the descent phase of deep spin dives,
but not during non-spin dives or at night when the spin dives were shallower. A comparable pattern
was observed for short-finned pilot whales, which produced most social calls in relation to foraging
dives deeper than 120 m and, to a lesser extent, associated with shallower foraging dives (less than 73
m) [13]. During shallower dives, burst-pulse calls remained absent, probably because Risso’s dolphins
may be less dispersed and consequently will have less need to call for relocating each other. Alterna-
tively, Risso’s dolphins might communicate about the presence or quality of prey with conspecifics at
depth [46]. Spin dives, aiming for remote, deep residing, dispersed prey fields, require more energy
owing to the costly rotation sprint, and Risso’s dolphins may have higher benefits from sharing prey
information and tracking mobile prey once discovered, compared with shallower dives [20].

Risso’s dolphins produce high numbers of burst-pulse signals within the foraging context and
probably benefit from increased cohesion for relocation and sharing information regarding prey,
during and after separate foraging. The nature of what is being communicated remains to be
understood. Odontocetes that use narrowband high-frequency clicks for communication, like harbour
porpoises (Phocoena phocoena) [39] or Heaviside’s dolphins, (Cephalorhynchus heavisidii), can encode
specific information such as identification using stereotyped burst pulse or codas [41]. It could be that
the burst pulse also holds an identity component.
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4.4. Reduced burst-pulse call production after dusk

Acoustic communication is believed to have evolved in association with variation in light, as when
visibility is reduced (at night or in marine environments), sounds have higher efficiency compared
with visual cues [47,48]. We hypothesized that Risso’s dolphins would be more communicative
at night. This behaviour has been reported for different species, such as Guiana dolphins (Sotalia
guianensis) [45], short-beaked common dolphins (Delphinus delphis) [49] and the Risso’s dolphin [50], for
tonal calls. However, we found the opposite and recorded a strong reduction in the use of burst-pulse
production after dusk. The reason behind the variation could be caused by a difference in species, call
type, methods (tagging versus hydrophone) or study site, as ecological factors such as the prey scape
appear to influence call use. Species targeting light-limited or deprived waters for foraging may use
comparable social acoustic strategies during foraging. A comparable diel variation in call production
was observed in other deep-diving cetaceans, including sperm whales, in which lower social call
rates (codas) were recorded during the night compared with the day. However, this pattern was not
directly associated with foraging [17]. In addition, melon-headed whales (Peponocephala electra) also
showed a strong decline in whistle use at the beginning of the night when they started foraging on
vertically migrating mesopelagic prey [51]. This raises the question of how individuals relocate each
other and share information in the dark. While day and night hold different light regimes, this is
much less prevalent in the Risso foraging grounds, which are always at low/no light conditions. What
is profoundly different at night is the shallower diving depth (i.e. vertical dispersion range from the
surface and conspecifics) and the prey scape, holding vertically migrating prey that is likely to be more
active when feeding in shallower water, than during the day when they respire, defecate and excrete
at depth. This shift could release the communication need, possibly because group members can stay
closer together (and rely on eavesdropping) without foraging interference.

There could be an increased need to stay in touch during the daytime as they dive to greater depths.
Future studies could involve tagging multiple individuals of the same group overnight or analysing
the received level of congener echolocation clicks to test whether during nocturnal foraging they show
the same spatial distribution as during daytime.

Another argument could be that the background noise properties of daytime versus night-time are
more or less favourable for acoustic communication (biological masking and masking by man-made
sounds). Risso’s dolphins forage in dense biomass aggregations, called scattering layers, which show
diel vertical migrations, moving up around dawn and down again during dusk [20]. This diel vertical
migration of biomass can potentially contribute to higher ambient sound levels in the upper layers of
the ocean, owing to e.g. snapping shrimp [52].

We show that a social deep-diving odontocete, the Risso’s dolphin, employs differential modes of
communication when foraging. During foraging contexts with a high degree of dispersion, foraging
individuals communicate both horizontally and vertically. We propose that these signals not only
function to maintain group cohesion but also to coordinate synchronized but dispersed foraging
on cryptic, remote and ephemeral prey. Night-time conditions with altered, more proximate and
possibly denser hunting grounds release the need for foraging communication, and individuals can
remain in contact through passive listening to each other’s foraging echolocation signals. These data
provide insight into the complex socio-environmentally driven foraging behaviour and social needs of
deep-diving toothed whales, signifying that the ability to successfully receive a variety of acoustic cues
is critical to maintaining behaviours important for individual fitness and ultimately population health.

Ethics. Fieldwork was conducted under scientific permits issued by the Direcdo Regional dos Assuntos do
Mar, Secretaria Regional do Mar e das Pescas, nos.: 33/2013/DRA,28/2014/DRA, 10/2015/DRA/ 08/2016/DRA,
34/2017/DRA and LMAS-DRAM/2019/01.
Data accessibility. Data supporting this manuscript are accessible in the Dryad Digital Repository [53]. The GEE model
results are provided in the supplementary material [54].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors’ contributions. S.H.: conceptualization, data curation, formal analysis, investigation, methodology, visualiza-
tion, writing—original draft, writing—review and editing; N.R.: data curation, investigation, writing—review and
editing; L.P.: data curation, investigation, writing—review and editing; M.G.O.: data curation, resources, valida-
tion, writing—review and editing; M.G.: supervision, writing—review and editing; L.M.D.B.: resources, writing—
review and editing; C.C.: methodology, software, supervision, writing—review and editing; F.V.: conceptualization,
funding acquisition, methodology, resources, supervision, writing —original draft, writing —review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed
therein.

865007 “LL DSuadg 205y sosyfeunolbioBusyandoposieior |



Downloaded from https://royal societypublishing.org/ on 20 September 2024

Conflict of interests. We declare we have no competing interests.

Funding. This work was supported by the Office of Naval Research, USA (ONR; N00014-17-1-2715) and by the Dutch
Research Council (NWO; Veni grant 016. Veni.181.086).

Acknowledgements. We gratefully acknowledge the support of all field team members, in particular Onno Keller,
Annebelle Kok, Ricardo Antunes, Stacy DeRuiter, Francisco Reis, Ricardo Fernandes and the OceanEmotion team.
We thank Prof. Peter Tyack for the use of tagging equipment, Prof. Eduardo Brito de Azevedo and Francisco Reis
(ITTAA, University of the Azores) for the use of the research vessel Atlantida and Profs. Rosalina Gabriel, Paulo
Borges and Joao Pedro Barreiros of GBA (CE3C), University of the Azores, for their collaboration.

References

20.

21.

22.

Tyack PL. 2000 Functional aspects of cetacean communication. In Field studies of dolphins and whales, pp. 270-307, vol. C11. Chicago, IL: The
University of Chicago Press.

Tyack PL, Miller EH. 2002 Vocal anatomy, acoustic communication and echolocation. In Marine mammal biology: an evolutionary approach, pp.
142-184, vol. €6. Oxford, UK: Blackwell Science.

Guan S, Brookens T. 2023 An overview of research efforts to understand the effects of underwater sound on cetaceans. Water Biol. Secur. 2,
100141. (doi:10.1016/j.waths.2023.100141)

Connor RC. 2002 Ecology of group living and social behaviour. In Marine mammal biology: an evolutionary approach, pp. 353-360. Oxford, UK:
Blackwell Science.

Hartman KL, Visser F, Hendriks AJE. 2008 Social structure of Risso’s dolphins (Grampus griseus) at the Azores: a stratified community based on
highly associated social units. Can. J. Zool. 86, 294—306. (doi:10.1139/207-138)

Aguilar de Soto N, Visser F, Tyack PL, Alcazar J, Ruxton G, Arranz P, Madsen PT, Johnson M. 2020 Fear of killer whales drives extreme synchrony
in deep diving beaked whales. Sci. Rep. 10, 13. (doi:10.1038/541598-019-55911-3)

Visser F et al. 2014 The social context of individual foraging behaviour in long-finned pilot whales (Globicephala melas). Behaviour 151, 1453—
1477. (doiz10.1163/1568539X-00003195)

Whitehead H. 1989 Formations of foraging sperm whales, Physeter macrocephalus, off the Galapagos Islands. Can. J. Zool. 67, 2131-2139. (doi:
10.1139/289-303)

Kok AC, van Kolfshoten L, Campbell JA, von Benda-Beckmann AM, Miller PJ, Slabbekoorn H, Visser F. 2020 Diving apart together: call
propagation in diving long-finned pilot whales. J. Exp. Biol. 223, 10. (doi:10.1242/jeh.207878)

Aguilar de Soto N. 2006 Acoustic and foraging behaviour of short-finned pilot whales (Globicephala macrorhynchus) and Blainville’s beaked
whales (Mesoplodon densirostris) in the Canary Islands. implications for impacts of man-made noise and ship collisions. PhD dissertation, La
Laguna University, Canary Islands, Spain.

Aguilar de Soto N, Madsen PT, Tyack P, Arranz P, Marrero J, Fais A, Revelli E, Johnson M. 2012 No shallow talk: cryptic strategy in the vocal
communication of Blainville’s beaked whales. Mar. Mammal Sci. 28, E75—E92. (doi:10.1111/j.1748-7692.2011.00495.x)

Alcdzar-Trevifio J, Johnson M, Arranz P, Warren VE, Pérez-Gonzdlez (J, Marques T, Madsen PT, Aguilar de Soto N. 2021 Deep-diving beaked
whales dive together but forage apart. Proc. R. Soc. B 288, 20201905. (doi:10.1098/rspb.2020.1905)

Visser F et al. 2017 Vocal foragers and silent crowds: context-dependent vocal variation in northeast Atlantic long-finned pilot whales. Behav.
Ecol. Sociobiol. 71, 1-13. (d0i:10.1007/500265-017-2397-y)

Jensen FH, Perez JM, Johnson M, Soto NA, Madsen PT. 2011 Calling under pressure: short-finned pilot whales make social calls during deep
foraging dives. Proc. R. Soc. B 278, 3017-3025. (doi:10.1098/rspb.2010.2604)

Weilgart L, Whitehead H. 1993 Coda communication by sperm whales (Physeter macrocephalus) off the Galapagos Islands. Can. J. Zool. 71, 744—
752. (doi:10.1139/293-098)

Oliveira C, Wahlberg M, Silva MA, Johnson M, Antunes R, Wisniewska DM, Fais A, Gongalves J, Madsen PT. 2016 Sperm whale codas may encode
individuality as well as clan identity. J. Acoust. Soc. Am. 139, 2860—2869. (doi:10.1121/1.4949478)

Kather S. 2023 Analysis of sperm whale (Physeter macrocephalus) vocalisations in the Azores: coda repertoires and their behavioural context.
Masters dissertation, Universidade dos Acores, Ponta Delgada, Portugal.

Neves S. 2013 Acoustic behaviour of Risso’s dolphins, Grampus griseus, in the Canary Islands, Spain. PhD dissertation, University of St Andrews,
UK.

Arranz P et al. 2016 Discrimination of fast click-series produced by tagged Risso’s dolphins (Grampus griseus) for echolocation or communication.
J. Exp. Biol. 219, 2898-2907. (doi:10.1242/jebh.144295)

Visser F, Keller A, Oudejans MG, Nowacek DP, Kok AC, Huisman J, Sterck EH. 2021 Risso’s dolphins perform spin dives to target deep-dwelling
prey. R. Soc. Open Sci. 8, 202320. (doi:10.1098/rs0s.202320)

Kruse SL, Caldwell DK, Caldwell MC. 1999 Risso’s dolphin Grampus griseus (G. Cuvier, 1812). In Handbook of marine mammals (eds SH Ridgway, R
Harrison), pp. 183—212, vol. 6. London, UK: Academic Press.

Corkeron PJ, Van Parijs SM. 2001 Vocalizations of eastern Australian Risso’s dolphins, Grampus griseus. Can. J. Zool. 79, 160—164. (doi:10.1139/
200-180)

s 1 sy swiansotusiiiooosior [B


http://dx.doi.org/10.1016/j.watbs.2023.100141
http://dx.doi.org/10.1139/Z07-138
http://dx.doi.org/10.1038/s41598-019-55911-3
http://dx.doi.org/10.1163/1568539X-00003195
http://dx.doi.org/10.1139/z89-303
http://dx.doi.org/10.1242/jeb.207878
http://dx.doi.org/10.1111/j.1748-7692.2011.00495.x
http://dx.doi.org/10.1098/rspb.2020.1905
http://dx.doi.org/10.1007/s00265-017-2397-y
http://dx.doi.org/10.1098/rspb.2010.2604
http://dx.doi.org/10.1139/z93-098
http://dx.doi.org/10.1121/1.4949478
http://dx.doi.org/10.1242/jeb.144295
http://dx.doi.org/10.1098/rsos.202320
http://dx.doi.org/10.1139/z00-180
http://dx.doi.org/10.1139/z00-180

Downloaded from https://royal societypublishing.org/ on 20 September 2024

23.

24,

25.

26.

27.

28.

29.

30.
3N

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

51

52.

Ridgway SH, Carder DA. 1988 Nasal pressure and sound production in an echolocating white whale, Delphinapterus leucas. In NSSA, animal n

sonar: processes and performance (eds PE Nachtigall, PWB Moore), pp. 53-60, vol. 156. New York, NY: Plenum Press.

Johnson MP, Tyack PL. 2003 A digital acoustic recording tag for measuring the response of wild marine mammals to sound. /EEE J. Oceanic Eng.
28,3-12. (doi:10.1109/J0E.2002.808212)

Arranz P et al. 2019 Diving behavior and fine-scale kinematics of free-ranging Risso’s dolphins foraging in shallow and deep-water habitats.
Front. Ecol. Evol. 7, 53. (doi:10.3389/fev0.2019.00053)

Johnson M, Madsen PT, Zimmer WMX, de Soto NA, Tyack PL. 2006 Foraging Blainville’s beaked whales (Mesoplodon densirostris) produce
distinct click types matched to different phases of echolocation. J. Exp. Biol. 209, 5038—5050. (doi:10.1242/jeb.02596)

Johnson M, de Soto NA, Madsen PT. 2009 Studying the behaviour and sensory ecology of marine mammals using acoustic recording tags: a
review. Mar. Ecol. Prog. Ser. 395, 55—73. (doi:10.3354/meps08255)

Zimmer WM, Johnson MP, Madsen PT, Tyack PL. 2005 Echolocation clicks of free-ranging Cuvier's beaked whales (Ziphius cavirostris). J. Acoust.
Soc. Am.117,3919-3927. (doi:10.1121/1.1910225)

Madsen PT, Kerr I, Payne R. 2004 Echolocation clicks of two free-ranging, oceanic delphinids with different food preferences: false killer whales
Pseudorca crassidens and Risso’s dolphins Grampus griseus. J. Exp. Biol. 207, 1811-1823. (doi:10.1242/jeb.00966)

Liang KY, Zeger SL. 1986 Longitudinal data analysis using generalized linear models. Biometrika 73, 13—22. (doi:10.1093/biomet/73.1.13)

R Core Team. 2023 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. See https://
www.R-project.org.

Hojsgaard S, Halekoh U, Yan J. 2006 The R package geepack for generalized estimating equations. J. Stat. Softw. 15, 1-11. (doi:10.18637/jss.
v015.i02)

Bailey H, Corkrey R, Cheney B, Thompson PM. 2013 Analyzing temporally correlated dolphin sightings data using generalized estimating
equations. Mar. Mammal Sci. 29, 123-141. (doi:10.1111/j.1748-7692.2011.00552.x)

Barluet de Beauchesne L, Massenet M, Oudejans MG, Kok AC, Visser F, Curé C. 2022 Friend or foe: Risso’s dolphins eavesdrop on conspecific
sounds to induce or avoid intra-specific interaction. Anim. Cogn. 25, 287-296. (doi:10.1007/510071-021-01535-y)

Bouchard B, Barnagaud JY, Verborgh P, Gauffier P, Campagna S, Célérier A. 2022 A field study of chemical senses in bottlenose dolphins and
pilot whales. Anat. Rec. 305, 668—679. (doi:10.1002/ar.24703)

Miller P). 2002 Mixed-directionality of killer whale stereotyped calls: a direction of movement cue? Behav. Ecol. Sociobiol. 52, 262-270. (doi:10.
1007/500265-002-0508-9)

Lammers MO, Schotten M, Au WW. 2006 The spatial context of free-ranging Hawaiian spinner dolphins (Stenella Longirostris) producing
acoustic signals. J. Am. Stat. Assoc. 119, 1244-1250. (doi:10.1121/1.2151804)

Branstetter BK, Moore PW, Finneran JJ, Tormey MN, Aihara H. 2012 Directional properties of bottlenose dolphin (Tursiops truncatus) clicks,
burst-pulse, and whistle sounds. J. Acoust. Soc. Am. 131, 1613-1621. (d0i:10.1121/1.3676694)

Serensen PM, Wisniewska DM, Jensen FH, Johnson M, Teilmann J, Madsen PT. 2018 Click communication in wild harbour porpoises (Phocoena
phocoena). Sci. Rep. 8, 9702. (doi:10.1038/s41598-018-28022-8)

Martin MJ, Gridley T, Elwen SH, Jensen FH. 2018 Heaviside's dolphins (Cephalorhynchus heavisidii) relax acoustic crypsis to increase
communication range. Proc. R. Soc. B 285, 20181178. (doi:10.1098/rspb.2018.1178)

Martin MJ, Elwen SH, Kassanjee R, Gridley T. 2019 To buzz or burst-pulse? The functional role of Heaviside’s dolphin, Cephalorhynchus heavisidii,
rapidly pulsed signals. Anim. Behav. 150, 273—284. (doi:10.1016/j.anbehav.2019.01.007)

Aroyan JL, Cranford TW, Kent J, Norris KS. 1992 Computer modeling of acoustic beam formation in Delphinus delphis. J. Acoust. Soc. Am. 92,
2539-2545. (doi:10.1121/1.404424)

Cranford TW et al. 2000 Two independent sonar signal generators in the bottlenose dolphin: physiologic evidence and implications. J. Acoust.
Soc. Am. 108, 2613-2614. (doi:10.1121/1.4743727)

Blomqvist C, Amundin M. 2004 High-frequency burst-pulse sounds in agonistic/aggressive interactions in bottlenose dolphins, Tursiops
truncatus. In Echolocation in bats and dolphins (eds JA Thomas, CF Moss, M Vater), pp. 425-431, vol. €60. Chicago, IL: University of Chicago Press.
Deconto LS, Monteiro-Filho EL. 2016 Day and night sounds of the Guiana dolphin, Sotalia guianensis (Cetacea: Delphinidae) in southeastern
Brazil. Acta Ethol. 19, 61-68. (doi:10.1007/510211-015-0223-y)

Hansen MJ, Domenici P, Bartashevich P, Burns A, Krause J. 2023 Mechanisms of group-hunting in vertebrates. Biol. Rev. 98, 1687—1711. (doi:10.
1111/brv.12973)

Chen Z, Wiens JJ. 2020 The origins of acoustic communication in vertebrates. Nat. Commun. 11, 369. (doi:10.1038/s41467-020-14356-3)
Dickerson AL, Hall ML, Jones TM. 2023 Effects of variation in natural and artificial light at night on acoustic communication: a review and
prospectus. Anim. Behav. 198, 93—105. (doi:10.1016/j.anbehav.2023.01.018)

Goold JC. 2000 A diel pattern in vocal activity of short-beaked common dolphins, Delphinus delphis. Mar. Mammal Sci. 16, 240—244. (doi:10.
1111/}.1748-7692.2000.th00915.x)

Lin TH, Yu HY, Chen CF, Chou LS. 2015 Passive acoustic monitoring of the temporal variability of odontocete tonal sounds from a long-term
marine observatory. PLoS One 10, €0123943. (doi:10.1371/journal.pone.0123943)

Baumann-Pickering S, Roch MA, Wiggins SM, Schnitzler HU, Hildebrand JA. 2015 Acoustic behavior of melon-headed whales varies on a diel
cycle. Behav. Ecol. Sociobiol. 69, 1553—1563. (doi:10.1007/500265-015-1967-0)

Lillis A, Perelman JN, Panyi A, Aran Mooney T. 2017 Sound production patterns of big-clawed snapping shrimp (Alpheus spp.) are influenced by
time-of-day and social context. J. Acoust. Soc. Am. 142, 3311-3320. (doi:10.1121/1.5012751)

sosy/fewnof/Bio BusiqndGanosiefos

85507C sLL DS uadp 20S Y


http://dx.doi.org/10.1109/JOE.2002.808212
http://dx.doi.org/10.3389/fevo.2019.00053
http://dx.doi.org/10.1242/jeb.02596
http://dx.doi.org/10.3354/meps08255
http://dx.doi.org/10.1121/1.1910225
http://dx.doi.org/10.1242/jeb.00966
http://dx.doi.org/10.1093/biomet/73.1.13
https://www.R-project.org
https://www.R-project.org
http://dx.doi.org/10.18637/jss.v015.i02
http://dx.doi.org/10.18637/jss.v015.i02
http://dx.doi.org/10.1111/j.1748-7692.2011.00552.x
http://dx.doi.org/10.1007/s10071-021-01535-y
http://dx.doi.org/10.1002/ar.24703
http://dx.doi.org/10.1007/s00265-002-0508-9
http://dx.doi.org/10.1007/s00265-002-0508-9
http://dx.doi.org/10.1121/1.2151804
http://dx.doi.org/10.1121/1.3676694
http://dx.doi.org/10.1038/s41598-018-28022-8
http://dx.doi.org/10.1098/rspb.2018.1178
http://dx.doi.org/10.1016/j.anbehav.2019.01.007
http://dx.doi.org/10.1121/1.404424
http://dx.doi.org/10.1121/1.4743727
http://dx.doi.org/10.1007/s10211-015-0223-y
http://dx.doi.org/10.1111/brv.12973
http://dx.doi.org/10.1111/brv.12973
http://dx.doi.org/10.1038/s41467-020-14356-3
http://dx.doi.org/10.1016/j.anbehav.2023.01.018
http://dx.doi.org/10.1111/j.1748-7692.2000.tb00915.x
http://dx.doi.org/10.1111/j.1748-7692.2000.tb00915.x
http://dx.doi.org/10.1371/journal.pone.0123943
http://dx.doi.org/10.1007/s00265-015-1967-0
http://dx.doi.org/10.1121/1.5012751

Downloaded from https://royal societypublishing.org/ on 20 September 2024

53. Hessing S, Visser F. 2024 . Context-driven comm. during deep-sea foraging in a social toothed whale. Dryad. (doi:10.5061/dryad.vmcvdnd1x)
54. Hessing S, Risser N, Pichot L, Oudejans MG, Guilpin M, Barcelos LMD, Curé C, Visser F. 2024 Supplementary material from: Context-driven
communication during deep-sea foraging in a social toothed whale. Figshare. (doi:10.6084/m9.figshare.c.7358216)

sosy/jewnol/Bio Burysigndigaposiedos

85507C sLL DS uadp 20S Y


http://dx.doi.org/10.5061/dryad.vmcvdnd1x
http://dx.doi.org/10.6084/m9.figshare.c.7358216

	Context-driven communication during deep-sea foraging in a social toothed whale
	1. Introduction
	2. Material and methods
	2.1. Acoustic dataset
	2.2. Acoustic and depth data processing
	2.3. Foraging context and dive type specification
	2.4. Statistical analysis

	3. Results
	3.1. Burst-pulse use during and around foraging dives
	3.2. Burst-pulse use during deep and shallow foraging
	3.3. Burst-pulse use during day- and night-time

	4. Discussion
	4.1. Shallow communication during deep foraging
	4.2. Horizontal communication with near-surface group members
	4.3. Deep-foraging dives demand specific communication
	4.4. Reduced burst-pulse call production after dusk



