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Dolphins exhibit a complex array of vocal behav-
iours critical for their survival and social interaction
within their habitats (Wang et al., 1995; Janik &
Slater, 2000). Vocal communication of dolphins is
broadly categorised into clicks, burst pulse sounds,
and frequency-modulated whistles (Ryabov, 2016).
Each type serves a distinct functional purpose,
ranging from echolocation to complex social com-
munications (Jones et al., 2020). Whistles are fre-
quency-modulated tonal sounds that vary in pitch
over time and are used for communication among
dolphins, particularly for social coordination and
identification of individuals (Janik, 2000; Quick &
Janik, 2008; Papale et al., 2017). They play a vital
role in the dolphins’ acoustic communication as
they convey a wide range of information, includ-
ing individual identity (through signature whistles),
emotional state, and group cohesion (May-Collado
& Wartzok, 2008; van Ginkel et al., 2018). These
vocalisations are integral to the social fabric of dol-
phin communities, facilitating complex interactions
and behaviours (Janik et al., 2006; Ryabov, 2016).
With their variations in frequency, duration, and
inflection patterns, whistles suggest a complex and
nuanced communication system. Such variability
emphasizes the importance of whistle characteris-
tics in understanding dolphin acoustic communica-
tion and social structure. The ability of dolphins to
adapt their vocalisations in response to environmen-
tal changes, including noise levels and the presence
of other species, shows the adaptive nature of their
communication (Kremers et al., 2016).
Rough-toothed dolphins (Steno bredanensis) in
particular are known to have wide acoustic plas-
ticity and produce vocalisations such as whistles,
broad-band clicks, and burst pulses (Watkins
et al., 1987; Oswald et al., 2003; Baumann-
Pickering et al., 2010; Seabra de Lima et al.,
2012). The study of vocal behaviour in Steno
bredanensis, especially their use of whistles, can
reveal the complexity and adaptability of odonto-
cete acoustic communication. These vocalisations

are integral to navigating, foraging, and maintain-
ing social cohesion in challenging aquatic envi-
ronments (as seen in other delphinid species; e.g.,
Jones et al., 2020). By delving into the specifics
of these sounds, their functions, and how they
vary under different environmental stimuli, we
can gain invaluable insights into the ecological
adaptations and social lives of these marine mam-
mals, demonstrating the critical role of acoustic
communication in their survival (Notarbartolo di
Sciara & Gordon, 1997; Laiolo, 2010; Teixeira
etal., 2019).

Although Steno bredanensis were globally
classified as of “Least Concern” in 2019 by the
International Union for Conservation of Nature,
data regarding their distribution, ecology, or
acoustic behaviour remain scarce (Rankin et al.,
2015; Caruso et al., 2019; Kiszka et al., 2019).
Steno bredanensis are distributed throughout the
deep oceanic waters of tropical and subtropical
regions, and in warm temperate waters world-
wide (Miyazaki & Perrin, 1994; Kerem et al.,
2016) as well as in shallow coastal waters (e.g.,
Brazil; West et al., 2011; Jefferson, 2018). Steno
bredanensis have been found in groups of 10 to 50
individuals (Baird et al., 2008; West et al., 2011),
but the size and group composition of this species
are unknown for most regions worldwide (Kiszka
etal., 2019).

Despite the abundance of research on dolphin
vocalisations, many research gaps still exist regard-
ing the acoustic behaviour of Steno bredanensis.
Due to the elusive nature of this species and the
small group sizes generally observed, Rankin et al.
(2015) suggested using passive acoustic methods
as a way to improve the detection of this species.
Only a few studies have characterized Steno bre-
danensis whistles over the past decades, focusing
mainly on pods found in the West Atlantic Ocean
(Busnel & Dziedzic, 1966; Seabra de Lima et al.,
2012), in the Pacific Ocean (Oswald et al., 2003,
2007), and in the Mediterranean Sea (Caruso et al.,
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2019). Seabra de Lima et al. (2012) provided a
foundational characterization of Steno breda-
nensis whistles off the Rio de Janeiro coast. This
study marks a significant step in understanding the
acoustic diversity within this species in the South
Atlantic Ocean. Furthermore, Oswald et al. (2003,
2007) have contributed to the body of knowledge
on Steno bredanensis by focusing on their acous-
tic presence and behaviour in different oceanic
regions. Their work underscores the importance
of acoustic research in understanding the social
and ecological dynamics of these cetaceans.
Caruso et al. (2019) expanded the geographical
scope of whistle research by documenting Steno
bredanensis acoustic data in the Mediterranean
Sea. This study suggests a need for continuous
monitoring to evaluate their conservation status in
the Mediterranean and enhances our comprehen-
sion of their acoustic communication in relatively
understudied regions (Caruso et al., 2019).

To the authors’ knowledge, this is the first
account of acoustic recordings of Steno breda-
nensis in this geographical region of the Canary
Islands archipelagos. Herein, we present an acous-
tic characterization and a detailed comparison to
other populations in the Pacific Ocean and in the
Mediterranean Sea. Overall, this study aimed to
contribute to and expand on current knowledge of
the acoustic behaviour of Steno bredanensis. By

identifying the main vocalisation characteristics
and comparing them to those found in previous
studies, the authors are working towards under-
standing if the population of Steno bredanensis
in the Canary Islands is similar to those observed
in other parts of the world (e.g., South Atlantic
Ocean, Pacific Ocean, Mediterranean Sea). Our
hypothesis was that better insight into the distri-
bution and ecology of Steno bredanensis will be
possible if the vocalisations of this study group
are similar to those found in other studies.

Study Area

This research was conducted in the Canary
Archipelago (from 29° 24' 40" to 27° 58' 16" N and
from 13°19' 54" to 18°09' 38" W), an oceanic vol-
canic archipelago located in the African continental
edge. It consists of eight islands and various islets
comprised of the eastern (La Graciosa, Lanzarote,
and Fuerteventura), central (Gran Canaria and
Tenerife), and western (La Gomera, La Palma,
and El Hierro) islands. The Canary Islands are a
Spanish autonomous region with a total surface
area of 7,273 km?, a coastline of approximately
1,581 km, and an Exclusive Economic Zone
(EEZ) of approximately 494,192 km?* (Figure 1).
The bathymetry surrounding the islands is defined
by steep slopes, with depths reaching up to 1 km
along the coast (Canales & Daiiobeitia, 1998).

Figure 1. Map of the study area in the eastern Canary Islands, situated in the northeastern Atlantic Ocean. The recordings
were taken off the East Coast of the Canary Archipelago. Point 1 represents the data collection location from 20 January
2012, while point 2 represents the data collection location from 12 September 2012. For more details, see Papale et al. (2017).
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Data Collection

Acoustic records of Steno bredanensis were
obtained from dedicated surveys conducted in 2012
in the marine area east and south of Lanzarote-
Fuerteventura (LIC-ESZZ15002). This area is a
Marine Protected Area (MPA) of the Natura 2000
Network of the European Union (Directive 92/43/
EEC of 21 May 1992). This study was part of a
multi-species study conducted by the Society for
the Study of Cetacean in the Canary Archipelago
(SECAQ). A total of 60 individuals were observed
on 20 January 2012, while 30 individuals were
found on 12 September 2012. Following the defini-
tion provided by Daura-Jorge et al. (2005), a group
was identified as a cluster of dolphins visibly con-
nected, allowing for an accurate count of the indi-
viduals observed. Although behavioural data are
generally used in acoustical studies, such data were
not gathered during the collection of these record-
ings. Therefore, only acoustical data are presented
in this short note.

A total of 85 min of recordings were obtained
during this study, with 21 min recorded on
20 January and 51 min recorded on 12 September
2012. Acoustic data collection occurred when Steno
bredanensis were visually identified to be the only
species present to avoid considering vocalisations
emitted by other delphinid species (such as the
Atlantic spotted dolphin [Stenella frontalis]; see
Papale et al., 2017). A towed hydrophone system
with four elements was used to collect the acous-
tic data. Two medium-frequency Benthos hydro-
phones (Benthos, Falmouth, MA, USA; sensitivity:
201 dBv; frequency response at 1 Hz to 15 kHz of
+1.5 dB [ref. 1 pPa + 1 dB]) were separated 3 m
from each other and were connected to a pair of
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broadband preamplifiers (HP/02; Magrec, Devon,
UK). Two spherical ceramic hydrophones (25 cm
apart) were positioned in between the Benthos
hydrophones (with high-frequency preamplifiers
with a 2 kHz high-pass filter; sensitivity: -161 dBv
at 20°C [front element], -158 dBv at 20°C [rear ele-
ment]; frequency response ~2 to 150 kHz). Sounds
were digitalised at a sampling rate of 92 kHz. The
towed hydrophone system was connected to a laptop
utilising PAMGUARD, Version 1.11.01, and was
used to monitor the recordings in situ. Time, group
size, and GPS positions were recorded throughout
the survey. For more detailed specifications regard-
ing survey methodology, see Papale et al. (2017).

Data Analysis

The acoustic data were analysed using the software
Raven Pro, Version 1.6.4 (2022; Cornell Lab of
Ornithology, Ithaca, NY, USA). Recordings were
taken in WAV format (16 bits per sample), and
the spectrogram window was set at 512 Discrete
Fourier Transform (DFT), window type Hann with
a 50% overlap.

Whistles were visually identified and classified
using contour types similar to those categorised by
Azevedo & Van Sluys (2005) as stepped (the whis-
tle had multiple plateaus), constant (the start and
end frequency were the same: +0.5 Hz), ascend-
ing (rising in frequency), ascending—plateau (first
rising in frequency and then reaching a plateau),
descending (decreasing in frequency), ascend-
ing—descending (first rising in frequency and then
decreasing in frequency), descending—ascending
(first decreasing in frequency and then rising in
frequency), and mixed (all other types of whistles)
(Figure 2).
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Figure 2. Categories of shapes used to classify rough-toothed dolphin (Steno bredanensis) whistles: stepped (S), mixed (M),
descending—ascending (DA), descending (D), constant (C), ascending—descending (AD), ascending (A), and ascending—
plateau (AP). The X axes represent time (ms), while the Y axes represent frequency (kHz).
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Seven acoustic parameters from essential com-
ponents of each whistle were measured: mean
duration (milliseconds [ms]), start and end fre-
quency (kHz), minimum and maximum frequency
(kHz), delta frequency (Raven Pro defines delta
frequency as the difference between maximum and
minimum frequency and describes the bandwidth
or frequency range of the whistle in kHz), and the
number of inflection points (described as points
where the whistle contour changed from descend-
ing to ascending or vice versa). The number of
inflection points were manually counted. The
parameters chosen were consistent with those
used in other studies (Oswald et al., 2003, 2007,
Azevedo & Van Sluys, 2005; Seabra de Lima et al.,
2012). Whistles were selected for analysis only if
there were no overlaps with other whistles or engine
noise. Those which had unclear start and end points
or for which the acoustic parameters could not be
measured clearly were excluded from the analysis.
Whistle harmonics were noted, but only the funda-
mental contour was counted in the analysis.

Statistical Analysis
Descriptive statistics were performed and included
the mean, standard deviation, coefficient of varia-
tion, and minimum and maximum values for all
acoustic parameters measured. All analyses and
graphs were undertaken with R studio, Version
1.4.1106 (R Core Team, 2020). Prior to analysis,
data were tested for normality using a Shapiro test,
and significance was considered with p < 0.05.
Although results showed the data were non-nor-
mally distributed, the lack of raw data from other
studies justified the use of a two-sided ¢ test to
perform a simple descriptive analysis using sum-
mary data (Lumley et al., 2002; Fagerland, 2012).
The values obtained for each whistle parameter
in this study were therefore compared to the ones
reported by Oswald et al. (2003, 2007), Seabra
de Lima et al. (2012), and Caruso et al. (2019) by
using a two-sided ¢ test. These studies were chosen
as they used similar parameters that could be quan-
titatively compared to those used in this study.
Photo-identification data showed that the groups
observed on 20 January and on 12 September 2012
were different. Data from both dates were pooled
together for analysis (due to the larger number of
recordings obtained on 12 September) to ensure a
better analysis of the acoustic behaviour of Steno
bredanensis. After excluding all whistles that did
not meet the acoustic quality criteria described
above, a total of 396 whistles were selected for the
analysis. Stepped (n = 126;31.82%), mixed (n=75;
18.94%), and ascending—plateau (n = 45; 11.36%)
whistles were the most common (Figure 3). The
mean frequency ranged between 0.47 to 9.7 kHz,
while the mean minimum frequency was 5.2 kHz

(SD = 1.30 kHz) and the mean maximum fre-
quency was 8.1 kHz (SD = 2.1 kHz). While 73%
of whistles had a mean frequency below 4 kHz,
only 0.5% of whistles had a high frequency above
12 kHz. On average, the end frequency (mean =
7.57 kHz; SD = 2.40) of Steno bredanensis whis-
tles was higher than the start frequency (mean =
6.06 kHz; SD =4.34).

Whistle duration was on average 430 + 230 ms,
and 26.6% of whistles lasted less than 600 ms. The
mean number of inflection points found in these
whistles was 145 = 1.1, with 84% of whistles
having less than three inflection points and 22.9%
having zero inflection points. Descriptive statistics
of all measured parameters are shown in Table 1,
where whistles were combined in their respective
shape categories. This was done to provide exten-
sive information on the whistle structure of Steno
bredanensis as done by Azevedo & Van Sluys
(2005), Seabra de Lima et al. (2012), and Caruso
etal. (2019).

The mean, start, and end frequency values of
this study were similar to those found by Seabra de
Lima et al. (2012). The only values that were sig-
nificantly different were the minimum frequency
and the maximum frequency (p < 0.05). The start,
end, minimum, and maximum frequency values for
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Figure 3. Categories of whistle shapes found in this study.
Eight main contour types were identified: (1) ascending
(A), (2) ascending—descending (AD), (3) ascending—plateau
(AP), (4) constant (C), (5) descending (D), (6) descending—
ascending (DA), (7) mixed (M), and (8) stepped (S).
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Table 1. Descriptive statistics (mean, standard deviation, coefficient of variation, and minimum and maximum values) of the
seven acoustic parameter values measured for each of the eight categories of Steno bredanensis whistles (S, M, AP, C, DA,
D, A, and AD; N = 396). The duration was measured in milliseconds (ms) and the frequency in kilohertz (kHz).

Ascending— Descending— Ascending—
Acoustic Stepped Mixed plateau Constant  ascending Descending Ascending descending
parameters (S) M) (AP) ©) (DA) (D) (A) (AD)
Mean 390+ 196  420+200 460+200 530220 380+230 390+240 400+230 730+410
duration 0.50 047 044 041 0.61 0.60 0.58 0.56
(ms) 61/125 57/926 130/970 70/100 70/780 70/930 80/920 170/1.,490

Min. freq. 528 +1.01 5.18=«1.17 4.65+128 430+153 604129 57+125 585+134 537+1.20
(kHz) 0.19 0.22 0.27 0.35 0.21 0.22 0.22 0.22
322/824  257/993  2.68/883  282/746  3.62/9.28  3.11/800  3.63/7.64  2.70/6.79

Max. freq. 699+134 687125 642+156 470+156 672+156 635+138 7.19+153 7.10+1.02
(kHz) 0.19 0.18 0.24 0.33 0.23 0.21 0.21 0.14
440/1.16  3.37/993 337/11.06 3.00/7.87 3.93/1050 3.56/881 4.50/10.68 4.87/8.62

Delta freq. 3.75+137 351+2.10 282+124 081x0.18 274+187 145+0.74 300198 242+1.28
(kHz) 0.36 0.59 0.44 0.22 0.68 0.51 0.66 0.53
9.23/6.84  0.85/9.78 0.88/644 047/1.58 094/9.67 058/3.19 0.79/7.73  0.98/5.14

Start freq. 597+1.61 659+821 550+£593 456+158 733+171 688+153 591+142 546+131
(kHz) 0.26 0.12 0.10 0.34 0.23 0.22 0.24 0.24
3.05/1.02  2.69/752 261/435 296/8.04 3.89/1444 3.69/9.77  3.61/7.83 2.70/7.17

End freq. 836207 8.13+238 7.14+156 457+158 844+282 595+1.15 884+185 6.76+1.23
(kHz) 0.24 0.29 0.21 0.34 0.33 0.19 0.20 0.18
397/139  1.10/13.20 3.24/11.25 296/8.04 427/1592 3.33/806 5.07/13.26  4.80/9.09

Number of 2.12+094 242+091 1.11+0.310 0 125+0.54 0 0444+£064 12+042
inflection 0.44 0.37 0.28 043 144.10 35.13
points 0/5 0/5 12 072 0/2 172

Table 2. Means and standard deviations of Steno bredanensis whistles described by this study (N = 396) and by other
studies—Oswald et al. (2003, 2007) in the Pacific Ocean, Seabra de Lima et al. (2012) in the South Atlantic Ocean, and
Caruso et al. (2019) in the Mediterranean Sea—that presented similar acoustic parameters. A two-sided ¢ test was performed
(Moore & McCabe, 1999) to compare each parameter with those found in this study. The numbers in bold represent significant
differences (p < 0.05), while the asterisk represents data not reported by the study.

Seabra de Lima

Present study, Oswald et al., Oswald et al., etal., 2012 Caruso et al.,
Acoustic 2023 2003 2007 (South Atlantic 2019
parameters (Atlantic Ocean) (Pacific Ocean) (Pacific Ocean) Ocean) (Mediterranean Sea)
Start freq. (kHz) 6.07 £4.34 6829 741315 6.56+1.7 *
End freq. (kHz) 7.57 240 85+3.1 833+£295 74+1.72 *
Low freq. (kHz) 523 +1.30 6325 6.46 +2.33 6.08 +1.46 5109
Max. freq. (kHz) 6.59 +1.57 9.1+3.00 953+297 7.96 +£1.57 88+14
Delta freq. (kHz) 291+ 1.78 28+2.1 * 1.89+142 361
Inflection points 145+1.13 13+£28 256+3.0 036+0.73 *
Mean duration (ms) 431 £227 600 + 400 640 + 360 347 + 236 734 £ 193

Number of whistles 396 68 192 340 7
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Steno bredanensis whistles recorded in the Canary
Islands were significantly lower than those reported
by Oswald et al. (2003,2007; Table 2). In the pres-
ent study, the respective frequency values were
higher (Table 2). Although Caruso et al. (2019)
only reported half of the whistle parameters, the
maximum frequency, number of inflection points,
and duration of whistles were, on average, signifi-
cantly higher than those found in this study.

This study presents the first results on the acous-
tic behaviour of Steno bredanensis in the Canary
Archipelago. The means of most whistle frequen-
cies reported in this study occurred in a similar
frequency range to those found in other studies
(between 2 and 13 kHz; e.g., Evans, 1967; Watkins
et al., 1987; Seabra de Lima et al., 2012). However,
specific whistle parameters, such as minimum/max-
imum frequency, mean frequency, and duration, also
differed from those observed in other studies as the
values reported herein were often lower. In contrast,
the number of inflection points found in this study
was higher, with most whistles having more than
two inflection points. Interestingly, 10 whistles with
a frequency above 12 kHz were found in this data-
set, despite whistles above 12 kHz being uncommon
for Steno bredanensis (Oswald et al., 2003, 2007,
Seabra de Lima et al., 2012; Caruso et al., 2019).

The recorded whistles showed comparable spec-
tral characteristics to other studies (Seabra de Lima
etal.,2012; Rankin et al., 2015; Caruso et al., 2019;
see Annexes la-1c). While the majority of whistle
shapes observed were identical to those found
in other regions (i.e., South Atlantic Ocean and
Mediterranean Sea), this study found a prevalence
in stepped whistles. Many of these often started
with a long and steep upsweep and ended with a
more gradual downsweep; the majority showed
clear steps and breaks (Figure 2). Statistical results
found that the occurrence and shape of stepped
whistles were comparable to those found in the
Mediterrancan Sea (Rankin et al., 2015; Caruso
et al., 2019), proving that this whistle character-
istic may not be a singularity of the geographi-
cal region. However, the studies by Rankin et al.
(2015) and Caruso et al. (2019) did not give an
extensive description of the whistle shapes used to
categorise their results as they mainly focused on
four types of stepped whistles (see Annexes 1b &
1c). Therefore, most of the comparisons for other
whistle types were with those from Seabra de Lima
et al. (2012). While stepped, mixed, and ascend-
ing—plateau were the most common shapes found
in our study, constant and ascending were the ones
most observed by Seabra de Lima et al. (2012)
(see Annexe la). Furthermore, some whistles cat-
egorised as descending—ascending and mixed were
observed for the first time in this study, supporting
the hypothesis that whistle types are an adaptation

to certain habitats or populations (Jefferson, 2018;
Albertson et al., 2022). Studies have shown that
dolphin vocalisations can give specific information
on species communication, distribution, and behav-
iour (Herzing & Johnson, 2015), while their whistle
repertoire can present distinctive characteristics and
adaptations to both habitats and population types
(McCowan et al., 2002; Gannier & West, 2005).

Overall, Steno bredanensis exhibit a varied rep-
ertoire of whistles that are simple in their structure
yet similar to those found in other regions world-
wide (i.e., South Atlantic Ocean, Pacific Ocean,
Mediterranean Sea). The differences observed
could be explained by a genetic drift between popu-
lations that occurred through geographical isola-
tion and that has led to characteristic adaptations
of each population to their own habitat as observed
in other species of dolphins (Wang et al., 1995;
Azevedo & Van Sluys, 2005). Although further
analyses are required to confirm this, some studies
have supported the geographical isolation hypoth-
esis (Papale et al., 2014; Moron et al., 2019; Luis
et al., 2021). This study has shown that the Steno
bredanensis whistles recorded in the Canary Islands
archipelagos resemble those emitted by popula-
tions in the Mediterranean but differ from those in
the Pacific and South Atlantic Oceans. Less than 10
studies have researched the acoustic behaviour of
Steno bredanensis, and most of them used a limited
number of recordings for their analysis. Research
has shown that the abundance of Steno bredanen-
sis could be underestimated when based on visual
observations during boat surveys but that using
passive acoustic monitoring to detect the animals
could bring more precise estimates (Rankin et al.,
2008). Furthermore, acoustic signals provide cru-
cial information on population structure and phe-
notypic diversity, proving to be an effective tool in
delphinid conservation (Papale et al., 2021; Paitach
et al., 2022). This highlights the need for extensive
research on Steno bredanensis as the assessment of
their conservation status appears deficient due to
the lack of long-term studies. By investigating the
acoustic behaviour of this understudied species in
the Canary Islands archipelagos, our study aimed to
contribute to the knowledge gaps surrounding the
ecology of Steno bredanensis.
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Annexe la. Categories of contour in which rough-toothed dolphin (Steno bredanensis) whistles were classified: ascending
(A), descending (B), constant (C), ascending—descending, (D), descending—ascending (E), and multi (F). X axis = % time (ms);
Y axis = % frequency (kHz). (Figure from Seabra de Lima et al., 2012)
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by Steno bredanensis (Type A and Type B); and (B) same

categories of whistles recorded by Watkins et al. (1985).

(Figure from Caruso et al., 2019)
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