'.) Check for updates

Marine Mammal Science

Marine Mammal Science (£

| ArTICLE CEEED

Comparative Analysis of the Whistles of Three Oceanic
Dolphins in the Comoros

Rihana Ali Ahmed!2 | Anna Zanoli!
Sara Ferril* | Francesco Caruso*

| Fouad Abdou Rabi? | Youssouf Ben Ali Abdallah3 |

| Livio Favarol*>

| Federica Scebba!
| Cristina Giacomal»®

!Department of Life Sciences and Systems Biology, University of Turin, Turin, Italy | 2Agence Des Aires Protégée del Comors, Moroni, Comoros | *Parc
National Shisiwani, Centre National de Controle et de Surveillance Des Péches, Anjouan, Comoros | *Stazione Zoologica Anton Dohrn, Naples,
Italy | SCentro Interuniversitario di Ricerca sui Cetacei (CIRCE), University of Siena, Siena, Italy

Correspondence: Anna Zanoli (anna.zanoli@unito.it)
Received: 16 January 2025 | Revised: 24 July 2025 | Accepted: 30 July 2025

Funding: This work was supported by the EMBRC-UP (IR0000035, CUP C63C22000570001), the Piano Nazione di Ripresa e Resilienza
(39-033-31-DOT21BX3F7-8932), and the European Commission (Erasmus Key Action 171).

Keywords: melon-headed whale | pantropical spotted dolphin | Peponocephala electra | signature whistles | spinner dolphin | Stenella attenuata |
Stenella longirostris

ABSTRACT

The Shisiwani National Park (Anjouan, Comoros) is a cetacean biodiversity hotspot. However, the vocal behavior of ma-
rine mammals inhabiting the area has never been studied. In 2023, we conducted a 400-nautical-mile survey from a 5-m
motorboat to determine their presence. Three dolphin species were encountered: the pantropical spotted dolphin (Stenella
attenuata), the spinner dolphin (Stenella longirostris), and the melon-headed whale (Peponocephala electra). Dolphin vocal-
izations were recorded using a single hydrophone during each sighting. The visual inspection of spectrograms allowed the
identification of 1495 whistles with a good signal-to-noise ratio. We extracted the frequency contour of each whistle and
measured several spectrotemporal features employing the ROCCA module of PAMGUARD. Using a Random Forest algo-
rithm, we classified whistles according to species, showing that while signals from non-congeneric species are distinguisha-
ble acoustically, those from congeneric species exhibit more subtle differences and are less so. Moreover, within the whistle
repertoire of each species, we identified stereotyped frequency contours matching the SIGID criteria, possibly indicating the
existence of signature whistles. Our study provides the first characterization of the whistles of three dolphin species in the
Comoros archipelago and paves the way for developing the first fine-tuned tool for their Passive Acoustic Monitoring in these
remote areas.

1 | Introduction whale (Kiszka et al. 2010), other than hosting a dugong popula-

tion vulnerable to extinction (Kiszka et al. 2008). Although the

The archipelago of the Comoros is a hotspot of cetacean biodiver-
sity in the Indian Ocean, with 12 odontocete species sighted in the
waters surrounding these volcanic islands (Kiszka et al. 2007).
The archipelago is also a main wintering site for the humpback

importance of this area within the Indian Ocean Whale Sanctuary
(Brown 1979) has been widely acknowledged (Bonato et al. 2016;
Laran et al. 2017), the distribution and abundance of the differ-
ent species remain poorly understood (Kiszka et al. 2007, 2010).
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In addition, several studies suggest that environmental pollution,
overfishing, bycatch, poaching, underwater explosions, and other
human practices adversely affect the entire archipelago marine
ecosystem (Cowburn et al. 2018; Sinane 2013).

In recent years, to contribute to the conservation of marine mam-
mals in the Comoros, several National Parks (NPs) and Marine
Protected Areas (MPAs) have been established or extended in size
by the local authorities (Law N°19-129/PR 2018 of The Government
of the Union of the Comoros). However, methods and approaches
for regular censusing and sustainable management of these spe-
cies and their habitats remain to be identified. This is particularly
important for the dolphins attending the coastal areas, which are
the most impacted by local human activities worldwide, including
those that generate underwater noise (Allen et al. 2014; Caruso,
Dong, Lin, Liu, Xu 2020; Natoli et al. 2008; Terranova et al. 2022).

Acoustic behavior is a key phenotype element of cetaceans and
the main way they interact with the social, biological, and physi-
cal environment (Au and Hastings 2008; Favaro et al. 2013, 2016).
Cetacean vocalizations can encode a variety of meaningful infor-
mation, including the species (Janik et al. 2006; Oswald et al. 2021;
Rendell et al. 1999), population (Azzolin et al. 2013; Papale
et al. 2021), and the individual identity of the emitters (Janik
et al. 2006). For these reasons, Passive Acoustic Monitoring (PAM)
has become the method of choice when trying to monitor the pres-
ence and distribution of marine mammals, especially in remote
and unexplored areas (e.g., Caruso, Dong, Lin, Liu, Gong 2020;
Frasier et al. 2021; Frouin-Mouy et al. 2022; Zimmer 2011).
Moreover, PAM is considered an optimal trade-off between costs
and efficiency (Gervaise et al. 2021). Indeed, acoustic monitoring
(such as visual or satellite surveys) is not restricted by weather and
sea state conditions; acoustic sensors are becoming increasingly
cheap (De Marco et al. 2023; Lamont et al. 2022), and the compu-
tational power needed to process the acoustic recordings is becom-
ing more and more accessible (Stowell 2022). However, because
of the acoustic complexity and the learning abilities of cetaceans,
detection parameters must be developed for each species and each
region in which they are recorded (Gillespie et al. 2009; Oswald
et al. 2007), advocating for the acoustic exploration of remote areas
where cetacean biodiversity is large and can be observed.

To date, very few studies have investigated the acoustic behav-
ior of the cetaceans inhabiting the Comoros archipelago (e.g.,
Bonato et al. 2015, 2016). Moreover, none of the previous re-
search investigated the coastal waters and lagoons surround-
ing the island of Anjouan, whose marine mammal population
and vocalizations remain unknown. Here, we conducted a se-
ries of surveys in the Shisiwani National Park (Sima Peninsula,
Anjouan) with the primary objective of studying the character-
istics and the species-specific acoustic cues of the whistles re-
corded for the dolphin species found in the area. Moreover, using
the SIGnature-IDentification (SIGID) method (Janik et al. 2013),
within the repertoire of each species, we identified whistles
with stereotyped frequency modulation and inter-whistle inter-
val (IWI) that might function as signature whistles (Janik and
Sayigh 2013) and convey individual-identity information. Our
study aims to provide the first comprehensive description of the
whistle characteristics of the oceanic dolphins inhabiting this
understudied region. The results will be instrumental in devel-
oping an automatic species recognition toolbox for the PAM of

the cetaceans in the Comoros archipelago and even monitoring
single individuals' presence and movements over time.

2 | Methods
2.1 | Study Area and Acoustic Recordings

Boat surveys were conducted from May to September 2023 in the
Shisiwani National Park (Sima Peninsula, Anjouan, Comoros)
within three nautical miles from shore. All surveys occurred
during daylight, with good weather conditions and calm waters
(Douglas scale <3 and Beaufort scale < 3) from a 5-m local fish-
ing boat. The sampling effort included 408 nautical miles sur-
veyed across 30 trips over 95h (Figure 1). Researchers on board
were equipped with 7x 50 binoculars, and on each occasion a
dolphin pod was sighted, the research vessel was driven slowly
(<2kn) to approximately 100m from the animals. Acoustic sig-
nals were then recorded using an HTI-96-MIN hydrophone (flat
frequency response 2Hz to 30kHz; sensitivity —164dB re: 1V/
uPa) lowered at a depth of —5m. The hydrophone output signal
was digitized using a TASCAM DR-80 digital recorder (sampling
rate 96 kHz) and saved as mono audio files in .wav format (16-bit
resolution). Finally, for confirming species identity, photographs
and video taken during each encounter were later compared to
field guides (Blackmer et al. 2000; Katona and Whitehead 1981,
Mayo 1982; Wilson and Mittermeier 2014).

Fieldwork was conducted under permit from Shisiwani National
Park authorities (Permit No. 220/2023 Prot n. 0583714 25/10/2023).

2.2 | Species Encountered

During our surveys, three dolphin species were encountered,
namely the melon-headed whale (Peponocephala electra), the
pantropical spotted dolphin (Stenella attenuata), and the spin-
ner dolphin (Stenella longirostris). The melon-headed whale was
sighted on only one occasion. The pod was encountered on 27
May 2023 while traveling approximately one mile offshore at the
Ile de La Selle (Figure 1). The encounter lasted 11 min. The pod
size was unknown, but we estimated more than 200 individuals,
including calves (Video SM1).

The pantropical spotted dolphins were encountered on 20 oc-
casions in July and August 2023 (Figure 1), collecting a total
of 51min of audio data. We found groups ranging in size from
3 to 37 individuals, including calves (mean pod size 9+ 8 indi-
viduals). The spinner dolphins were sighted on 15 occasions be-
tween June and August 2023 for a total of 91 min of audio data
recorded. Group sizes ranged from 2 to 32 individuals (mean pod
size 10+8), including calves. The areas where we encountered
the species were the same as those for the pantropical spotted dol-
phins (Figure 1).

2.3 | Visual Inspection of Spectrograms
Spectrograms of underwater recordings (Fast Fourier

Transform, view range=0-48kHz, window length=0.02s,
dynamic range =80dB) were visually inspected using Praat v.
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Stenella longirostris
@ Peponocephala electra
Stenella attenuata

FIGURE1 | Anjouan Island in the Comoros Archipelago. The light-blue triangles represent the encounters of the spinner dolphin (Stenella longi-

rostris). The red circle represents the encounter with the melon-headed whale (Peponocephala electra). The green rhombuses represent the encoun-
ters of the pantropical spotted dolphin (Stenella attenuata). Map created in QGis 3.36, using the General Bathymetric Chart of the Oceans (GEBCO)

2023.

6.3.11 (Boersma 2001) by two experienced observers (R.A.A.
and F.S.). We considered whistles as any narrowband tonal
signal in the spectrogram lasting at least 0.1s with the funda-
mental frequency (f,) above 3kHz (Simard et al. 2011). When
inspecting the whistles, contours interrupted by breaks <0.03s
were considered continuous (Gridley et al. 2012; Terranova
et al. 2021). Overall, we identified 1495 whistles (melon-headed
whale n=215, pantropical spotted dolphin n =610, spinner dol-
phin n=670) with a good signal-to-noise ratio (>9dB) of the
fundamental frequency. According to the SIGID method (Janik
et al. 2013), if a whistle contour was found to recur within a re-
cording, we measured the IWI. Then, we labeled the contours of
the stereotyped whistles that matched the SIGID criteria as “sig-
nature whistles” (SW_). On the other hand, we labeled as “non-
signature whistles” (NSW) the whistles that did not pass the
SIGID criteria. Finally, we calculated the inter-observer agree-
ment using the Weighted Cohen's Kappa (Sim and Wright 2005)
on 20% of the signature whistles to validate the identification
and classification of the two observers.

2.4 | Acoustic Analysis

Using the ROCCA (Real-time Odontocete Call Classification
Algorithm) module of PAMguard (Gillespie et al. 2009), we

extracted the frequency contour of each whistle. We manu-
ally selected the whistle's start and end points from spectro-
grams. ROCCA automatically extracted the whistle contour
by stepping through the spectrogram one time slice at a time
and searching for the peak frequency within a user-defined fre-
quency band centered around the peak frequency in the previ-
ous time slice (Barkley et al. 2011; Oswald and Oswald 2013).
After a contour was extracted, we could manually drag contour
points to adjust the accuracy of the extraction and measure the
49 acoustic parameters implemented in ROCCA (Oswald and
Oswald 2013). Definitions of each acoustic parameter are shown
in the SIs (Table SM1), and descriptive statistics are presented
in Table SM2.

2.5 | Statistical Analysis

Statistical analyses were conducted using the R software (ver-
sion 4.3.1; R Core Team 2024). Before implementing the clas-
sification algorithm for the whistles of the three species, we
reduced the number of acoustic features by removing the highly
correlated variables and balanced the dataset. We computed
the correlation matrix to show the pairwise correlation coeffi-
cients between the features. We identified highly correlated at-
tributes (“findCorrelation” function “caret” package, correlation
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coefficient > 0.75; Kuhn 2008), and we removed them from the
dataset (Table SM1). To ensure a balanced representation of
each species, we ran 100 iterations from which we randomly
extracted 200 instances from each species in the dataset. Then,
on each of the 100 iterations, we implemented a Random Forest
classifier (“randomForest” function; Liaw and Wiener 2002),
splitting the balanced dataset into training (70%) and test (30%)
sets. We trained the Random Forest model on the training set
and evaluated its performance on the training data. We calcu-
lated the Correct Classification Rate (CCR) for both the training
and test sets as a performance metric. We made predictions on
the test set (“predict” function; R Core Team 2024) and com-
puted the confusion matrix to summarize the accuracy. We cal-
culated the mean and standard deviation of the CCR from each
iteration for the test set to provide an overall performance sum-
mary of the classifier.

Subsequently, we investigated the variability of signature whis-
tles within each species by performing a principal component
analysis (PCA; “PCA” function; L& et al. 2008) on three reduced
datasets, including only observations of one species at a time.
For each PCA, we used the same acoustic parameters for the
Random Forest classifier as independent variables that were re-
duced to a new set of three independent principal components
(PC). We used an eigenvalue cutoff of >1 as a criterion for PC
selection. We calculated the contributions of each original vari-
able to the PC to assess the importance of each acoustic variable
in defining the PC. Accordingly, we plotted the SW in a three-
dimensional space defined by PC1-PC2-PC3.

To test for significant differences in specific acoustic features
among species, we performed non-parametric Kruskal-Wallis
rank sum tests (“kruskal. test” function; R Core Team 2024) on

minimum frequency, maximum frequency, and duration. When
significant differences were detected, post hoc pairwise compar-
isons were conducted using Dunn's tests with Bonferroni correc-
tion (‘dunnTest’ function; Ogle et al. 2023) to identify which species
pairs differed significantly. Median values were reported for each
species to illustrate the direction and magnitude of differences.

3 | Results

The Random Forest classifier showed an average Correct
Classification Rate (CCR) of the whistles according to the
species of 68.4% (+2.9 SD). The model was effective in classi-
fying the melon-headed whale whistles, with a CCR of 53.5%
(Figure 2), but less effective for the classification whistles of the
pantropical spotted dolphins (CCR=36.9%, Figure 2) and the
spinner dolphin (CCR =32.3%, Figure 2). The classifier thus dis-
tinguished well between the genera Peponocephala and Stenella,
as only 3.16% of the melon-headed whale whistles were falsely
misclassified as pantropical spotted dolphin and 4.95% as spin-
ner dolphin. The classifier gave less robust results when classi-
fying between the two Stenella species. Most misclassified cases
fell between these two groups, with 23.32% false positive cases
for the pantropical spotted dolphin and 18.85% false positives for
the spinner dolphin.

According to the SIGID criteria, we identified 3 SW types for
the melon-headed whale, 10 SW types for the pantropical spot-
ted dolphin, and 13 SW types for the spinner dolphins. The
pitch contours of each signature whistle are plotted, divided by
species, in Figures SM1, SM2, and SM3. Because we did not vi-
sually identify the vocalizing individual at the time of call pro-
duction, these contours are candidates for signature whistles.

Predicted

(o) ebejuaniag

Actual

FIGURE 2 | Heatmap showing the average confusion matrix of the Random Forest Classifier results. The rows report the predicted signature

whistle values for (from top to bottom) spinner, pantropical spotted dolphin, and melon-headed whale, respectively. The columns show the actu-

al signature whistle values for (from left to right) melon-headed whale, pantropical spotted dolphin, and spinner dolphin, respectively. Numbers

on the diagonal represent the average percentage of correct classification. Numbers in the rest of the matrix represent the average percentage of

misclassification.
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Confirming true signature whistles requires simultaneous
visual identification or tagging of callers. We observed a high
inter-observer agreement in the classification of the signature
whistle types (Weighted kappa=0.93, p<0.001) comparable
to that observed in previous studies on bottlenose dolphins
(Kriesell et al. 2014; Terranova et al. 2021, 2022). When investi-
gating the variability of signature whistles at the intra-specific
levels, we found that, for the melon-headed whale, the PCA
reduced the original 27 acoustic parameters measured on SW
to four independent PCs that explained 86.7% of the total vari-
ance (PC1=63.7%; PC2=10.6%; PC3=7.4%, PC4=5%). For the
pantropical spotted dolphin, the acoustic parameters were re-
duced into six PCs, accounting for 82.9% of the total variance
(PC1=31.6%; PC2=16.6%; PC3=14%, PC4=9.4%, PC5="7.1%,
PC6=4.2%). Finally, for the spinner dolphin, the PCA reduced
the original acoustic parameters to seven PCs, explaining 77.3%
of the total variance (PC1=22.5%; PC2=18.1%; PC3=10.9%;
PC4=8.5%; PC5=6.6%; PC6=5.6%; PC7=5.1%). The contri-
bution of the original acoustic parameters up to the fifth PC is
shown in Table SM3. These PCs reveal how frequency, duration,
slope, and inflections drive variability in their acoustic profiles.
In the melon-headed whale, PC1 primarily represents general
frequency and duration patterns, with substantial contribu-
tions from minimum frequency, whistle duration, and ending
frequency. PC2 reflects additional variance linked to inflection
dynamics and transitions, captured by the number of down-up
sweeps and the number of inflection points. PC3 focuses on
finer-scale frequency dynamics, including the beginning fre-
quency and the standard deviation of inflection deltas. For the
pantropical spotted dolphin, PC1 highlights the importance of
minimum frequency and beginning frequency in shaping the
general acoustic variability. PC2 captures negative frequency
slopes and inflection-related patterns, with key parameters
being the mean negative frequency slope and the number of
inflection points. PC3 reflects variability in whistle endings
and changes in inflection, as seen in ending frequency and the

standard deviation of inflection deltas. In the spinner dolphin,
PC1 similarly emphasizes the significance of minimum fre-
quency and whistle duration in explaining the primary variance
in acoustic features. PC2 reflects the role of inflection points
and negative slopes, with major contributions from the number
of inflection points and the mean negative frequency slope. PC3
is driven by inflection duration and ending frequency changes,
with notable parameters including the ending frequency and in-
flection duration. Overall, PC1 captures broad patterns related
to frequency and duration across the three species, while PC2
and PC3 reveal more nuanced acoustic features, such as slope
variability, inflection points, and frequency transitions. These
components collectively highlight the distinct acoustic profiles
of the signature whistle types in each dolphin species. In the
three-dimensional acoustic space of each species identified by
PCs, SWs made different clusters, underlining an individual
frequency modulation pattern among SW types (Figures 3-5).

We ran Kruskal-Wallis tests on minimum frequency, maximum
frequency, and duration across all three species. Minimum
frequency differed significantly among species (y*=304.25,
p<0.001); maximum frequency also differed significantly
(x¥*=327.24, p<0.001), and duration differed significantly as
well (y?=168.86, p<0.001). Post hoc Dunn's tests indicated that
melon-headed whale whistles had significantly lower minimum
frequencies (median=5812.5Hz) and maximum frequencies
(median=13312.5Hz) and shorter durations (median =0.395s)
than both pantropical spotted and spinner dolphins (p <0.001
for all pairwise comparisons with melon-headed whale). We
failed to find differences in maximum frequency between
pantropical spotted and spinner dolphins (p=0.812), but min-
imum frequency and duration showed significant differences
(p<0.001), with pantropical spotted dolphins showing lower
minimum frequency (median =9281.5Hz) and longer durations
(median =0.901s) compared to spinner dolphins (minimum fre-
quency median =9937.5Hz; duration median=0.811s).
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FIGURE3 | (a)Signature whistle types of the melon-headed whale plotted in the space defined by the first two principal components. (b) Signature

whistle types of the melon-headed whale plotted in the space defined by the first and third principal components.

50f11

5U80| 7 SUOWIWIOD 3AIEaID 3|qedlidde au Aq pauenoh a1e Sa[ole O ‘8N J0 S8|n1 10} Afeiq| T 8UIUO AB]I/M UO (SUORIPUOD-PUR-SWIB}WOD A3 | 1M ARe.q 1 Ul juO//SdnY) SUORIPUOD PUe Wi | 8U1 89S *[G202/80/2T] Uo ArigiTaulluo A8|IM elfelBueiyooD Aq Z900L SWW/TTTT OT/I0p/w00 A3 imAreiq | uljuo//sdny Wwoiy papeojumoq ‘0 ‘269.8v.T



classify
sw3 |swd [sw5 |sw6 [sw7 [sw8 |sw9 |[swil0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
sw2 0.00| 20.00 0.00 0.00 0.00| 20.00 0.00( 60.00 0.00 0.00
sw3 0.00 0.00( 100.00| 0.00 0.00 0.00 0.00 0.00 0.00 0.00
swa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o
9
E sw5 0.00| 20.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
»
© |swé 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
sw7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00( 11.11
sw8 0.00| 33.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00
sw9 0.00 0.00 0.00 7.14|  0.00 0.00 0.00 0.00 0.00
swi0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

o

E swi | sw3 IE‘ sw5 E‘ sw7 E sw9
sw2 E sw4 lz‘ swb E‘ sw8 E sv10

sigid

FIGURE4 | (a)Signature whistle types of the pantropical spotted dolphin plotted in the space defined by the first two principal components. (b)

Signature whistle types of the pantropical spotted dolphin plotted in the space defined by the first and the third principal components.

, swi_ |sw2  |sw3  |sw4  [sw5  [sw6 [sw7 |sw8 |sw9 [sw10 |swil |swi2 |swi3 | 54
swil 0.00 0.00 0.00 0.00 0.00 0.00 5.88) 0.00 0.00| 0.00 0.00f 0.00 '
sw2 0.00 0.00 0.00 0.00 0.00 0.00[ 0.00] 0.00 0.00| 0.00 0.00f 0.00 Jll
sw3 0.00 0.00| 100.00/  0.00 0.00 0.00 0.00[ 0.00] 0.00 0.00| 0.00 0.00( 0.00 $
0
swa | 1250] 0.00] 0.00 000| 000 000| 000 000| 000 0.00 000] 0.00 _EE
sw5 0.00 0.00 0.00 0.00 0.00 0.00[ 0.00] 0.00 0.00| 0.00 0.00( 0.00 & I
o swe 0.00| 000| 0.00| 000| 0.00 000 000 000 000 000 o000 000 3 -
2 |sws | o0oo| o00o| 000 o0oo| 000 000f 0.00] 000 000| 000] 000 7.4 31
sw8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00| 0.00 0.00( 0.00
lswo | o000 o000| 000 o000| 000 o000| 0.00 000 0.00| 0.00] 0.00] 0.00| 4
swi10 0.00 0.00 0.00 0.00 0.00 0.00 0.00[ 0.00] 0.00 0.00 0.00( 0.00 -104 \ ™ _‘
swil 0.00 0.00 0.00 0.00 0.00 0.00 0.00] 0.00] 0.00 0.00/ 100.00 0.00/ 0.00 \ P J
swi2 0.00 0.00 0.00 0.00 0.00 0.00 0.00f 0.00] 0.00 0.00| 0.00{100.00( 0.00 R j}
swid | 000| 000 000] 000 000o| o000 s26] 0.00] 000| 000 0.00[ 000 -151 , , . . . -
-10 -5 5 10

0
LD1

E swi D sw3 E] sw5 |E| sw7 E sw9 swi1 EI sw13
sw2 sw4 swé sw8 swi0| © sw12
() owz [=] owe [2] ove [£] o [S]ewio]

sigid

FIGURE 5 | (a) Signature whistle types of the spinner dolphin plotted in the space defined by the first two principal components. (b) Signature
whistle types of the spinner dolphin plotted in the space defined by the first and the third principal components.

4 | Discussion

In this study, we investigated whether three oceanic delph-
inid species (P. electra, S. attenuata, and S. longirostris) in-
habiting the Shisiwani National Park (Anjouan, Comoros
archipelago) can be distinguished based on their whistle pa-
rameters. Additionally, we investigated whether these species
emit stereotyped whistle contours with an IWI suggesting the

existence of putative signature whistles (Janik et al. 2013). The
study was driven by the need to develop marine bioacoustics
research in the region, particularly in developing PAM tools
for cetaceans.

The Random Forest classification provided evidence for
species-specific differences in the whistles of the three spe-
cies studied. However, although the melon-headed whales
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are highly distinguishable within the dataset, the whistles
of the pantropical spotted dolphin and the spinner dolphin,
two congeneric species of the genus Stenella, overlap consid-
erably. Previous studies have already reported that congeneric
dolphins possess more similar vocalizations than nonconge-
neric species in at least four genera (e.g., Oswald et al. 2021;
Tyack and Clark 2000; Steiner 1981). In particular, the dis-
crimination between S. longirostris and S. attenuata can be
challenging as both species produce whistles within a similar
frequency range between 8 and 18 kHz (Oswald et al. 2003),
and with two and three peaks, but only spinner dolphins pro-
duce whistles with four or more peaks (Gruden et al. 2015).
Our results confirm these previous observations and provide
further evidence within the genus Stenella.

The proximate and ultimate causes for variation in dolphin
whistles according to species and populations are still under
investigation, with ongoing discussions about whether they
arise mostly from differences in body size (Antichi et al. 2023;
May-Collado et al. 2007)—potentially associated with dimen-
sional variation of the vocal organs (Au and Hastings 2008;
Wang et al. 1995)—or from vocal learning abilities (Oswald
et al. 2021). Further studies could address this question by
investigating whether the species-specific variability in the
whistles of pantropical spotted dolphins and spinner dolphins,
observed across populations and ecotypes (Bazuia-Duran and
Au 2004; Rege-Colt et al. 2023) exceeds the variability docu-
mented between the two species in this study. Importantly, our
results demonstrate the potential future application of PAM for
detecting and monitoring oceanic dolphins in the region, but
they also pose limits to the possibility of distinguishing between
congeneric species. Previous studies encountering similar dif-
ficulties in differentiating between closely related dolphin spe-
cies (e.g., Erbs et al. 2017; Oswald et al. 2007) have addressed
this issue by pooling data in subsequent analyses. However, the
ability to distinguish among congeneric species remains cru-
cial for assessing biodiversity, monitoring species dynamics,
and identifying Units of Conservation (Papale et al. 2021; Funk
et al. 2012), which are essential for tailoring conservation strate-
gies to specific populations. We argue that advances in Artificial
Intelligence techniques could help address this challenge, en-
hancing conservation efforts both in the Comoros Archipelago
and at a broader oceanic scale.

Contextually, our study also represents one of the few descrip-
tions of the acoustic characteristics of melon-headed whale
whistles and marks the first acoustic recording of this species in
the Indian Ocean. Despite the broad distribution of this delphi-
nid in tropical and warm-temperate waters worldwide (Wilson
and Mittermeier 2014), its vocal behavior remains poorly stud-
ied, with only isolated reports from encounters in the Caribbean
(Watkins et al. 1997) and Hawaii (Frankel and Yin 2010). A
limitation of our findings is that the data were collected during
a single encounter. However, this encounter involved a large,
traveling group observed over an extended period, yielding
a number of signals comparable to those reported in previous
studies. Future research should focus on exploring the acoustic
variability of this species in the Archipelago of Comoros across
multiple encounters on different days and behavioral contexts.
Conversely, the number of whistles and encounters involving the
spinner dolphin and pantropical spotted dolphin corresponds

to those reported in the literature, further contributing to the
quantification of the acoustic variability of whistles produced by
these species in the Indian Ocean (Bonato et al. 2015; Gruden
et al. 2015).

Since the 1960s, common bottlenose dolphins (Tursiops trun-
catus) have been known to emit stereotyped and distinctive
whistle types used by conspecifics to identify the vocalizers
(Caldwell and Caldwell 1968). These SW encode individual
identity information about the emitter in the modulation pat-
terns of the fundamental frequency (Janik and Sayigh 2013)
and have been widely found across bottlenose dolphin pop-
ulations all around the globe (Kriesell et al. 2014; La Manna
et al. 2022; Patifio-Pérez et al. 2024; Sayigh et al. 2022;
Terranova et al. 2021). In recent years, many whistling del-
phinids other than the bottlenose dolphins have been doc-
umented to emit stereotyped whistle contours that could
broadcast individual identity (Table SM4). These include the
congeneric species of the genus Tursiops (T. aduncus; Gridley
et al. 2014; Probert et al. 2023), but also more phylogenetically
distant species such as the Risso's dolphin (Grampus griseus;
Favaro et al. 2016), the rough-toothed dolphin (Steno bredan-
ensis; Ramos et al. 2023; Serres et al. 2024), the Pacific hump-
back dolphin (Sousa chinensis; van Parijs and Corkeron 2001),
the Pacific white-sided dolphin (Lagenorhynchus obliquidens;
Caldwell and Caldwell 1971), the Atlantic white-sided dol-
phin (Lagenorhynchus acutus; Cones et al. 2023), the com-
mon dolphin (Delphinus delphis; Cones et al. 2023; Fearey
et al. 2019), the Atlantic spotted dolphin (Stenella frontalis;
Bebus and Herzing 2015; Herzing 1996), the Guiana dolphin
(Sotalia guianensis; Duarte de Figueiredo and Simao 2009;
Lima and Le Pendu 2014), and the spinner dolphin (S. longi-
rostris; Rio 2023). In this context, on the one hand, our study
confirms the presence of putative SW in a population of spin-
ner dolphins (S. longirostris) completely isolated from the one
recently studied by Rio (2023) in the Southwestern Atlantic
Ocean, suggesting that the use of SW is widespread within the
species and across populations. On the other hand, our study
provides the first evidence of candidate SW also in the pan-
tropical spotted dolphins (S. attenuata), where previous stud-
ies (Pires et al. 2021) were unable to test the SW hypothesis for
this species. Overall, our findings support the hypothesis that
the use of SW may be an ancestral and common trait within
the genus Stenella. In this study, we also reported the first ev-
idence for the possible use of SW in the melon-headed whale.
Taken together, these observations reinforce the evidence that
the use of SW, originally described in the bottlenose dolphin,
is a widespread behavior in delphinids as a specific adapta-
tion to ensure individual recognition and social cohesion in
fission-fusion societies (Janik and Sayigh 2013), where the an-
imals need to mediate frequent reunion and separation events,
including separations between mothers and calves and be-
tween allies. From a practical standpoint, these findings also
highlight the potential of SW as a capture-recapture method
for delphinids beyond bottlenose dolphins (Fearey et al. 2022),
paving the way for advanced PAM tools to track individual
movements and estimate population trends over time for elu-
sive species and in remote areas.

A recent study by Jones et al. (2020) suggested that groups of
bottlenose dolphins under human care can share stereotyped
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“group whistle” contoursin addition toindividual SW. However,
evidence for this vocal behavior is lacking in wild populations.
While we cannot rule out the possibility that some of the SW
identified in this study might belong to “group signatures,” it is
plausible that these would represent only a small portion of the
identified categories. Nonetheless, further research should in-
vestigate whether wild populations possess stereotyped “group
whistles” in addition to individual SW, which could potentially
be used to identify specific social units or behavioral contexts.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: Supporting Information.
Video SM1: Melon-headed whales (Peponocephala electra) observed on
27 May 2023 off Tle de La Selle, approximately 1 mile from shore. The
encounter lasted 11 min and involved an estimated 200+ individuals,
including calves.
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