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Abstract: The Mediterranean fin whale emits two types of 20-Hz calls, known as “classic” and
“backbeat”, that can be produced in irregular series or in patterned sequences called songs. The
analysis of songs is recognized as a meaningful approach to study baleen whales and can be used to
investigate populations’ identities. Mediterranean fin whale songs have been studied previously, but
only in the western Mediterranean Sea. This work describes the structure of the songs recorded in the
Ionian Sea. The inter-note intervals and the alternation of 20-Hz note types were considered to assess
the occurrence of recurring patterns. Differences between patterned songs and irregular sequences
were also investigated. Acoustic data were sampled continuously for about 10 months by the cabled
observatory NEMO-SN1, deployed at 2100 m depth, 25 km offshore Catania; 28 call sequences were
isolated and 10 of these were classified as either patterned songs or irregular sequences. Significant
differences were observed in the spectral features of classic notes between songs and irregulars;
four-note patterns were found repeatedly over different months, indicating a regular structure in
detected songs. This work establishes a reference to interpret Mediterranean fin whale songs, and to
assess the acoustic behavior of the population.

Keywords: fin whale; acoustic communication; 20-Hz songs; mediterranean subpopulation; Ionian
Sea; cabled observatories

1. Introduction

The fin whale (Balaenoptera physalus) is protected worldwide under several national
and international agreements. The species is globally considered “vulnerable” by the
International Union for Conservation of Nature (IUCN) Red List of Threatened Species [1].
However, some populations are more pressured than others, and the Mediterranean sub-
population of fin whales is today listed as “endangered” by the IUCN [2]. To enable fin
whale conservation, it is crucial to monitor their distribution, to identify threats and to
provide policymakers with effective mitigation tools. Acoustics represents an essential,
non-invasive tool to study the movements and the ecology of this species. Several studies in
recent years demonstrated the importance of long-term Passive Acoustic Monitoring (PAM)
in the assessment of the population distribution and conservation status in the Mediter-
ranean Sea [3–6]. Fin whales’ acoustic repertoire is mainly composed of vocalizations,
i.e., “calls”, which have fundamental frequencies in the range between 15 and 142 Hz [7].
Calls are used for intraspecies communication [8,9]. The only known Mediterranean fin
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whale calls are centered around the frequency of 20 Hz and are often defined as “20 Hz
calls” [3–6,10]. These calls can be differentiated in two main types: “classic pulse” or “type
A”, a downswept signal from a maximum frequency of about 23–25 Hz to a minimum
frequency around 17 Hz, lasting approximately 1 s, and “backbeat” or “type B”, featuring
a constant frequency of 18–20 Hz, lasting about 0.8–1 s [3,4,10]. The 20 Hz calls can be
emitted in short, irregular series or in long, stereotyped sequences, i.e., “songs” [8]. The
calls repeated in long sequences will be hereafter mentioned as “notes” for functional differ-
entiation between a generic isolated call and calls repeated in songs [3,11]. Different types
of notes and songs are known to be emitted by fin whales across all oceans [3,6,8,9,12–15].
The main differences between them seem to reside in the frequency features and in the
intervals between consecutive notes, defined as inter-note-intervals (INIs). These varia-
tions are higher between different populations and geographic locations [3,16,17]. There is
also some evidence that songs change over time within the same population [10,11,18–20].
In the Mediterranean Sea, there is no evidence of seasonality in INI duration or in song
production [3,6,10]. Concerning the definition of the term “song”, in behavioral research
it is generally used to describe repeating sets of sounds, structured in patterned units of
varying complexity, and often nested into a hierarchical structure [21]. In fin whales, songs
are thought to be used by male individuals for courtship purposes [22]. Fin whales are
also known to use irregular repetition calls with various frequency features to keep contact
and convey information at distance [9,23–26]. Long stereotyped 20 Hz note sequences are
most certainly associated with male communication and courtship display [22]. However,
knowledge of what differentiates a general calling sequence (i.e., irregularly spaced, or
isolated 20 Hz calls) [27] from a song intended as a male courtship display is still lim-
ited [10,17,23,26]. The definition of these call sequences has often been limited by the lack
of direct behavioral observations which makes it impossible to establish whether these
sounds have reproductive implications [8]. The alternation of different INI types has been
commonly used as a distinctive trait of songs. Watkins et al. [8] described fin whale songs
as long 20 Hz patterned call series with a single repeated INI value, defined as a “singlet”,
or sometimes as “doublets” of two alternating INIs. Thompson et al. [28] also defined the
patterned 20 Hz pulse series as pairs or doublets, alternating short and long INI durations.
“Triplet” patterns were also described, having at least two distinct alternating INIs, with
one of them repeated two or more times [29]. The definition of singlet, doublet and triplet
patterns can be useful in grouping songs as a function of their INIs and in understanding
the seasonal fluctuations and inter-annual variations in different areas and populations [29].
Yet, these studies considered only the alternation of INIs of different duration for the
definition of songs’ typical patterns. Recently, it has been shown that there is a strong
relationship between note type and INI [30]. Best et al. [6] suggested that Mediterranean fin
whale songs may exhibit more diversity in the alternation of note types than simple singlets
or doublets. The traditional definition of singlet, doublet and triplet song patterns is not
exhaustive enough to describe different populations’ repertoires completely. Knowledge
of note type alternation, together with INI variations is essential when songs are used to
isolate different populations or to monitor long-term changes in acoustic behavior. The
classification of these “patterns” can be used to describe the songs of a population and the
differences between songs and other call sequences [26]. In this work, the structure and
patterns of fin whale songs recorded in the Ionian Sea (central Mediterranean Sea) were
studied over different seasons during ten months of continuous recording. To improve
knowledge of Mediterranean fin whales’ song repertoire, we assessed the occurrence of
recurring patterns by considering INIs, spectral features and note type alternation. Rather
than proposing the definition of a unique song type for this population, we aimed to
define the units that compose recorded songs and to establish a baseline knowledge of
song patterns. The time–frequency differences between patterned songs and irregular call
sequences were also investigated for the first time in the Mediterranean Sea.
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2. Materials and Methods
2.1. Data Acquisition

Data were continuously sampled at 2 kHz by a seismic hydrophone installed aboard
the cabled NEMO-SN1 (Neutrino Mediterranean Observatory-Submarine Network 1) ob-
servatory [31], deployed on the seafloor at a depth of 2100 m, 25 km east from the harbor
of Catania. The multidisciplinary observatory was operated within the activities of the
Western Ionian Sea site which is now a regional facility of EMSO (European Multidisci-
plinary Seafloor and water column Observatory) Research Infrastructures [32,33]. Initial
information on the acoustic occurrence of fin whales offshore in eastern Sicily was provided
by the analysis of the same dataset as [4]. Fin whale calls were detected offshore in eastern
Sicily in 7 out of 11 months of continuous passive acoustic monitoring, with a 3-month
gap from November to January. Fin whale call detection was estimated in a range of about
20 km from the location of the sensor, considering the typical depth of emission known
for the species, the median received noise levels, the typical oceanographic characteristics
of the water column in the area and the position of hydrophone [4]. The data used in this
work consist of a subset of about 40 h of acoustic recordings containing fin whale calls,
extracted from the original dataset of continuous recordings [33]. The subset consisted of
241 files of 10 min duration.

2.2. Detection of Notes and Songs

The spectrograms of the recordings containing fin whale calls were analyzed with the
aim of discerning separate songs. The spectrograms were produced in MATLAB© (8192
fast Fourier transform (FFT) points, 4096 Hanning window, 98% overlap), using a viewing
window of 5 min. A song was defined as a sequence of stereotyped 20 Hz notes with
regular intervals [8]. The 20 Hz notes were classified discerning type A (classic pulse), and
type B (backbeat) [4,10]. Fin whale 20 Hz notes were then extracted using the automatic
call detector SAW (Spectrogram-based Approach to the automatic detection of fin Whale
20 Hz calls). The algorithm was specifically set to find isolated acoustic energy peaks
in the frequencies and the typical duration of Mediterranean fin whale 20 Hz pulses by
looking at the data spectrograms with a time resolution of 0.04 s and a frequency resolution
of 0.24 Hz. A detailed description of SAW detection function and related performance
evaluation can be found in [5]. For each sequence, the output returned by SAW was a
MATLAB© structure containing information related to the detections in the 10 min files:
file name; date (year, month, day, hour, minutes); number of calls detected; detection time:
the time corresponding to the energy peak of the detected calls, measured in samples and
relative to the start time of the file; and absolute time: a reference of the detection time
produced with the MATLAB© datenum function. This generates a serial number referring
to a date according to the proleptic ISO calendar (January 0, 0000). Note: a portion of the
signal extrapolated in a contour of five seconds around the detected energy peak (2 s before
the peak and 3 s after), including the entire note detected.

2.3. Classification of the 20-Hz Notes

To classify and mark A and B note types, the upper root-mean-square (RMS) envelope
of the signal energy was studied by performing a Hilbert transform with a sliding window
of 500 samples. The energy envelope was marked with time peaks corresponding to the
maximum energy peaks of the notes detected by SAW. The spectrogram of the same signal
was also shown as a subplot. To ascertain note type, an expert operator looked at all
detected peaks and related spectrograms and classified each note as A or B type, adding
this information to the MATLAB© structure produced by SAW (Figure 1). Following
Castellote et al. [3], notes were classified by type only when they had clear time–frequency
contours on the spectrogram and a good signal-to noise ratio (SNR), indicating either
whales closer to the receiver or lower background noise levels within the signals’ frequency
band. Notes with ambiguous time–frequency contours or poor SNR were classified as
“unknowns”, but were still counted for further reference (Figure 1a). The detection rate
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was subsequently studied for each call type as number of notes detected per minute
within each song. A two-sample Kolmogorov–Smirnov test was used to test whether there
were any significant differences in the detection rates per minute of the two note types
(null hypothesis: type A and type B detection rate/min are from the same continuous
distribution for p > 0.05).
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Figure 1. Detection and classification window. (a) Energy envelope with peaks marked by note type
for each 20 Hz note detected. Red dots indicate classic notes (type A), blue squares are backbeats
(type B) and black diamonds mark unknown notes. (b) Spectrogram of the same note sequence
(8192 points FFT, 4096 points Hanning Window, 98% overlap).

2.4. Spectral Features

Following note classification, the frequency spectra, and hence the distribution of the
signal’s power content of the different note types were studied. For this purpose, each note
extracted by SAW was filtered in the frequency band from 5 Hz to 40 Hz by applying a
finite-duration impulse response (FIR) Equiripple bandpass filter. The filtered signal was
cut down to an interval of 3 s, corresponding to 1 s before and 2 s after the energy peak of
each detection. The SNR of all isolated notes was estimated as the ratio between the peak
and the median value of the RMS energy envelope. The Power Spectral Density (PSD) of
each note, measured in dB re 1 µPa2/Hz, was then calculated by using MATLAB© pwelch
function (FFT points: 8192; Hanning window: 2048 points, overlap: 98%). The frequency
spectra created were grouped by note type and by song, and the median values of PSD
were measured. For each song, the frequency features of the notes were also measured. The
peak frequency value (Hz), corresponding to the maximum of the signal’s power spectra (Fp),
was extracted from the PSD spectra of each call using MATLAB© function findpeaks. Taking
as reference the peak frequency of the signal, the 3 dB bandwidth (BW) was estimated. This
parameter corresponds to the frequency band attenuated by 3 decibels, and it is measured
as the difference between the initial and final frequencies around the peak, where the
spectrum level is 3 dB below Fp [30,34].

2.5. INI Type Pair Analysis

Once notes were categorized, the song structure was studied in terms of note type
and repetition rate. The inter-note-intervals (INIs) were measured as the time distance
between two consecutive notes, in seconds. Peak energy times (Tp) extracted by SAW
detector for each call were used to estimate the INIs. Following Helble et al. [30], INIs
were studied by differentiating the intervals in A–A, A–B, B–A and B–B type pairs. All
INI distributions were studied in the interval between 1 and 100 s and binned at 0.3 s.
Whenever a sequence showed an appreciable distribution of the different INIs, having a
clear modal distribution for at least three INI values of three different type pairs, it was
classified as a patterned song (PS), otherwise it was classified as an irregular sequence (IS).



J. Mar. Sci. Eng. 2023, 11, 2057 5 of 15

Sequences without any clear INI distributions and with a high number of undefined note
types (higher than approximately 80% of all detected notes) were marked as “unknowns”
and they were excluded from further analysis. The variability of the different INIs was
compared over the different type pairs and songs using the interquartile range, including
all values between the 25th and the 75th percentiles of the distribution. Frequency features
of the different call types were also studied and compared for PSs and ISs. To reduce
measurement uncertainty, only notes with an SNR value higher than 3.5 dB for type A
and 1.2 dB for type B notes (corresponding to the lowest 25th percentiles of all SNR values
per note type) were selected. Selected notes were used to verify if Fp type A (FpA), Fp
type B (FpB) and related 3 dB bandwidth were significantly different in PSs and in ISs. A
two-tailed Mann–Whitney U-Test was then used to test (at the 1% significance level) the null
hypothesis that data in PSs and in ISs (Fp and 3 dB bandwidth grouped by note type) were
samples from continuous distributions with equal medians. To compare the two samples,
which had different numbers of A and B notes, a random subsample was extracted from a
PS as large as the number of notes available in an IS. The same Mann–Whitney U-Test was
also performed on both note types to assess whether there were any significant differences
(at the 1% significance level) in the SNR values of type A and type B notes in PSs and in ISs.

2.6. Study of Song Patterns

Patterned songs were then further studied to define the most common patterns. Pat-
terns were searched by looking for recurring INIs of the various type pairs. The occurrence
of these INIs and their alternation paths were verified within each song. This was possible
by producing a vector corresponding to the length of the whole song in the samples, in
which the arbitrary values 1 and 2 were assigned, respectively, to type A and type B notes,
and the value 0 to all samples without detections. The vector was then plotted in MAT-
LAB© to study note sequences at their exact detection times in seconds (Figure 2). Patterns
were then manually annotated from this plot by moving throughout the length of each
song in about 360 s steps. The occurrence of the different recurring patterns observed was
subsequentially studied in the overall dataset.
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3. Results
3.1. Song Detection and Classification

Fin whale vocalizations were detected monthly between June 2012 and May 2013,
except for the time between 28 October 2012, and 21 February 2013, as described in previous
work by Sciacca and colleagues [3]. A total of 28 fin whale call sequences were initially
detected and classified as “songs” following the definitions by Watkins et al. [8,27] (Table 1).
Then, 59% of the detected calls were classified as either type A or type B notes (representing
35% and 24% of all detections, respectively), and the remaining 41% were marked as
“unknown”. Statistical analysis showed no significant difference by note type in the
detection rate per minute (Kolmogorov–Smirnov test p > 0.05; D = 0.22). Unknown calls
were subsequently excluded from further analysis. The overall median PSD spectra of the
two main note types are shown in Figure 3. The longest sequence detected was the 14th
(recorded on 21 February 2013) with about 270 min duration, and a total of 390 vocalizations
found. The shortest sequence was the 1st one recorded (2 July 2021), with a duration of
only 10 min and 7 vocalizations recorded (Table 1; Figure 4). The distribution of all INIs
was then studied for each type pair (A–A, A–B, B–B, B–A) and for each song. Based on
note classification and INI type pair distribution, among the twenty-eight call sequences
detected and initially classified as songs, six were classified as patterned songs (PS) and
four as irregular sequences (IS). The duration and distribution of all twenty-eight sequences
over the 24 h is shown in Figure 4, together with PS and IS classification.

Table 1. Table showing the date, start time (24 h format) and duration (min) of each detected call
sequence identified by the abbreviation “Song ID”. Total number of notes and number of notes for
each type are also presented for each song.

Song ID Date Dur [min] Start Notes Type A Type B Unknown

S1 July-02 10 12:30 7 4 3 0
S2 August-14_1 240 13:00 227 117 47 63
S3 August-14_2 50 21:10 42 29 13 0
S4 August-15 30 02:30 10 3 6 1
S5 August-16 20 22:40 15 8 7 0
S6 August-17 220 02:40 155 97 55 3
S7 August-29 40 11:20 31 10 4 17
S8 August-30 70 02:50 18 5 4 9
S9 September-24_1 220 11:30 160 37 38 85

S10 September-24_2 120 18:20 123 48 19 56
S11 October-24_1 80 03:50 97 43 52 2
S12 October-24_2 20 12:10 7 4 3 0
S13 October-28 30 16:20 20 2 1 17
S14 February-21 270 01:10 390 226 146 18
S15 February-26_1 20 10:40 13 0 6 7
S16 February-26_2 40 16:30 40 0 0 40
S17 February-26_3 60 22:20 43 6 5 32
S18 March-04_1 20 01:20 16 4 12 0
S19 March-04_2 110 04:50 99 5 14 80
S20 March-04_3 100 10:50 106 16 9 81
S21 March-04_4 170 15:30 104 5 7 92
S22 March-05 20 01:50 18 2 0 16
S23 March-09 70 14:30 72 0 0 72
S24 March-30 40 15:20 23 2 3 18
S25 April-07 20 22:10 4 0 4 0
S26 April-12_1 80 08:20 73 17 13 43
S27 April-12_2 210 18:10 332 97 63 172
S28 May-04 30 09:00 5 0 1 4
Sum 2410 2250 787 535 928
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Unknown call sequences are shown as black bars, patterned songs and irregular sequences are shown
as green and as red, respectively.

3.2. INI Type Pairs

Five main INIs were identified based on type pairs and on their distributions. Showing
a clear bimodal distribution, the INI A–A was indeed distinguished in two different INIs:
A–A short (A–AS) and A–A long (A–AL). The A–AS lasted between 10 and 20 s and the
A–AL duration was between 25 and 35 s. Hence, the main INI type pairs were: A–AL,
A–AS, A–B, B–A and B–B. The descriptive statistical analysis of all INIs between 0 and 100 s
is shown in Table 2 for PS and in Table 3 for IS. The interquartile range (IqR) can be used as
a reference to assess INI variability. As shown in Table 2, in PSs the IqR was smaller than
3 s for all the type pairs, except for the B–B type. Concerning the percentage of occurrence,
B–A, A–B and A–AS INIs were evenly distributed in all PSs (Table 4). The A–AL and B–B
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types occurred less frequently with the exceptions of song 2 and song 11, respectively. On
the other hand, irregular sequences showed higher IqRs (higher than 4 s) for all the INI
types (Table 3). INI type pairs were also homogeneously distributed in all ISs, except for
the A–AL type, which was found only in S3 and for S9, and lacked both A–AL and A–AS.

Table 2. Summary statistics of all INI values found between 0 and 100 s for each type pair in patterned
songs. “N” indicates the number of samples (INIs) used for the analysis. SE is standard error, SD is
standard deviation, IqR is interquartile range.

A–AS A–AL A–B B–A B–B

N 222 65 232 249 63
Mean 15.40 35.94 22.79 17.92 34.30

SE 0.12 1.78 0.91 0.55 2.41
Variance 2.98 205.62 192.49 75.80 367.03

SD 1.73 14.34 13.87 8.71 19.16
Median 15.51 32.80 17.90 15.75 26.86

25 percentile 15.08 31.77 17.43 15.26 25.10
75 percentile 16.04 34.00 18.80 16.36 34.45

IqR 0.96 2.23 1.38 1.10 9.34

Table 3. Summary statistics of all INI values found between 0 and 100 s for each type pair in irregular
sequences. “N” indicates the number of samples (INIs) used for the analysis. SE is standard error, SD
is standard deviation, IqR is interquartile range.

A–AS A–AL A–B B–A B–B

N 8 44 40 23 26
Mean 14.22 35.01 37.19 26.83 35.58

SE 1.14 1.82 4.94 2.61 2.87
Variance 10.40 146.30 561.38 177.07 329.78

SD 3.22 12.10 23.69 13.31 18.16
Median 14.01 29.78 27.72 26.71 27.99

25 percentile 11.83 27.20 26.40 15.63 26.76
75 percentile 16.22 35.69 50.00 29.02 34.24

IqR 4.39 8.49 23.60 13.39 7.47

Table 4. Percentage frequency (%) of INI type pairs in patterned songs (PS) and irregular sequences (IS).

PS IS

S2 S6 S11 S14 S26 S27 S3 S9 S10 S19

A–AL 24.49 40.00 22.95 29.76 21.05 25.55 22.58 0.00 0.00 0.00
A–AS 23.47 5.45 0.00 2.98 0.00 2.19 12.90 16.67 45.95 0.00
A–B 21.43 10.91 18.03 27.98 42.11 32.85 25.81 23.33 10.81 26.67
B–A 26.53 29.09 16.39 30.06 36.84 35.04 22.58 23.33 13.51 20.00
B–B 4.08 14.55 42.62 9.23 0.00 4.38 16.13 36.67 29.73 53.33

A significant difference was also found between patterned songs and irregular se-
quences in the frequency features of type A notes. The two-sided Mann–Whitney U-Test
had p value < 0.01 in type A notes for both frequency peaks of A type notes (FpA) and a
3 dB bandwidth of its spectral peak, with a z value of 6.43 and of 3.55, respectively. No
significant difference was found in type B notes between patterned songs and irregular
sequences (Mann–Whitney U-Test p value > 0.01 for both FpB and 3 dB bandwidth type
B, and z values of −0.95 and 0.49, respectively). The histogram distributions of Fp and
3 dB bandwidth in type A and type B notes and for both PS and IS are shown in Figure 5.
Descriptive statistics of frequency features are shown in Table 5. A similar result was found
in the SNR values of type A and type B notes in PS and in IS. A significant difference
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was found in the median values of type A SNR notes between PS and IS (Mann–Whitney
p value < 0.01; zval: −3.3180), whilst the median SNR of type B notes did not show any
significant differences (Mann–Whitney p value > 0.05; zval: −1.1519).
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Figure 5. Histograms binned at 0.5 Hz resolution, showing the frequency distribution in Hz for both
patterned songs (PS) and irregular sequences (IS) of: (a) frequency peak (Fp) of all type A notes;
(b) Fp type B notes; (c) 3 dB bandwidth of type A notes; (d) 3 dB bandwidth of type B notes. Dark
blue areas represent the overlap between the distributions of PSs and ISs.

Table 5. Descriptive statistics of peak frequency (F peak) and 3 dB bandwidth values for type A and
B notes in both PS and IS. “N” indicates the number of samples (calls) used for the analysis. SE is
standard error. Min and max, respectively, indicate the minimum and maximum values that occurred
in the distribution. Mean, median, min and max values are expressed in Hz.

F Peak 3 dB Bandwidth

Type A Type B Type A Type B

PS IS PS IS PS IS PS IS

N 108 108 74 74 108 108 74 74
Mean 20.82 20.21 19.59 19.65 2.72 2.52 2.31 2.04

SE 0.08 0.09 0.05 0.07 0.09 0.11 0.21 0.16
Median 20.75 19.78 19.53 19.53 2.44 2.08 1.71 1.71

Min 19.29 18.07 19.04 18.07 1.46 0.98 0.73 0.73
Max 23.93 23.93 20.75 22.95 5.86 6.59 8.79 6.10

3.3. Characterization of Song Patterns

To define the occurrence of recurring patterns, PS were further investigated in terms of
note alternation and INI type duration for each song. Figure 6 shows the distribution of the
different INI type pairs for all patterned songs. Despite the low number of samples in some
of the songs, the study of the distribution underlined that INIs were similarly distributed
over time. A–AS had generally slightly smaller intervals than B–A INIs, whilst the A–B
INIs were always higher than the first two, but lower than the A–AL INIs (when present).
B–B INIs were the most variable among songs, since they were highly dispersed in S2 and
not detected in S26 (Figure 6). The occurrence of song patterns based on INI type pairs’
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alternation was then investigated within each song. B–B INIs were not directly related to
any particular pattern within detected songs.
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Four main patterns were found and classified as follows:

• Simple doublet “B–A–B”: alternation of B–A and A–B INIs, where the shorter B–A
was always the initial interval of a unit. This pattern is characterized by the repetition
of two main INI types.

In addition, three patterns with similar structure and B–A and A–B INIs distributions
were defined; the main difference among them is related to the number of repetitions and
time interval of type A notes included between the initial B–A and the final A–B.

• Short triplet “B–A–AS–B”: the A–A INI is a A–A short interval, and two type A notes
are always enclosed between the first and the final type B note.

• Complex short “B–(A–AS)n–B” triplet: the A–A INI was classified as A–A short, and n
is a value between three and nine which indicates the number of INI A–AS repetitions.

• Complex long “B–(A–AL)n–B” triplet: the A–A INI is A–A long, and n varies between
two and five and indicates the number of INI A–AL repetitions.

The relative percentage of occurrence of the different patterns is described Figure 7 for
each song. Song 14 and song 27 showed all four patterns, whilst song 11 had only simple
doublets and short triplets. Over all the songs, the simple doublet was the most recurrent
pattern, with a mean occurrence of 47.85%. The second most frequent pattern was the short
triplet with a mean percentage of 39.63%. The complex-short and the complex-long were
less common with, respectively, 6.84% and the 5.69% of mean occurrence.
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4. Discussion

This study describes the note patterns of fin whale songs recorded in the central
Mediterranean Sea (Ionian Sea) during about ten months of continuous acoustic recording,
between 2012 and 2013. Out of the 28 sequences initially classified as songs following the
classical definitions from Watkins et al. [8,27], 18 sequences were excluded from further
analysis due to the occurrence of a high number of uncategorized notes and no clear trends
in INI distribution. The high number of uncategorized notes was due to the poor spectral
contours and SNR determined either by the greater distance of the singing whale or by
environmental conditions that affected the sound detection range. Indeed, despite a typical
detection range of about 20 km, at certain depths and distances 20 Hz notes could have been
recorded many tens of km further from the NEMO-SN1 location (see detection range model
in [4]). Similar distance ranges were also observed in other locations [35]. The remaining
10 sequences, which were categorized in terms of song notes, were further analyzed to
assess the occurrence of patterned units made by different alternations of note type pairs
and INIs. Results have shown that duration and time distribution of all sequences were
highly variable across the whole recording year. Received call sequences lasted from 10 min
(S1) to 270 min (S14). The brief duration of some of the detected sequences could be due to
the recording of animals travelling across the detection range or communicating over long
distances. The study area seems to represent a regular transit area between the eastern and
the western sides of the Mediterranean Sea [36]. Here, fin whales have been recorded for a
few days at the time before possibly moving to other feeding and or breeding locations such
as the area around Lampedusa and the Sicily Channel [4], or towards the western side of the
basin through the Strait of Messina [37]. Differently from the north-western Mediterranean
Sea, where the detection rate at daytime observed in other studies was significantly higher
than the detection rate at night-time [5], no such patterns were observed in detected call
sequences [4] and songs. The number of detected type A (classic) notes was generally
higher compared to type B (backbeat) notes, however there was no significant difference in
the detection rates per minute of any note type. Frequency characteristics of detected 20 Hz
notes were highly consistent with available measurements from previous observations in
North-Western Mediterranean Sea [10]. The main difference observed was a smaller 3 dB
bandwidth for type A notes compared to what found by Clark and colleagues [10]. Based
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on note type alternation and their occurrence within the different sequences, five main INI
type pairs were identified: A–B, B–B, B–A, A–AS and A–AL. The study of INI type pair
distributions led to grouping the call sequences into two categories: patterned songs and
irregular sequences. The distribution of the INIs observed in PSs was similar to that re-
cently observed by Best and colleagues [6] in fin whale songs recorded in the north-western
Mediterranean Sea between 2008 and 2018. The main difference in [6] was the lack of a
long A–A INI. Both PSs and ISs were found throughout the recording year, without any
seasonality. PSs were recorded in the months of August, October, February, April, and May.
Sequences classified as IS were instead detected in August, September and March. In PSs
all INI type pairs were highly stable, except for the B–B type. In ISs, INIs were instead
highly variable for all type pairs. One of these sequences was composed of only classic
(type A) notes, with a slightly more stable A–AS INI. Differences in the frequency features
were also found between PS and IS sequences. In particular, the medians of Fp and 3 dB
bandwidth distribution values of type A notes were significantly different in PSs and ISs.
Type A notes had higher peak frequency values in PS compared to IS, with distributions
peaked, respectively, at about 21 Hz and 20 Hz. Median 3 dB bandwidth values were also
significantly higher in PS, with a modal value about 0.5 Hz higher than IS, and most values
(>80% of the distribution) included were between 1.5 Hz and 3.5 Hz. On the other hand,
type B notes did not show any significant differences in frequency parameters between
ISs and PSs. FpB distributions were centered between 19 and 21 Hz, and about 80% of
the 3 dB bandwidth values were between 0.5 Hz and 2.5 Hz. The study of INI type pair
alternation and duration for each patterned song resulted in the identification of four main
recurrent patterns: simple doublet “B–A–B”, short triplet “B–A–AS–B”, complex-short
“B–(A–AS)n–B” and complex-long “B–(A–AL)n–B” triplets. The simple doublet and the
short triplet were the most common patterns, which were found in all PSs. In particular,
the “simple doublet” represents the simplest pattern found and it is consistent with the
classic “doublet” found in previous studies from various fin whale populations [8,28,29].
On the other hand, the short triplet represents another distinctive pattern of detected
songs, since it was the second most found in all songs. These two patterns explained on
average cumulatively about 90% of all the songs and they can be considered as essential
functional units in investigated fin whale songs. These patterns are consistent with the INI
type distributions found in the western Mediterranean Sea [6], demonstrating a recurring
structure in the songs of this population. Still, further investigations and larger samples are
required to understand their variations over space and time and to define the repetition
rates of both complex short and long triplets, which were highly variable within
detected songs.

5. Conclusions

This study showed the spectral characteristics and patterned structure of Mediter-
ranean fin whale song notes recorded in the Ionian Sea. Time and frequency differences
between patterned songs and irregular call sequences were studied for the first time in the
Mediterranean Sea. The sequences categorized as “irregulars” presented highly variable
INIs in association with most type pairs. These sequences had type A notes with lower
peak frequencies and a narrower 3 dB bandwidth, compared to patterned songs. However,
considering the significantly lower SNR value of type A notes in irregular sequences, these
results may either indicate functional differences in fin whale acoustic repertoire, or they
could be related to the different levels of noise within fin whale frequency band. In addition,
considering the high levels of noise measured at the study location [4,38], further observa-
tions are needed to establish the differences between songs and irregular sequences. For
example, it would be important to assess the position of the emitting whale and the source
level of all emitted sounds. Several studies indeed demonstrated that classic and backbeat
notes show different received levels [10,39] and that higher frequency calls, such as the
130 Hz upsweep observed in other populations, exhibited a source level about 20–25 dB
lower than 20 Hz pulses [17,40]. This will be possible by extending the recording time
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and coupling PAM data with direct behavioral observations on site, and by tracking the
position of the emitting whales. Furthermore, the inter-note-intervals of patterned songs
were studied in combination with note type alternation to define the units that composed
recorded songs. Four main recurring patterns were found, which constituted the baseline
of detected patterned song. Presented results confirm that Mediterranean fin whale songs
show more diversity in the alternation of pulse types than simple singlets or doublets [6].
Still, all observed patterns can be represented by the scheme “B–An–B”, where a backbeat
always precedes a classic 20 Hz note type. This scheme is consistent with what has been
described in previous studies from the Mediterranean Sea [3,10] and lays the groundwork
to future studies of fin whale songs. Detected songs did not show any diel or seasonal
trend. The lack of seasonality in Mediterranean fin whale songs confirmed by this study
also supports the hypothesis that this population has developed unique song use due
to its geographic isolation [6] and peculiar behavior [36]. In addition, presented results
reinforce the theory suggesting that Mediterranean fin whale breeding activities extend
year round [36,41]. The occurrence and definition of recurring patterns considering spectral
features, INIs and note type alternation, such as those observed in this study, will help the
assessment of populations’ repertoires and inter-seasonal and inter-annual variations [26].
The results shown will serve as a baseline to ascertain the structure of and the potential
variations in Mediterranean fin whale songs over time.
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15. Wood, M.; Širović, A. Characterization of Fin Whale Song off the Western Antarctic Peninsula. PLoS ONE 2022, 17, 11–15.
[CrossRef]
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