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Introduction 
 

1. The fin whale (Balaenoptera physalus, Linneaus 1758) 
 

Balaenoptera physalus is a species belonging to the family of Balaenopteridae, it is the 

second longest animal in the world, right after Balaenoptera musculus. The main 

characteristic of this group, that distinguishes them from other families of suborder Mysticeti, 

is the presence of dorsal fin (“balaena” from the Latin “whale”, “pterón” from Greek “wing”). 

This group has many anatomical and physiological characteristics that allow them a pelagic 

lifestyle and long migrations. Unlike other mysticetes, this family have oblong bodies that 

allow them to be hydrodynamic and fast when they swim. Other particular are the presence 

of throat grooves: a series of folds that cover the ventral part of the mouth. Further the throat 

grooves, the robust skull’s bones and their structure allow a large entrance of water inside: 

jaw presents an arched structure (more pronounced in fin whales), in which the baleen are 

inserted, that are shorter and thinner than in other whales. The emi-mandibles are not linked 

by symphysis and the mandibles are not connected directly to the skull, but through robust 

muscles and ligaments.  Thanks to these characteristics fin whales can house a great volume 

of water that can reach 70% of their weight, this strategy is called “engulfment” (Bouetel 

2005).  

 

                            Figure 1. Fin whale (Balaenoptera physalus, Linneaus 1758) 

 

According to morphological and genetic evidence this species is grouped into four subspecies 

(Archer, 2019):  B. p. physalus, in the North Atlantic Ocean; B. p. quoyi, larger in average 
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than B. p. physalus, likely due to the cold Antarctic waters where it can be found; B. p. 

patachonica, in the Southern Ocean also called pigmy fin whales for the darker than others 

subspecies; B. p. velifera, that extends from the Gulf of California to the Gulf of Alaska, and 

along the Aleutians. Fin whales present a marked chromatic asymmetry on the mandibles 

(Canese et al., 2006), the left side is darker than the right side, probably used to camouflage 

themselves with the sea floor during the foraging. Indeed, during the hunt, fin whales place 

the dark side toward the krill shoal to prevent it from being identified by the prey; the same 

asymmetry can be found in their baleen (Tershy et al., 1992). The individuals that live in cold 

water, can have a yellow film in the white side of the mandible, created by diatoms. From the 

white side of the mandibles, a white patch, “ blaze”, extends to the left side, this characteristic 

is very important for visual recognition. Another structure is the particular pigmentation in 

the top of the head, “chevron”, that extends from the blowhole to the flanks, also useful for 

visual recognition. 

1.1 Biogeography and global distribution 
 

The fin whale is a cosmopolitan species, it is found in the major ocean basins, from the polar 

water to the tropical water, they are known to occur in deep offshore waters (> 50 m), where 

krill aggregations can be found (Tort Castro et al., 2022). The global migration routes of fin 

whales are still not very clear. Indeed, the knowledge about the movement patterns is less 

than other cetaceans, such as those of humpback whales. During the summer the species 

aggregates at the high latitudes, in both hemispheres, in the feeding areas (Notarbartolo di 

Sciara et al., 2016). In the winter the dispersion is less predictable, there is a tendency to move 

toward the temperate water for the breeding time (Gamble, 1985). Globally, fin whales can 

be grouped into four main population (Cooke, 2018):  

● Southern hemisphere population: the presence in the Southern Ocean is concentrated 

in the summer, for feeding reasons, in particular in the Chilean water. The winter 

distribution of fin whales in the Southern Hemisphere is poorly known. The Southern 
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Ocean is shared with other baleen whales, as minke whale and humpback whale during 

the summer period.  

● North Pacific Ocean: this population is very affected by the whaling that caused an 

important decline of the stock. There is currently no population estimate for Fin 

Whales in the North Pacific as a whole, but there is information about single areas 

occupied by distinct local subpopulations.  

● North Atlantic Ocean: during the summer the highest concentration is in the west and 

east of Greenland, around Iceland and the Faroe Islands and along the Iceland-Faroes 

ridge, used as a feeding area. Instead, their winter migration shows irregular and no 

clear pattern (Notarbartolo di Sciara et al., 2016). 

● Mediterranean sub-population, described in the next section. 

 

1.2 Mediterranean sub-population 

 

Fin whale is the only resident baleen whale of the Mediterranean Sea. Here the species 

constitutes a sub-population divided by the Atlantic population. This information has been 

ascertained by genetic evidence (Bérubé et al., 1998) and acoustic evidence (Castellote et al., 

2011). According to the 2018 ACCOBAMS survey initiative the individuals estimated in the 

Mediterranean Sea are about 3000 (Notarbartolo di Sciara et al., 2021). Acoustical evidence 

attests the migration of some individuals from the North Atlantic populations, entering in  the 

Mediterranean Sea, through the Strait of Gibraltar, wintering in the Alboran Sea (Geijer et al., 

2016).  

Mediterranean fin whales seem to migrate seasonally throughout the basin: during the spring 

and summer months, the species aggregates in productive areas, in particular in the 

Tyrrhenian-Ligurian-Provençal basin, due to favourable oceanographic conditions. Indeed, 

during this period, up-welling currents interest this area, with a consequent increase of 

primary and secondary production. At the beginning of fall and winter, at least a part of the 

population moves towards the southern and eastern Mediterranean Sea (Sciacca et al., 2015). 
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Lampedusa is another important feeding area during the winter. Here the species was 

observed feeding on Nyctiphanes couchii in unusually large size groups (Canese et al., 2006).  

Eastern Sicily also represents an important monitoring area for the Mediterranean Sea 

population, because it is a channel for the movements between the eastern and western side 

of the Mediterranean basin (through the Stretto di Messina) and due to the presence of 

Meganyctiphanes norvegica and Nyctiphanes couchii (Sciacca et al., 2015). Still, with the 

poor quantity of data available, it is not possible to study the complex migration pattern of 

Mediterranean fin whales. 

In this framework, bioacoustics is an essential tool to study the movements of fin whales and 

it can shed light on the migration pattern in the Mediterranean Sea. Furthermore, being able 

to recognize particular sequences or patterns in songs belonging to a specific population could 

be the key to monitor the movements and status of the species. Improving knowledge on the 

species biogeography, behavioural ecology and bioacoustics is essential to understand the 

dynamics of the populations and the differences between them. As discussed in chapter 3 of 

the introduction, the study of fin whale songs is a useful tool to distinguish fin whale 

populations or subspecies and it can be used to better understand their distribution and 

conservation status (Castellote et al., 2012; Širović et al., 2017).  

2. Bioacoustics for ecological studies  
 

2.1 Definition of bioacoustics 

 

Marine bioacoustics is a branch of acoustics that studies the sounds produced by marine 

animals, their meaning and use in relation to the environment (Au et al., 2008). Historically, 

marine acoustic studies have been carried out for military scopes like the detection of 

submarines, later they have been developed for several types of studies, such as oceanography 

or marine geology. Bioacoustics is a highly multidisciplinary field that involves many 

different disciplines, such as biology, psychology, physiology, physics, veterinary medicine, 
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mathematics, statistics and electrical engineering. Water has a great capacity to conduct sound 

and this property is used by marine animals in their life strategy. In particular, in marine 

mammals the evolution has converged toward specific characteristics of the auditory system, 

making it very different from the terrestrial one, permitting to optimise the conduction of 

sound from the water to the head. Sound can be used by marine animals to get or send 

information about themselves or, in some species, to investigate the environment around them 

thanks to “echolocation” capabilities (Zimmer et al., 2011). The acoustic communication 

between co-specific can convey details about possible dangers, environmental conditions, 

emotional state, or their own position; surely it is essential in highly social and cooperative 

species such as marine mammals. So, with the advance of technological development, 

bioacoustics is increasingly used to study marine mammal ecology and to improve knowledge 

about the species.  

 

2.2. What is the sound? 
 

Sound is a pressure wave that propagates through a medium. It is produced by an acoustic 

“source”, and it compresses and rarefies the medium, causing an alternation of high and low 

pressure during the passage.  The sound wave has many properties, such as (Browning et al., 

2017): 

● Period or “cycle”: it is the interval needed to carry out a complete vibration.  

● Frequency (f): the number of cycles per unit time, and is measured in hertz (Hz). 

● Wavelength (λ): the distance travelled by the wave front in a complete cycle of 

oscillation, it is measured in metres (m). 

● Amplitude (A): the maximum pressure variation of the medium during the passage of 

the wave. It is proportional to the amount of energy contained within a sound wave. SI 

unit of measure is the Pascal or Newton per square metre (N/m2). 
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● Sound Pressure Level (SPL): expressed in decibels (dB). It is the ratio between the 

level of the measured pressure and a reference pressure level “P0“, that in the water is 

1μPa.    

Sound propagation in the water medium depends on different variables, both intrinsic and 

extrinsic to the sound itself. The loss of intensity depends on the velocity of propagation (cs), 

which depends on the mechanical properties of the medium in which sound propagates. In 

sea water, temperature, pressure, and salinity play a fundamental role in influencing sound 

transmission along the water column. Given the higher density of the medium, the sound 

propagates in the water with a much higher speed than in the air (about 1.500 ms-1 against 

340 ms-1) and with considerable variations in relation to salinity, temperature, and local 

pressure. In a theoretical and hypothetical water medium, no bounded and without obstacles, 

the spreading of sound waves assumes the shape of a sphere. This model takes the name of 

geometrical spreading, where the intensity decreases with the square of distance between a 

point and the source. However, in the real ocean several properties affect the propagation of 

the sound, such as depth, and water absorption, reflection and refraction. These characteristics 

turn the shape of sound spreading from spherical to cylindrical (Bradley, 2008). The 

frequency is an important intrinsic propriety of the sound that influences its propagation: 

lower frequencies can cover longer distances because their dissipation loss is lower than the 

higher frequencies (Domingo et al., 2008; Poggio 2019). Hence, to predict the transmission 

loss and to determine the range of detection of a specific sound by any acoustic receiver, it is 

possible to model sound propagation, knowing the sound characteristics at the source, the 

water properties and the related Sound Velocity Profile (SVP) at a specific site (LeBlanc et 

al., 1980).  

 

2.3 Passive acoustic monitoring  
 

Passive acoustic monitoring (PAM) is an important tool for bioacoustic studies, and 

particularly for marine mammals which spend most of their time underwater and are very 
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difficult to observe by visual monitoring at sea. PAM differs from the active acoustic 

monitoring (AAM) in the way it records acoustic data. PAM records the sound from the water, 

while in the AAM the sound is produced actively and then the return echoes are acquired by 

instruments (for example sonar). PAM allows the continuous acoustic monitoring of the area, 

without compromising the normal behaviour of the animal. Among the advantages of the 

PAM, there is the lower sampling effort required in comparison to traditional sampling 

methods (for example visual monitoring), making it very useful for cetacean studies. A major 

limitation of PAM is the high data storage requirements. For this reason, a lot of work has 

been done in the last years to develop automated sound detection and data processing 

methodologies.  

 

                         Figure 2. Several PAM instruments used to study marina animals. 

 

2.3.1 PAM applications  
 

PAM has several applications useful to characterise the acoustic behaviour and to study the 

ecological characteristics of a species. 
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● PAM can be used to estimate the abundance of a certain species in a given area.  In 

this case it is necessary to adapt the estimation of density to the kind data collection 

and type of survey. Therefore, the probability to detect an individual must be inserted 

in the equation of density estimate. We assume that all individuals won’t detect during 

the survey in a given area (A):   

 

D =N/(A x PN) 

 

Where, “n” is the number of individuals detected during survey, “A” is the reference area, 

and “PN” is the probability to detect an individual of N species.  

 

                                                    n=PNN= Parea x Pavail x Pdet x N 

 

Where, “Parea” is the probability that the animal is within the sampled area, “Pavail” in the 

probability that the animal is available for being detected, and “Pdet” the probability to be 

detected. When the time of observation is not long enough, or the area is not large enough it 

is possible to run into bias. For example, the individuals might be not acoustically active, or 

the area considered might not include the main areas crossed by the individuals. If the survey 

lasts long enough and covers the entire area where the animal is likely to be, at least one 

individual should be detected with probability close to one. However, if no animal is detected, 

it is possible to conclude with high confidence that the animal is absent. A species may be 

considered rare when the number of detections is poor. In this case the PN is small, and this is 

due by the three components of the probability. If Pdet is small, it may be due to the system 

performance or setup of the detection procedure. If Pavail or Pdet are small, it is necessary to 

adapt the survey to the species monitored.  
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● PAM is also used to determine the patchiness and distribution of the individuals from 

a population. Specific oceanographic characteristics or biological effects can be 

correlated with the abundance or absence of a certain species in an area. For examples 

the presence of fin whales in the Ligurian sea during the spring is correlated to the 

spread of Meganyctiphanes norvegica and to the increasing of their density. So, the 

results of absence or presence of individuals of a species is correlated, positively or 

negatively, with several factors, like animal’s behaviour, seasonal migration (winter 

versus summer habitat), or time variation of the prey.  

● One of the most important applications of PAM is understanding the underwater 

damage due to anthropogenic noise pollution; in the Mediterranean Sea, the main 

sources of anthropogenic noise are the high density of ship traffic and seismic airguns, 

that are emitted at the low frequencies. The acoustic impact on marine mammals varies 

from behavioural change (e.g dispersion of the groups and abandonment of breeding 

and feeding area) to acoustic and physiological effects. Masking is one of the acoustic 

effects caused by underwater noise pollution. It consists in the camouflaging of the 

vocalisation. The definition of masking refers to a sound that contains energy in the 

same frequencies and occurs at the same time of the signal of interest, making it 

inaudible (Clark et al., 2009). The result is a reduction of the sender’s and the receiver’s 

performance, and the audibility threshold is raised. Masking causes a decreasing range 

of communication. The damages due to the acoustic pollution can be temporary or 

permanent, like a harm to the auditory system, decrease of population with local 

extinction, and individual death.   

 

2.3.2.  PAM Tools                 
 

The main instruments used in marine bioacoustics for PAM are hydrophones. The main 

components of hydrophones are electroacoustic transducers which have the capability to 

transform the mechanical energy (acoustic pressure) into electrical energy. The most used 
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transducers used in hydrophones have piezoelectric properties. Piezoelectric materials are 

compounded by crystals such as quartz, ammonium dihydrogen phosphate (ADP), and 

Rocelle salt (Au et al., 2008). These crystals acquire an electrical charge at their surfaces 

when placed under pressure. 

The hydrophone is commonly associated with an amplifier that amplifies the faint electric 

signal produced and matches its electric impedance with the impedance of the acquisition 

system. The acquisition system converts the electric-analogical signal into a digital format, 

by means of an Analog to Digital Converter (ADC). Then, the acoustic data is acquired and 

stored into dedicated data storage systems (Au et al., 2008). 

When planning PAM studies, it is important to consider the hydrophone characteristics. The 

most important characteristic of a hydrophone is the sensitivity, that is defined as the ratio of 

the analogical output voltage or digital output value to the input pressure variation. Another 

characteristic of hydrophone is the frequency response, that is the capability to reproduce the 

spectrum of a signal, preserving all frequency components. The directionality is the ability to 

receive sounds from different angles. (Zimmer, 2011). 

The acoustic data acquisition can be performed in several configurations for PAM. The 

instrument and tools used can be stationary or dynamic.  

● Dynamic tools. 

Hydrophones can be installed into an array system in which each hydrophone is spaced apart 

from the other, it is called a towed array. This is carried by a boat at 20 m of depth with a sail 

speed of 4 knots. This methodology is often used for dolphins, because their speed and the 

high frequencies emitted by them make a permanent station not very useful. 

Bio-logging tags are useful to record sounds and movements of marine animals. Usually, tags 

are attached to the skin of marine mammals to study the social interaction, foraging and diving 

behaviour and ecology. Novel tags are non-invasive, and they permit measuring a range of 

movements, acoustics, and physiological parameters of marine organisms together with 

environmental data for days or weeks at a time (Martin-Lopez et al. 2021).  Mobile navigated 
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platforms such as autonomous underwater vehicles (AUV) or autonomous surface vehicles 

(ASV) can be also included among the dynamic PAM tools. Each one of these instruments 

has several ways to send its position to be detected, as GPS (when the device can climb to the 

surface), or acoustic localization (when the device remains constantly submerged). 

Buoyancy-driven ocean gliders are a good alternative to limit the self-noise, it is able to 

change its density to make itself less or more heavy than the surrounding water column, 

allowing an oscillatory movement. The most significant advantage of ocean gliders is their 

long endurance. Since adjusting volume does not consume much power, gliders can remain 

at sea for weeks to many months, depending on the sensor payload and battery configuration 

(Baumgartner et al., 2018). Autonomous Surface Vehicles (ASVs) are robotic vehicles that 

sit on the sea surface recording oceanographic data across a range of variables. The wave 

glider is a unique ASV that uses the energy of waves for propulsion and the energy of the sun 

for recharging batteries; so, its endurance is theoretically unlimited.  

Sonobuoys have been used since World War II in military applications to detect and track 

underwater sounds (Baumgartner et al., 2018). These are particular mobile stations that are 

released in a specific position, and at the end of the monitoring are picked up via GPS tracking.  

The sonobuoy is divided in two parts: the hydrophone section that is submerged and the 

surface floating section with an integrated antenna that permits radio transmission of audio in 

real time to a nearby receiver (within a few tens of km). Sonobuoys can operate up to tens of 

hours, depending on battery life. This and the need to attend the sonobuoy with a nearby receiving 

system limit the operational endurance of the system (Baumgartner et al., 2018).  

Other dynamic tools are drifting hydrophones; they consist of two parts: the first is the 

structure that permits the floating on the water surface, for examples a buoy or watertight 

barrel, the second is the recorder, that can be a single hydrophone or an array of hydrophones 

(tetrahedral array) (Lillis et al., 2017). This tool is usually used for study of soundscapes or 

for the monitoring of benthos.  
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                    Figure 3. A dynamic PAM device: Autonomous Underwater Vehicles AUV. 

 

● Stationary tools 

The main advantages of stationary tools are the high capacity to store data and the possibility 

to record 24/7. They allow the monitoring of a specific area, while dynamic tools enable the 

coverage of a wider area (transects, random points or others).  

When a long-term sampling is preferable, it is useful to install a permanent hydrophone 

station; in this way it is possible to monitor the areas of interest, indeed some species often 

enter and reside for short periods of time in small bodies of water like bays, inlets or harbours. 

Among the stationary systems there are moored buoys, bottom recorders (autonomous 

hydrophones and OBS), cabled hydrophones, and cabled arrays. Being installed at or near the 

seafloor, these systems lower the noise which, in dynamic tools, is due to the flow of water 

on the instrument itself (Baumgartner et al., 2018).  Cabled sensors and arrays also have a high 

capacity to store data and they are able to send acoustic data to the shore to process and store 

in real time, thanks to high bandwidth data communication channels. This characteristic 
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allows them to transmit data for a long time. These instruments are used for several reasons, 

for example: to monitor geological phenomena (underwater earthquakes, volcanic eruptions), 

to intercept illegal use of atomic tests and to study marine mammals.  

On the other hand, moored buoys must have an antenna to send acoustic data via radio, 

cellular, or satellite communication systems. The moored buoys exploit a battery power, 

making it less durable than a cabled.  

Autonomous acoustic recorders are electronic recording devices that acquire and store 

acoustic data. These instruments work without the need of supervision over the deployment 

and the recovery, and they are deployed semi-permanently underwater. Autonomous acoustic 

recorders are the capability to record for days, weeks or even months at a time It is useful 

using these instruments when the distances are great or environmental conditions exist that 

are too harsh to conduct surveys from aboard research vessels (Sousa-Lima et al., 2013). 

OBS (Ocean Bottom Seismometers) are used to study geological phenomena, such as 

earthquakes, volcanic eruptions or movement of Earth’s crust. A typical OBS consists of a 

seismometer, a data logger, batteries to power the device, weight to sink it to the sea floor, a 

remotely activated release mechanism, and flotation to buoy the instrument back to the 

surface. This instrument is able to record up to 100 Hz, so it is possible to record whale 

vocalisations and other marine mammals. A similar device called an Ocean Bottom 

Hydrophone (OBH) is also used by geologists to study seismic activity in the ocean. This tool 

has a hydrophone instead of a seismometer. Several studies using both seismometer and 

hydrophones showed that seismometer has a higher signal-to-noise ratio than hydrophone 

(Sousa-Lima, et al., 2013).  

Among the advantages of stationary PAM tools are the autonomy, the possibility of placing 

them at great depth for stable sound propagation conditions and the possibility of real-time 

data transmission. When it is possible to place different recorders away from each, the 

position and movements of each individual can be tracked acoustically (Zimmer, 2011). 

These characteristics make them useful for studies in the long term, to investigate changes in 
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population dynamics, seasonal behaviour and other ecological characteristics. Also fixed 

tools allow the study of a species acoustic behaviour over time, thanks to the large amount of 

data collected.  

In this work, a stationary cabled PAM system was used to study fin whale songs as described 

in the next sections. 

 

 

                     Figure 4. A stationary PAM system: Ocean Bottom Seismometers (OBS). 

 

3. Fin whale songs 
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3.1 Sound production and reception 
 

3.1.1. The vocal system 
 

The fin whale, like all cetaceans, exploits the propagation properties of sound waves in the 

aquatic medium and produces sounds able to travel over very long distances. The anatomical 

structures used to produce sound are different among cetaceans, and this influences the 

emission modalities and the message that is conveyed. The larynx of mysticetes is similar to 

that of terrestrial mammals. The bridge that links the larynx with the nasal passages, is formed 

by the overlap of epiglottis and soft palate. Larynx has a wide opening hole, in rostral portion, 

between the epiglottis and corniculate cartilages, the caudal portion is connected with the 

arytenoid cartilage in the rostral portion (Reidenberg et al., 2007). A particular structure, 

called U-fold, is linked to the arytenoid and corniculate cartilages; the extensions of this 

structure close ventro-caudally, forming a “U”. The corner of the “U” is orientated to the 

caudal part, while the extremity to the rostral part. The U-fold divides the caudal lumen larynx 

and the trachea from the rostral lumen larynx and laryngeal sac. The laryngeal sac is a soft 

structure, and it is placed ventrally to the U-fold, and thanks to its elasticity, it can be filled 

and emptied with air.  The U-fold is supported latero-laterally by the extensions of arytenoid 

cartilages, the bar cartilages, probably homologous to the vocal process of terrestrial 

mammals. When the arytenoid cartilages are abducted, the fissure of U-fold is close, blocking 

the laryngeal sac and the rostral lumen larynx, but while the cartilages are adduced it is open, 

linking the laryngeal sac and the rostral lumen larynx. In addition, the arytenoid cartilages 

and the cricoid cartilages are articulated each other, and they permit the vocal process (one of 

the three part of the arytenoid cartilages) and the corniculate cartilages to slide along this 

articulation, so as to tighten and widen the distance between the two margins of U-fold 

(Reidenberg et al., 2007). The flow of air, during its passage between margins, produces 

vibrations that permit the production of vocalisations. The sound is produced only with 

egressive flow of air (from the lungs to the larynx); this could explain the silences in the 

songs, due to the passage of the air from the laryngeal sac to the lungs (Damien et al., 2019). 
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                            Figure 5. U-fold dissection. (Damien et al., 2019). 

 

3.1.2. The auditory system  
 

The auditory system of cetaceans is composed by three parts: 

● External ears.  

● Middle ears. 

● Inner ears.  

The external ears present an auditory canal, but it is not functional; the end of this canal is 

derived from the tympanic membrane that protrudes in the cavity of middle ear (glove finger). 

The Pinna is absent, but in some individuals a vestigial ring can be present. The middle ear 

and inner ear are located into two structures: periotic bulla and tympanic bulla. Both structures 

are covered by a “ears fat”, the composition of these fats is comparable to the composition of 

mammalian adipose tissue such as triacylglycerols (Yamato et al., 2014). This soft tissue has 

impedance similar to the impedance of the water, permitting the sounds to travel through the 

head of the animal (Ketten, 1997). In whales, ears are housed in two bulbous bones: the inner 

ear is situated in the periotic bulla which is attached to a tympanic bulla where the middle ear 

is located. The tympano-periotic complex is external to the skull, and it is located in a cavity 

formed by a cranial bone.  The middle ears are adapted to the change of the depth, preventing 

injuries to the ear. Indeed, the Eustachian tube is broad, allowing to avoid ear damage, for 
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example barotrauma. The trigeminal nerve has the important capacity to regulate the volume 

of the middle ear, which may prevent damage due to depth changes (Morgane and Jacobs 

1972, Ketten 1992). The ossicles in the middle ear are massive, and they are more robust than 

those of odontocetes. The broad dimension of middle ears and the massive ossicles loosely 

joined are an important characteristic of low frequency ears (Ketten 2012). The inner ear is 

constituted by the auditory and vestibular system. The vestibular system is formed by three 

semi-circular canals, and his role is to detect the acceleration of the head in the three planes 

of the space. In cetaceans, the vestibular system is substantially smaller than the cochlear 

system, the cause of this aberration can be the limited movement of the head. Indeed, the firsts 

cervical vertebrae are fused, making the rotations movements limited. Because the head 

rotations are decreased, the inputs to the vestibular system is reduced too, and may have led 

to a retrograde receptor loss, and whales may detect linear acceleration and gravity cues but 

little or no rotational acceleration cues (Ketten 2012). The cochlear system permits to perceive 

the acoustics signals. It is composed of three tubes: scala tympani, scala cochlea and scala 

media. These tubes curve each other with an equiangular spiral. Inside the scala media there 

is the organ of the Corti, the principal sensory apparatus. An important characteristic of this 

structure is the width of the apical basilar membrane, which is five times larger than cochlea 

od odontocetes. This characteristic seems associated with the perception of infrasounds (Poli 

2018). Thanks to the studies of Cranford and Krysl (2015) on the fin whales, the mechanism 

of reception of low frequencies was recently modelled. There are two phenomena explaining 

the reception: the bone conduction mechanism and pressure mechanism. The first is 

characterised by deformation of the whale’s skull, as the acoustic pressure waves interact with 

it; it is the main adaptation for the low frequency communications. The second mechanism is 

due to extreme difference of impedance exists between the soft tissue and dense tympanic 

bone, and it causes significant force from the acoustic pressure waves that is exerted on the 

tympanic bulla at the interface with soft tissue (Cranford & Krysl, 2015) 

 

3.3.  Fin whale vocal repertoire 
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The sounds produced by fin whales can be grouped into four main categories: 

● “20 Hz pulses”:  short duration pulses (about 1 sec), frequency downswept, mostly 

centred around 20 Hz. These vocalisations can be used both during the breeding period 

(their repetition composes stereotyped songs) and for intraspecies communication to 

maintain contact and convey various information at distance (irregular repetitions) 

(Watkins et al., 1987; Širović et al., 2012). 

● “High frequency pulses”: form the 100 to 30 Hz, used in different contests, for example 

during the foraging activities, deep diving, or communication between individuals 

(Širović et al., 2012; Sciacca et al., 2016). 

● Hydrodynamic sounds: associated with the movement of the animal during swimming 

or hunting. 

● Rumbles: Irregular pulses with most of the energy below 30 Hz, may be a response to 

an unexpected object or event that appears (Watkins et al., 1981; Sciacca et al., 2016).  

 

In Mediterranean Sea two types of 20 Hz pulses have been encountered (Sciacca et al., 2015): 

● “Type A”, also called “Classic pulse”, extended from 17 Hz to 23 Hz.  

●  “Type B” also called “Back beat”, extended from 18 Hz to 20 Hz.  

 

3.4. Definition of songs 
 

Fin whales use 20 Hz pulses to convey several information and to communicate over long 

distances with conspecifics.  These sounds can be produced in long sequences called “songs” 

(Watkins et al., 1987). Songs are used during the breeding times, and they are produced only 

by the males to attract the females (Croll et al., 2002). A song is a sequence of stereotyped 

and repetitive signals, that are spaced by 6-46 second pause. The silence periods can be 

divided in (Watkins et al., 1987):  
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● Rest: with a silence period from 20 seconds to 60 seconds.  

● Gap: with a silence period from 60 seconds to 120 seconds.  

 

The interval between two consecutive vocalisations is defined Inter-call interval (ICI), and it 

is studied for the classification of functional units of the songs: (Širović et al.,2017): 

 

● Singlets: songs with only one kind of ICI.  

● Doublets: song with two kinds of alternating ICIs   

● Triplets: song with at least two kinds of ICI, of which one of them is repeated once or 

more times in the sequence.  

 

By analysing fin whale songs, it is possible to monitor individuals, but also to distinguish 

different populations by the acoustic diversity. For example, a 40-Hz call has been described 

in the North Pacific, which was not recorded elsewhere (Watkins 1981; Širović et al. 2013). 

In the Southern Ocean, a single “call” is composed of two parts: a lower frequency pulse 

(from 15 to 28 Hz) and higher frequency pulse, which differs regionally. High frequency 

pulses from the Eastern Antarctica Peninsula have a secondary frequency peak in the pressure 

spectrum at 99 Hz, instead the Western Antarctic Peninsula has a frequency peak at a 

frequency of 89 Hz (Shabangu et al., 2022). The measure of the intervals between consecutive 

calls (inter-call-intervals or ICI) can be used to characterise populations or different stocks 

that occur in the same area, as in the case of the study of Morano et al. (2012). In the North 

Western Atlantic Ocean a particular seasonal variability was revealed in the fin whale songs. 

Between Massachusetts Bay and New York Bight two types of ICI alternate year-around: 

short ICI (9.6 s) and long ICI (15.1 s), in this way it was possible to distinguish two seasonal 

contests: short-INI (9.6 s) season, from September–January, co-occurring with high 20 Hz 

note abundance, overlaps the reported reproductive season, between November and March. 

Instead, the long-INI (15.0 s) and lower 20 Hz note abundance occurs from March–May. 
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Given that fin whale song features may communicate information about available food 

resources.  

3.5 Available methods and tools for song study 
 

There are different approaches to explore the features of fin whale songs. The most common 

steps in this process are the classification of the different call types and the measurement of 

the inter call intervals. Brodie et al. (2014) explored the vocalisations from different species 

of baleen whales in the Lau basin, southwest Pacific Ocean. The classification was made 

through spectrograms, used to measure the main frequency characteristics, such the 

modulation (upswept, down-swept, or broadband pulses), the peak and the centre frequency.  

Fin whale vocalisations were found and distinguished into Part A (calls with average 

frequency range of 13.8 Hz – 23.0 Hz) and Part B (calls with average frequency range of 14.2 

Hz – 34.4 Hz). Then, patterns were found in the sequence, in which two ICIs alternate in the 

songs: A-B, about 10.8 s, and B-A, about 20.1s. This approach can be used to isolate 

acoustically two different populations that exist in the same area. Castellote investigated the 

acoustic differences between the Atlantic Ocean population and the Mediterranean Sea 

population. Recorders were deployed in nine different areas, some of these between the 

Atlantic Ocean and Strait of Gibraltar, others in the Mediterranean basin. The first step was 

the searching of the vocalisations using an automated detector implemented in XBAT 

MATLAB platform to search for 20 Hz song notes in all recordings. The calls found were 

organised into songs according to Watkins (1987) definition. The parameters selected for this 

study were central frequency, peak energy frequency, note bandwidth, note duration, and 

central time.  The ICIs values were obtained by subtracting the central time of consecutive 

notes. Thanks to this approach it was possible to divide acoustically two populations that 

occur in the Mediterranean Sea, confirming molecular evidence about the differences in the 

mitochondrial DNA. The study by Širović et al. (2017) focuses on the characterization of 

ICIs. This research was carried out in Southern California and in the Gulf of California thanks 

to bottom autonomous recorders. The ICIs were calculated with the interval between two 

consecutive calls, with start time considered as pick for the classification. In this way it was 
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possible to group the songs as a function of ICI duration (singlets, doublets and triplets), 

understanding the seasonal fluctuation pattern.  
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Purpose 

 

Passive acoustic monitoring is a powerful tool to study the behaviour, the acoustic 

communication, and the ecology of cetacean populations.  

The fin whale (Balaenoptera physalus) emits low frequency pulses, 20-Hz pulses or calls, 

which can be repeated in long patterned sequences, called songs. 

The main purpose of this study is the identification of recurring patterns in fin whale songs 

that were recorded by NEMO-SN1 fixed seafloor observatory installed at a depth of 2100 m, 

in the Ionian Sea, between June 2012 and May 2013 (Sciacca et al., 2015). In particular, the 

occurrence of a model explaining the repetition of different vocalisations in the emitted 

sequences was searched. Based on the Mediterranean fin whale vocal repertoire, the model 

focused on the repetition of different call types within a song, considering the alternation of 

two call types alternated as pairs (A-A, B-B, A-B and B-A). The interval between two 

consecutive calls, Inter-Call interval (ICI) was also considered. Hence, the repetition of call 

pairs with similar ICIs was searched over the entire recording year, to find similar “verses” 

recurring in the recorded songs.  

As shown by several authors (Castellote et al., 2012; Širović et al., 2017), the identification 

of recurring patterns in the acoustic repertoire of a population is an essential step to develop 

increasingly precise passive acoustic monitoring methods for conservation purposes.  

This study describes for the first time the structure of fin whale songs recorded in the Eastern 

Mediterranean Sea and it lays the foundation to better understand the acoustic activity, 

ecology, and distribution of the Mediterranean fin whale population. 
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Methods 
 

1. Data collection 
 

1.1 EMSO and the NEMO-SN1 observatory 
 

To study fin whale vocalizations and songs, the low frequency acoustic data collected by 

NEMO-SN1 were used. NEMO-SN1 is a cabled deep-sea multidisciplinary observatory, first 

installed node of the ESFRI (European Strategy Forum on Research Infrastructures) 

infrastructure EMSO (European Multidisciplinary Seafloor and water column Observatory). 

The aim of EMSO is to deploy a series of observatories to monitor the seafloor and the water 

column, providing multidisciplinary data for the understanding of fundamental processes in 

the marine domain (ESFRI, 2018).  NEMO-SN1 was equipped with several geophysical, 

oceanographic, and acoustic sensors, including two low-frequency hydrophones. 

 

1.2 Study area 
 

The observatory was located in the Gulf of Catania (Ionian Sea) about 25 km off the Catania 

harbour (37.54765 N, 15.3975 E), at the depth of 2,100 m. The Gulf of Catania is 

characterized by step slopes; indeed, the depth of 200 m is reached in less than 2 km from the 

coast. The presence of several river mouths (including the Simeto River, which has the biggest 

discharge in Sicily) increases the primary production, in particular during the spring and fall 

(Sciacca et al., 2015). In addition, the Northern side of the Gulf is just a few kilometres far 

from the Strait of Messina, which connects the Ionian and the Tyrrhenian Seas. The Strait 

allows important up-welling phenomena in the Ionian Sea, due to its geomorphology and to 

the strong tidal currents flowing between the two basins, determining a further increase in 

primary production. These characteristics permit the spreading of two species of euphausiid 

species (Meganictiphanes norvegica and Nictiphanes couchi), that play an important role in 

the trophic net and are the main preys of the Mediterranean fin whale (Sciacca et al., 2015). 
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1.3 Data acquisition 
 

The low frequency acoustic data used for this work were acquired between July 2012 and 

May 2013, with the main aim of monitoring the intense seismic activity of the area, also due 

to the presence of the active volcano Etna. Data acquisition was performed by means of the 

SMID DT405D(V)1, a piezoelectric omni-directional hydrophone, with a flat frequency 

response in the range from 50 mHz to about 1 kHz and a sensitivity of 197 ± 1 dB re 1V/μPa 

(Embriaco et al., 2012). Acoustic data were continuously collected (24/7) and stored into 

.WAV files of 10 minutes.  

Figure 6. The map shows the study area and the location of NEMO-SN1 (Sciacca et al. 2015). 
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2. Data analysis  
 

2.1 Song detection methods 
 

 

The presence of fin whale vocalizations was detected for the entire period of recording, 

between July 2nd, 2012, and May 10th, 2013, except for the 3 months between November 2012 

to January 2013. July and August were the months with the highest concentration of 

vocalizations. Sciacca et al. (2015) analysed the whole dataset, consisting of 7,200 recording 

hours and revealed the occurrence of fin whale calls in 90 hours (257 recordings of 10-min 

duration). The dataset used for this study was formed by this 90-hour subset, where presence 

of fin whale’s vocalizations was found.  To investigate the presence of songs in the dataset, 

for each file, the number of signals (20-Hz calls) was initially estimated; it was then possible 

to divide all files in different “songs” as a function of the duration of the detected sequences. 

 

2.1.1 Inspection of the spectrograms 

 

Figure 7. NEMO-SN1 cabled station. 
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The spectrogram of each file was produced in MATLAB, with a time resolution of 0,05 sec 

and a frequency resolution of 0,49 Hz (FFT points 8192; Hanning window: 4096 points; 

overlap 98%). The images of the spectrograms were then studied with a temporal window of 

5 minutes, dividing each file in two parts, to have a good view of the calls. Following Sciacca 

et al. (2015), to identify a signal as a 20 Hz call, these characteristics had to be observed on 

the spectrogram:  

• duration from 0.5 to 1.5 seconds; 

• Frequency range between 15 and 30 Hz; 

• PSD exceeding 105 dB re 1 μPa2/Hz; 

• at least two signals within an interval from 6 to 46 seconds (typical duration of the 

Inter Call Interval for fin whale 20 Hz calls (Clark et al., 2002). 

The calls were then counted for each file, and files were grouped into “songs”, according to 

Watkins et al. (1987) definition of song duration, considering the occurrence of rests and gaps. 

Information about each call sequence was inserted in a data annotation log, created in Excel, 

where for each file was added: time information (date and hour), number of the calls detected, 

and occurrence of ship noise, airguns, earthquakes or other sound sources within fin whale 

frequency band (15 Hz to 25 Hz), potentially masking the signals or reducing the Signal-To-

Noise Ratio (SNR). The quality of the file was also assessed for future reference, attributing 

to each file an arbitrary value from 1 (low quality) to 3 (high quality), based on the number 

of calls within a file and the level of masking by anthropogenic noise.  
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2.1.2 Automatic detection: SAW algorithm 

 

To perform further analysis on the detected calls and to extrapolate the exact times of each 

call to study the songs, each file was analysed by using the MATLAB automatic detector 

“SAW”. This is an algorithm designed to find the 20-Hz vocalizations of fin whales, by 

performing a spectrogram and investigating both the time and frequency domains. The 

algorithm was appositely set to find isolated acoustic energy peaks in the frequencies and of 

(a) 

(b) 

Figure 8. Two spectrograms from the same songs (song 27, 12 April 2013) with 
different value of quality: (a) with high quality value (3) and (b) with low quality 
value (1). 
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the duration typical of the 20 Hz pulses (Sciacca et al., 2016; Pintore et al., 2021). In order to 

perform the analysis on this dataset, several spectrogram configurations were tested by 

running the algorithm on a subset of randomly selected files (10 files). The parameters 

selected to obtain the highest number of true positive detections were as follows: FFT points 

8192; Hanning window points 8192; overlap points 8100, corresponding to a time resolution 

of 0.04 sec and a frequency resolution of 0,24 Hz. 

The results returned by SAW detector are a figure (.PNG) showing each 10-min file 

spectrogram and related detections in time (sec) and a MATLAB structure containing 

information about: 

• 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.  

• Absolute time: a reference of the detection time produced with the MATLAB 

“datenum” function. This generates a serial number referred to a date according to 

proleptic ISO calendar (January 0, 0000).  

• Call raw: a portion of the signal that is extrapolated in a contour of five seconds around 

the detected call energy peak (2 sec before the peak and 3 sec after), including the 

entire call detected. 

Then, the rate of call detection was calculated as the mean ± standard error of the number of 

detections per minute. The output of SAW consists into two graphs: spectrogram of the file 

audio and the detection window, in which the calls are marked.  
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Figure 9. SAW output from song 14 (21 February 2013) to automatically detect vocalisation in the 
songs. 

 

2.2 Song analysis  
 

To study the structure and the patterns of the songs, it was necessary to distinguish the 

different types of 20 Hz calls recorded (A and B type). Then, the presence of a possible 

correlation between the different types of calls and the background noise levels in the same 

band of frequency of the fin whale signals was examined.  Indeed, considering the different 

frequency bandwidth of the signals, the high background noise levels registered in the 

frequency band used by the fin whales during the emission (Sciacca et al., 2015; Viola et al., 

2017) may have determined some alteration in the detection of the two call types, by partially 

masking the signals. 

 

2.2.1 Distinction of call types 
 

After the identification of the calls, these were classified in two call types according to 

scientific literature. They were distinguished into “type A” and “type B” depending on the 

frequency: the first from 17 Hz to 23 Hz, and the second from 18 Hz to 20 Hz. To classify A 
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and B note types, the upper root-mean-square envelope of the signal energy was studied by 

performing a Hilbert transform with a sliding window of 500 samples. The envelope was then 

plotted, together with the time peaks of the calls detected by SAW, which were marked on 

the signal. The spectrogram of the same signal was also shown as subplot (8192 points FFT, 

4096 points Hanning Window, 98% overlap). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When a signal was not clear in terms of time and frequency contours, due to poor Signal-to-

Noise Ratio, the call was categorized as “Unknown”. If the algorithm “SAW” not was able to 

find the calls (false negative), these were marked manually on the energy peak. This 

information was then added to the initial MATLAB structure made by SAW, where the type 

of the call and the temporal reference were inserted, together with all the file reference 

information.  

Figure 10. Representation of the energy envelope of a type A call from song 
26 (12 April 2013) and the respective spectrogram. 
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2.2.3 Songs and noise  
 

To understand the impact of diffuse background noise on the detection of the different call 

types, received noise levels were correlated to the number of fin whale vocalisations detected. 

For this analysis, the SPL (dB re 1µPa) was measured in the one-third octave frequency band 

centred at 20 Hz (between 17.9 and 22.4 Hz) by performing the MATLAB function 

“periodogram” with a time resolution of 1 sec and integrating the resulting levels in the 

selected band. On 21st February 2013, when song 14 was detected, the constant presence of 

airgun pulses was found (Sciacca et al., 2016). These broadband sounds (few Hz to 1 kHz) 

occurred also in the same frequency band of fin whale vocalisations, determining an increase 

of about 5 to 10 dB in the analysed SPL levels. Hence, it was necessary to remove this song 

from this analysis to avoid the possible interference due to the high noise levels produced by 

the airguns and airgun operating vessels.  

The 20th and the 98th percentile of the SPL were then estimated, with a temporal window of 5 

minutes (sampling frequency: 2000 Hz, FFT points 2048 and overlap points 1024). The 

choice to select the 20th percentile of noise levels within the selected band was taken to 

consider only the continuous, diffuse, noise occurring in each 5-min analysis window and to 

isolate the background noise from the vocalizations of fin whale. Instead, the choice to select 

the 98th percentile of noise levels within the selected band was taken to include the noise 

produced by vocalizations in the total of the environmental sound. Since data distribution was 

not normal (failed Kolmogorov-Smirnov test for p-value < 0.01), measured SPL noise levels 

were correlated with the number of vocalizations for each call type by applying the 

Spearman’s rho correlation coefficient. The statistics were performed by using the software 

“Past 4.1.0”, scatter plots were created in MATLAB.   
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3. Song pattern identification 
 

Following the study of the features of songs, the occurrence of possible recurrent patterns in 

the sequences was searched. The first step was the calculation of the time interval between a 

pulse and the following (Inter call interval, ICI). Thanks to a MATLAB code developed ad-

hoc for this analysis it was possible to determinate the distribution of ICIs and its rate. 

Different kinds of ICIs were classified as a function of the type of pulses that compose them 

(A-A, B-B, A-B and B-A). For each type of ICIs, the distribution of the occurrences was 

estimated using 0,3 sec -wide bins. 

The songs with an appreciable distribution were selected as possible sequencies where it is 

probable to find a recurrent pattern. For this selection, the songs were required to follow two 

characteristics: number of calls higher than 150 and clear distribution, with at least 8 ICIs 

occurrences for each type pair. Patterns were searched by looking at the ICIs distributions of 

the various type pairs. To verify the occurrence of the different patterns, for each song, a bar 

graph was produced in MATLAB in which calls were discerned by assigning to each type the 

value 1, 2 or 3, corresponding respectively to type A, type B and Unknowns and plotting them 

with the exact detection times in seconds. This analysis allowed the identification of the 

different patterns within all analysed songs. 
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3.1 Frequency study 

 

Following the identification of the different songs, to assess differences and similarities 

among them, the frequency spectra, and the distribution of the signal's power content of the 

different call types were studied and compared in songs with patterns and in irregular 

sequences. Each audio file was filtered in the frequency band from 5 Hz to 40 Hz, applying a 

FIR Equiripple bandpass filter. From the filtered audio file, the call was isolated in an interval 

of three seconds, centred at the peak of the energy previously found; this interval is composed 

by one second before and two seconds after the energy peak. After the extraction of the time 

interval containing the call, the Power Spectral Density (PSD) of each signal was calculated 

with a MATLAB code. PSD defines the spectral content of a signal and how a signal’s power 

Figure 11. Bar graph showing the alternation of the different calls, with the exact time of detection in 
seconds. Number 1 refers to A calls, number 2 refers to B calls, number 3 to the Unknown calls. 
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is distributed in frequency (Youngworth et al., 2005); it is measured in dB re 1µPa2/Hz. In 

this study the MATLAB function “pwelch” was used to calculate the PSD (FFT points: 8192; 

Hanning window: 2048 points, overlap: 98%). The frequency spectra created were grouped 

by song and type, and the median values of PSD were calculated for each 10-min file and for 

each song.  

Then, for each song, the features of the calls that composed it were measured. By looking for 

peaks in the PSD spectra performed, the peak frequency, corresponding to the maximum of 

the signal’s power (Fp), was selected in MATLAB for each call, by using the function 

“findpeaks”. Taking as reference the peak frequency of the signal, the frequency band 

attenuated by 3 dB was calculated, according to the studies of Helble et al. (2020) and Crane 

et al. (1996). The 3-dB bandwidth (BW) is a parameter calculated by finding the two 

frequencies around the peak of maximum signal’s power (F1 and F2), where the spectrum 

level is 3 dB below the peak value.  

BW = F2 – F1 

Figure 7 shows an example of a type A call spectra analysed, with its Fp, F1, F2 and 3-dB 

bandwidth. For narrow-band frequency modulated (FM) signals, most of the energy is 

concentrated in a small number of frequency bins, meanwhile in wide bandwidth FM signals 

(more impulsive signals, such as “chirps”) the energy is more uniformly distributed in the 

entire frequency band; the calls of fin whale can be associated to a narrow-band frequency 

modulated signal, making this approach very useful (Crane and Lashkari,1996). 
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Figure 12. An example of A calls spectra from the song 14 (21 February 2013). Fp is maximum of 
the signal’s power, F1 and F2 extremes of the -3 dB band. 
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Results 
 

1. Song detection and classification 
 

The presence of fin whale vocalisations was detected for the entire period of recording, except 

for the period from November 2012 to January 2013. Detections occurred in 27 different days, 

corresponding to about the 12% of the recording days. July and August were the months with 

the highest concentration of 20-Hz calls, but August was the period with the longest 

consecutive daily acoustic presence (5 consecutive days).  

The sample analysed to search for fin whale songs was formed by 257 files, for a total of 43 

recording hours. A total of 28 fin whale call sequences were initially classified as songs. The 

35% of the calls were classified as type A, the 25% as type B and remaining 41% as unknown, 

due to the lower signal-to-noise ratio (Figure 1). 

 

 

Figure 13. Distribution of the different types of calls for each detected song . 
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Table 1. Table showing the duration of the songs with the corresponding hour of starting and 
ending, and number of calls for each type. 

 

The longest song found was the 14th (21 February 2013) with 270 minutes of emission, from 

1:10 A.M. to 7:40 A.M., with a total of 390 vocalisations found (A calls 226, B calls 146, 

Unknown calls 18), the shortest song was the 1st (2 July 2021), with a duration of only 10 

minutes from the 12:30 P. M. TO 12:40 P.M. and only 7 vocalisations recorded (Table 1).  
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The highest percentage of A calls was found in song number 25, which was composed by 

only type A calls. Song 3 had the highest percentage of B calls which represented the 69,05 

% of all calls. The song 23 was composed entirely by Unknown calls.  

Primary descriptive analysis (Table 2) showed a difference between the detection rate by type: 

the type A has the highest detection rate, 1,12 ± 0,21 calls per minute, while type B has a 

detection ratio of 0,97 ± 0,16. The highest values of the detection rate was found for unknown 

calls (1,69 ± 0,32).   

 

 

 

 

 

 

The study of the spectrograms (Figure 8) allowed us to determine the presence of pauses (gaps 

or rests) during the emission, according to the definition of Watkins et al. (1987). The analysis 

of the time distribution of the songs revealed no specific diel pattern during the 24 h. The 

longest gap recorded was of about 90 minutes while the longest rest was 30 minutes.  

 

 

 

 

 

 

 

 

 

 

  Table 2. Descriptive analysis of the different call types. Mean detection rate was 
estimated per minute over five-minute windows. 

Figure 14. Distribution of the songs with gaps (blue) and rests (red) within the 24-hours. 
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2.  Songs and noise 
 

To estimate the potential effect of noise on the capability of detection of the different call 

types, background noise levels (20th and 98th percentiles) of SPL noise, in the 1/3rd octave 

band 17.9 Hz - 22.4 Hz, were correlated with the number of calls detected in five-minute 

windows. For the 20th percentile the results were not significant (Spearman’s ρ correlation 

p>0.05), assuming no correlation between background noise and capacity to detect 

vocalisations. The mean of 20th percentile of SPL was 97.37 dB re 1μPa. For type A calls, the 

greatest number of vocalisations detected in 5 minutes was 15. While for the B calls was 9.  

The highest number of vocalisations detected were unknown calls, with 16 occurrences 

Figure 15. Example of a sequence belonging to the song 14 (21 February 2013). 
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Figure 16. No significant correlation between B calls detected and 20th 
percentile of SPL was found (ρ = - 0,05; p= 0,28) 

Figure 16. No significant correlation between A calls detected and 20th 
percentile of SPL was found (ρ = - 0,05; p= 0,28) 
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The relation among 98th percentile of SPL and the vocalisation detected was different than 

20th percentile. The correlation between the A calls and background noise was significantly 

positively correlated with a ρ = 0.179 (p value = 1.92E-04) (Figure 19).  B calls have the same 

behaviour of the A calls, with a correlation value a ρ = 0.119 (p value = 1.40E-02) (Figure 

20). Instead, the Unknown calls doesn’t show significative correlation among two parameters 

(p value = 0.686) (FIGURE 9). The mean of 98th percentile of PSD SPL is was 104.838 dB 

re 1\μ Pa. For type A calls, the greatest number of vocalisations detected in 5 minutes was 15. 

While for the B calls was 9. also in this case, the highest number of vocalisations detected 

belong were to unknown calls, with 16 occurrences. 

Figure 17. No significant correlation between Unknown calls 
detected and 20th percentile of SPL was found (ρ = -0,05; p value = 
0,27) 
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Figure 18. Correlation between the A calls and 98th percentile of SPL background noise. 

 

 

Figure 19. Correlation between the B calls and 98th percentile of SPL background noise. 
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Figure 20. Correlation between the Unknown calls and 98th percentile of SPL background noise. 

 

3.   Song pattern identification. 

 

To identify the occurrence of recurrent patterns within all songs, the distribution of ICIs was 

studied for each type pair (A-A, A-B, B-B, B-A).  

Five main ICIs were found in the recordings: 

● A-A short: between 10 and 25 sec.  

● A-A long: between 30 and 35 sec. 

● B-B: with no specific distribution 

● A-B: between 15 and 20 sec.  

● B-A: between 13 and 19 sec. 

 

The study of the distributions allowed to determine if a pattern recurs in the sequences, 

dividing ICIs by the calls compose it. Among the 28 songs detected only 6 were classified as 

“patterned”, due to the occurrence of at least 8 ICIs for each type pair, at least 150 calls and 
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having similar distribution. The ICIs descriptive analysis for all patterned songs is shown in 

Table 3 and the cumulative histogram distribution of all ICIs is represented in Figure 22. The 

values not reported in the Table 3 did not respect the criteria used to define a song as 

“patterned”. 

 

 

Table 3. Summary table of parameters of ICIs pairs in patterned songs. 
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Figure 21. Histogram distributions of the different ICIs type pairs computed at 0,3 seconds 
resolution for all the six patterned songs. 

 

Three main patterns emerged: B-A-B, B-A-A-B (in which the A-A ICI is A-A short) and B-

An-B (in which the A-A ICI is A-A long, and the both A-B and B-A ICIs are centred at 14 

sec), where n represents a variable number between 3 and 6. This last pattern was less 

frequent, and it was found only in 4 of the patterned songs, while the first two patterns were 

detected repeatedly in all the six patterned songs (Table 4).  
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Table 4. The table shows all songs (MONTH-DAY-SONG NUMBER) in which the different patterns 
were found at least one time. 

4 songs were classified as “irregular” due to high variability in the ICI, that did not permit to 

find ICI distribution fit with the models. The remaining songs were classified as “Unknown” 

and excluded from further analysis due to the high number of unknown calls and low signal 

to noise ratio (18 sequences). 

 

 

Table 5. Summary table of parameters of ICIs pairs in the irregular songs 
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The distribution of all detected songs with the distinction in patterned, irregulars and 

unknowns, throughout the recording months (between July 2nd 2012 and May 10th 2013), is 

shown in Figure 23. 

 

Figure 22. Distribution of the songs detected during ten recording months between 2012 and 2013. 
Patterned songs are shown in green, irregular sequences are shown in blue, red series represent 
unknowns. 

 

4.  Frequency study 
 

The study of the frequencies of the two call types provided another point of view on the 

possible differences and similarities between calls and songs. The analysis of the power 

spectral density (PSD) showed the difference between the call types. Both the considered 

parameters, the frequency peak (Fp) and -3dB bandwidth, changed substantially between the 

two types. The calls classified as “Type A” showed an average peak frequency at 21 Hz, 

corresponding to the highest energy peak of the signal. “Type B” calls were peaked around 

19 Hz. Figures 24 and 15 show the median power spectral density plots for all calls detected 
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per each 10-min file, and the overall medians of the two call types.  

 

Figure 23. Median PSD curves of the type A calls per 10 min file. The median curve of all calls is 
overlapped in yellow. 

Figure 24.  Median PSD curves of the type B calls per 10 min file. The median curve of all calls is 

overlapped in yellow. 



54 
 
 

 

In patterned songs, median Fp is about 21 Hz for the A calls (except for Song 11, in which Fp 

is 20.2), while in all songs type B calls show a Fp of about 19 Hz. The mean values instead 

present a relevant variability from 20.2 ± 0.08 Hz to 21.1 ± 0.09 Hz in the A calls, while the 

B calls mean Fp is between 19.5 ± 0.08 and 19.9 ± 0.12 Hz.  

 

For the A calls the minimum and maximum Fp values are respectively 19.2 Hz and 23.9 Hz 

in all the patterned songs, except for the song 11 with a maximum of 21.2 Hz. B calls are 

more variable than A calls: minimum from 18.2 Hz to 19 Hz and maximum from 20.5 Hz to 

22.9 Hz.  

 

The average value of the median of -3 dB bandwidth for all patterned songs was around 2.53   

± 0.219 Hz in the A calls, differently from the B calls that presents a higher variability (1.933 

± 0.781), although the value of band is smaller in the B calls than in the A calls (except for 

the song 6 with 3.17 of bandwidth). The minimum shows low variability in both A and B 

calls. While maximum presents higher variability, more pronounced in B calls.  

F1 mean is stable in both types of calls (18.9 Hz ± 0.53) but mean of F2 is more variable (21.28 

Hz ± 0. 0.89). The median of F1 value is stable both A calls and B calls, with respectively 

value of 19.4 Hz ± 0.29 and 18,5 Hz. Instead, mean F2 value reports higher variability than F1 

value in both of calls. The maximum and minimum show significant variability in both types 

of call for F1 and F2 value.  
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Tables 6. For all patterned songs, the tables show the statistics for: the peak frequency (Fp), the -3dB 
bandwidth (3 dB), the initial and the ending frequencies (respectively F1 and F2) of the -3dB band. 
Frequency values are reported in Hz. 

 

 

In the irregular songs, Fp shows median with a value of 20 Hz ± 0.78 in A calls and 19.5 Hz 

± 0.19 in B calls, and an outlier in A calls of song 3 with 21.2 Hz. The mean value of the A 

calls is 20.2 Hz ± 0.89, in which the songs 3 and 9 have the highest value (respectively 21.5 

Hz and 20.2 Hz), while for the B calls value is 19.6 Hz ± 0.04. The maximum and minimum 

show high variability, from the maximum value in song 3 (23.9 Hz) to the minimum in song 

19 (22.9 Hz).  

 

The median value of 3 dB bandwidth of the A calls is about 2.9 Hz ± 1,07 (with an outlier in 

the song 19 with 4.1 Hz), while the B calls the median value is 1.7 Hz ± 0,73. The mean is 
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centred at about 2.9 Hz ± 1,07 in the A calls, with an outlier in song 19 with 4.4 Hz, and 1.9 

Hz ± 0,82. The maximum and minimum have not appreciable trend.  

 

The F1 presents mean and median about of 18.5 Hz in both calls (the highest values are about 

20 Hz in the song 3), while in F2 parameter the median and mean are centred on 20 Hz (median 

and mean of 22.2 Hz in the song 3). No appreciable trend was found for the maximum and 

minimum. 

 

 

 

 

 

Tables 7. For all irregular songs, the tables show the statistics for: the peak frequency (Fp), the -3dB 
bandwidth (3 dB), the initial and the ending frequencies (respectively F1 and F2) of the -3dB band. 
Frequency values are reported in Hz. 
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             Figure 25. Distribution of Fp frequency for the A calls in pattered and irregular songs 

 

Figure 26. Distribution of Fp frequency for the B calls in pattered and irregular songs 
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              Figure 27. Distribution of -3dB band for the A calls in pattered and irregular songs 

 

           Figure 28. Distribution of -3dB band for the B calls in pattered and irregular songs 
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Discussion        
 

Out of 28 call sequences detected, the songs with a patterned distribution were 6, with a high 

presence of the main pattern (B-A-A-B), followed by (B-A-B), (see Figure 1 below). Instead, 

the (B-An-B) pattern was poorly found in the sequencies. The distribution of the ICIs in these 

songs was perfectly aligned to the model patterns found. Moreover, 4 “irregular” songs were 

found, mostly characterized by a stereotyped sequence of type B calls, in which the B-B ICIs 

were more variable and centred around 25 sec. These sequences may represent contact calls, 

used for intraspecies communication (Watkins, 1981; McDonald et al., 1995; Edds-Walton, 

1997) in still unknown social contexts. The irregular sequences were characterized mainly by 

repetitive sequences of type B calls. The possible reason could be that the type B calls are 

emitted at lower frequency than the type A calls, allowing to disperse further away. There are 

some hypotheses to explain the utilisation of contact calls, for example the maintaining of the 

contact among mother and calf, or to reunite several individuals in a single area (Edds 1989; 

Stimpert et al., 2015). 

 

 

                                    Figure 29. Typical patterned sequences. 

 

The study of the daily distribution of songs revealed no specific pattern within the 24 hours.  

       A                     B       A       B     A    B      A    A                
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The short duration of some of the songs (e.g., 10 min) could be due to the characteristics of 

the area; the Eastern Sicily seems to represent a transit area to and from the Tyrrhenian Sea, 

in which the individuals do not remain for long time. Daily distribution is different in the 

Corso Liguro-Provençal Basin, where the detection rate at daytime was significantly higher 

than the detection rate at night-time (Pintore et al., 2021). Instead in the western North Atlantic 

Ocean (Massachusetts Bay and New York Bight) no significant difference in the number of 

daily 20 Hz note detections was found (Morano et al., 2012). These differences between the 

areas could be due to several factor: for example, the nictemeral migration of the main preys 

(Meganyctiphanes norvegica in Mediterranean Sea) (Pintore et al., 2021), the seasonal and 

geographical changing of the ICI in the songs that may influence the rate of emission or the 

abundance of individuals in a given area (Morano et al., 2012). 

 

The occurrences of type A vocalisations were about one and half times higher than the type 

B. The number of vocalisations in the entire year of recording for type A was 787 and for type 

B 535, while the calls classified as “unknown” were 928. These results can be due to the main 

structures of the patterned sequences found in the songs, indeed the most represented pattern 

in the all recordings was B-A-A-B, in which the final B is often shared with the next sequence, 

becoming the initial B, so the occurrence of the A is higher to B (an examples can be B-A-A-

B-A-A-B). In the patterned sequences the number of type A calls was higher, but each pattern 

began and ended with a type B call.  

The correlation between low frequency noise levels and the capability to detect calls was 

different as a function of selected percentiles and call types. Sciacca et al. (2015) found that 

the average background noise levels were generally higher in the whole dataset when fin 

whale calls were detected, compared to the silent times. However, in this study no significant 

correlation was found between the number of vocalisations detected and the diffuse noise 

levels (20th percentiles) in the same time windows. Hence, it is possible to affirm that the 

capability to detect vocalisations was not significantly related to the background noise levels. 

This points out that the higher number of calls classified as “unknown” was due to a poor 
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signal to noise ratio determined not by higher continuous noise levels but by other factors, 

such as the distance of the singing whale. Indeed, low frequency waves can travel for km with 

only a small loss of energy. So, despite the typical detection range of the songs recorded was 

of about 25 km, at certain depths and distances, the calls could have been recorded up to tens 

of km far from the NEMO-SN1 location (see detection range model by Sciacca et al., 2015 

in Figure 31). 

 

 

Figure 30. Detection range model of cabled deep-sea multidisciplinary observatory NEMO-SN1 

from (Sciacca et al., 2015). 

 

On the other hand, both the type A and type B calls showed significant positive correlation 

between the number of the calls detected and the 98th percentile of noise levels within the 

considered frequency band. In this case, we can observe that the vocalisations themselves 

caused an increase in the levels of the noise recorded. Differently, the number of unknown 

calls was not correlated to the variation in the 98th percentile of noise. This result was expected 

considering the lower energy of these signals. 

 

Concerning the study of the song frequencies, the results show differences in the PSD of the 

two types of calls. This difference between the two call types can be another discriminator to 

distinguish them, allowing to reduce the number of calls classified as “Unknown”.   
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In the patterned songs, Fp was stable for both types of call. The calls classified as “type A” 

show at about 21 Hz most of the energy of signal, instead the “type B” is centred around 19 

Hz. The more variable parameter was the –3dB bandwidth in B calls, due to interference by 

noise at the lower frequencies that compromise the shape of the signal, not allowing to 

establish the right limits of the band. Slightly different distributions were found in irregular 

songs, where type A calls had lower Fp, centred at 19.8 Hz, and type B had more variable Fp, 

between 19 Hz and 20 Hz, but the variability was greater. 

Irregular songs were characterized by higher noise levels than patterned songs and the -3dB 

bandwidth presented appreciable variability (in particular on the B calls), confirming the wide 

interference caused by the noise in the definition of the band. 

 

Both patterned songs and irregular sequences were found in different months, throughout the 

recording year (see Results Figure 23). Patterned songs were recorded in summer and spring 

months, while no clear song was recorded between September 2012 and February 2013. Still, 

in this study, the number of “unknown” sequences was very high (they were the most 

represented sequences), and the typical patterns were sporadically found in some of these, 

despite it was not possible to define a clear ICI distribution due to the high number of 

unknown calls. 
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Conclusion 

 

The definition of the patterns found between July 2012 and May 2013 in the Ionian Sea can 

be an important discriminator for the Mediterranean sub-population. Future studies should 

focus on finding a clearer definition of the differences between “patterned songs” and 

“irregular sequences”. In this way, by extending the analysed dataset it will be possible to 

reduce the uncertainties and to replicate this study in other areas of the Mediterranean Sea or 

on different fin whale populations. 

 

The discovery of these patterns will help in the identification of the main the migratory routes 

of the fin whale in the Mediterranean Sea. Indeed, the movements of the individuals through 

the basin and the movements across the Western and Eastern Mediterranean Sea are still 

largely unknown. The definition of potential differences in the songs recorded could improve 

knowledge on the movements and on the definition of key reproduction areas. 

 

Previous works on fin whale songs focused mainly on the characteristics of the vocalisation 

and the pauses between two vocalisations. Castellote et al. (2011) investigated the difference 

among the vocalisation, selecting as discriminator the central frequency, peak energy 

frequency, note bandwidth, note duration, and central time. The studies of Širović et al. (2017) 

focuses on the characterization of ICIs, classifying them as singlets, doublets and triplets as a 

function of their occurrences in the song. The approach used in this study combines the study 

of vocalisations to the ICIs, allowing to find particular “verses” or “phrases” attributable to 

Mediterranean fin whale songs.  

 

Despite their different functional and production contexts, a similar case of sounds produced 

by cetaceans that permits to distinguish acoustically two populations are the “codas” produced 

by the sperm whale (Physeter macrocephalus). Codas are repetitive and patterned “click” 

series with stereotyped emission times (Watkins et al., 1997) that seem to differ among 

populations similarly to a “dialect” (Rendell et al., 2003, 2016). The results obtained may 
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have similar value: a particular stereotyped sequence that permits to distinguish different 

populations.  

 

Cetaceans are a fundamental ring of the trophic chain, and they are essential to maintain the 

ecological and biological equilibrium of their marine habitats. Baleen whales are top 

predators, so they control from the top the concentration of the prey. Another important role 

is the fertilization of the sea with the release of the faeces and the mixing of nutrients with 

diving at high depths, allowing the phytoplanktonic bloom (Roman et al., 2014). It is widely 

known that whales increase the productivity in locations where they aggregate to feed and 

give birth (Roman et al., 2014).  

In general, cetaceans are useful indicator of the health status of marine environment. Among 

many other threats, anthropogenic noise pollution due to ship traffic or seismic surveys is 

considered a significant disturbing factor, that can compromise the conservation of this 

species. Hence, passive acoustic monitoring can be a significant tool to protect this species, 

contributing to promote good conservation and management practices for the species and for 

the areas of key importance for it. 
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Sale 

 
Trovo nelle tue braccia l'amore 

Di un atavico destino. 

Gelide le tue mani accolgono 

Tutto ciò che desidera essere. 

 

Indifferente è la tua legge, hai  

Riposto parte di te in ogni tuo 

Figlio che ti lascia. C'è chi ti conserva 

Solo nel corpo, altri anche nella mente.  

 

Tessi la trama di chi due diventa, 

E il suo filo rimane a te, 

Avaro ne tieni un estremo, 

Celato nel tuo forte e fresco respiro. 

 

Padre dei miei pensieri, hai bagnato il mio 

Cammino, mostrandomi  sempre la tua 

Imperturbabile solennità, di cui 

Solo gli occhi di chi scruta 

Oltre il tuo folto velo, ne può trovare 

L'amore che tanto anela. 
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Un mondo suddito a te, demiurgo 

che crea dalla distruzione, 

Uno scultore che mai finirà la sua  

Opera migliore. 

 

Guardo a te, nella calma di  

Un imbrunire, mani tiepide accarezzano  

Il mio viso, mentre sussurri ai mie 

Pensieri la fiaba della vita. 

E dai miei occhi ne esce il sale 

Che un giorno ci donasti. 
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