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When anxious, uneasy and bad 
thoughts come, I go to the sea, and 

the sea drowns them out with its 
great wide sounds, cleanses me with 

its noise, and imposes a rhythm upon 
everything in me that is bewildered 

and confused

Letters of Rainer Maria Rilke, 1892-1910
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INTRODUCTION

The Mediterranean is a small enclosed sea, comprising about 0.32% of volume of the world ocean 

(Defant, 1961). It extends from Atlantic Ocean to Asia and a submarine ridge creates two basins: the 

western part (until the Strait of Sicily) and the eastern part. It presents limited exchange with the 

two confining oceans (Atlantic, Indian). In particular two ways of connection exist: through the Strait 

of Gibraltar, which links the Mediterranean sea with the Atlantic Ocean, and through the artificial 

Suez Canal, that was opened in 1869 and hooks up the basin with the Indian Ocean. The entrance of 

cold and low salty waters from Atlantic drives the surface circulation among two basins. Thanks to 

straight parallelism with its dense water formation and thermohaline circulation, the Mediterranean 

sea has been considered as a model of the world ocean (Lacombe 1990).

The Mediterranean system is worldly recognized as unique value. It comprises a plurality of ecosystems, 

as rocky shores and nearshore coastal areas, coastal plains, sea grass meadows, coralliferous areas, 

that allow high degree of biological diversity. It was estimated that about 8500 macroscopic marine 

organism should exist in the Mediterranean Sea, harbouring between 4% and 18% of the world 

marine species (Bianchi & Morri 2000). Moreover the endemism are incredibly high, achieving more 

than one quarter of the Mediterranean biota (Tortonese 1985; Giaccone, 1999). A so high number 

of species could be explained considering the long evolutionary history of the Mediterranean sea. 

The salinity crisis at the Messinian Stage, acted as selective pressure, determining the extinction of 

the deep water fauna and the survival and speciation of the shallow-water biota during the Neogene 

(Bellan-Santini et al. 1992, Myers 1996; Stanley 1990). With the Pliocene opening of the Straits 

of Gibraltar, a colonization of Atlantic species happened. Nowadays, the Mediterranean biota is 

composed of endemic and neoendemic species, cosmopolite species, Atlantic species, Red Sea and 

Atlantics migrants (Bianchi and Morri 2000). The western basin in characterized by the typical 

Mediterranean fauna; instead, the Alborean Sea and the Levant sea exhibit a continuous migration of 

Atlantic and Red Sea species. The species migration from the Suez Canal is recognized as Lessepsian 

migration (Galil 1993), and it is so abundant that the south-eastern Mediterranean Sea has been 

elected as different biogeographic province (Por 1999). The coexistence of all these species can be 

found in the particular depth gradient and the latitudinal range, determining climatic conditions to 
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range from sub-tropical to temperate.

The Mediterranean Sea is important not only in an ecologic prospective but also socio-politically. 

Twenty one different countries were born and grew up here over time, with an uninterrupted 

exchange with this world. The human presence in Mediterranean regions begin with human history 

because the Mediterranean basin has acted and continues to act as indispensable source of sustenance, 

connection between culture and commercial traits. It determined a strong human footprint on 

Mediterranean ecosystem that caused also different forms of pollution and exploitation. These factors 

act all together as threat of Mediterranean biodiversity. The State of the Mediterranean Marine and 

Coastal Environment Report (2012) highlights the crucial points on which is important acting to 

reduce the impact on Mediterranean system. 

The major threats affected the landscape and seascape are recognized to be: 

• Degradation and fragmentation of the land- and seascapes; 

• Chemical contamination caused by urbanization, industry and agriculture (with the connected 

problems of eutrophization); 

• Increasing of marine litters; 

• Overexploitation of fish stocks, mostly on some species classified as endangered, vulnerable or 

near threatened, and the conseques in term of sea floor damages; 

• Increasing of invasive non indigenous species; 

• Increasing of marine noise that affects the healthy state and the survival of vertebrate and 

invertebrate life. 

This last point is starting to be recognized as one of the important element of the wellness of the 

marine ecosystems. It is indeed considered as a major 21st century pollutant, appearing in the United 

Nations Convention on the Law of the Sea (UNCLOS) both in European legislation like the Marine 

Strategy Framework Directive 56/2008 CE. The increasing of noise is a phenomenon that growing 

parallel to the marine industrial developing. Shipping traffic, has led to increased background sea of 
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1-2 dB every years from 1950 to 1970, causing noise levels to change on a large scale (Ross 2005, 

Hildebrand 2009). Even if the formation of marine reserves helps to contain the human impact on 

coastal habitats, the planning of these not take in account the dimension of noise propagation. Indeed, 

acoustic energy can propagate beyond the boundaries of most no-entry zones of marine protected 

areas, usually a few hundred meters.

The effects of noise pollution are clear not only at species scale but also at community scale. In 

fact in marine environment, the sound is crucial not only for intraspecific communication during 

territorial and reproductive activity (Lugli et al. 1995, Myrberg 1997, Amorim & Hawkins 2000, 

Aalbers & Drawbridge 2008, Radford et al. 2008, Buscaino et al. 2012, Papale et al. 2016), but also 

as source of information for habitat recognition, larval recruitment and orientation, predator-prey 

interactions (Tolimieri et al. 2000, Simpson 2005, Radford et al. 2007, Stanley et al. 2010, Simpson 

et al. 2011, Hughes et al. 2014). To answer to growing needs to understand what role of the sounds 

in an ecology community, a new discipline, the soundscape ecology, offers a flowing number of 

important contributes for environmental study (Radford et al. 2010, Pieretti & Farina 2013, Piercy 

et al. 2014, Farina et al. 2016). 

This is a new approach to consider not the single acoustic element that characterize an environment 

but the coexistence and the interconnection of all. 

The soundscape ecology has been presented for the first time in 2009, during the “Soundscape Ecology: 

Merging Bioacoustics and Landscapes” symposium (Farina 2014). This discipline is the result of 

epistemological contributions from different braches of knowledge, e.g. acoustic ecology, landscape 

ecology, bioacoustics, urban and environmental acoustics, behavioral ecology, and biosemiotic. The 

sound-scape term contains in a unique word the sense of sound and scape, putting together the visual 

and acoustic perception. This could be a paradox, but indicate the straight relation between landscape 

and the sounds characterizing this. In this way the sound assumes a geographical dimension (Farina 

2014). A strict connection between ecology and sounds exists (Farina 2014). On marine environment 

this discipline is growing during the last few years focusing the interests on sound propagation inside 

the environment (Joseph & Margolina 2014, Lillis et al. 2014) and on animal sound perception 
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and interpretation (Radford et al. 2007, Bohnenstiehl et al. 2016, Piercy et al. 2016). The sound in 

water, indeed, is transmitted far away with little attenuation and it was demonstrated to be a cue 

element for larvae orientation in reef habitat (Rogers & Cox 1988, Tolimieri et al. 2000, Simpson 

2005). The soundscape of reef is characterized by sounds of biological origin, that makes it very noisy 

(Tait 1962, Cato 1980). Rocky and coral reefs are indeed characterized by snapping shrimps, fish 

and urchins choruses, that present strong circadian and seasonal pattern of activity (Myrberg et al. 

1986, Lobel 1992, McCauley 2012). The soundscape studies are increasing every year also thanks 

to the availability of autonomous sound recorders, relatively cheaper that in the recent past (Farina 

et al. 2014). As consequence the amount of data collected needs on new approach and methods to 

be managed and interpreted. In order to carry on automatics measurements new computational 

algorithms were developed in terrestrial environment and successively applied on marine data. These 

metrics are based on the acoustic energy of the recordings and his variation along time and frequency 

steps and have been demonstrated to be good indicators of the biological component of a soundscape 

(Harris et al. 2016, Bertucci et al. 2016).

The soundscape of Mediterranean Sea is never been investigated trough this new approach and this 

thesis aims to contribute to fill this gap of knowledge. 

In the first chapter, the importance of the soundscape ecology in Mediterranean regions, terrestrial 

and marine, has been described. In the second chapter, the soundscape of a Mediterranean shallow 

water area is rolled out. Here, the marine protected area of Lampedusa Island is considered as 

exemplifying model to describe the temporal pattern of the soundscape with little influence of the 

human activity. Moreover, the application of the complexity acoustic index on Mediterranean shallow 

water recordings is tested for the first time. In the third chapter, the adaptation of the acoustic 

complexity index to marine Mediterranean data is took on, and the problematic on his application 

is discussed. In the fourth chapter a successively step on analysis is carried out. The soundscape 

analysis is used to describe and compare two different habitats of the Mediterranean shallow water 

system. Finally a new approach to analyze the noise in a shallow water environment is discussed. The 

propagation of particle velocity generated by pile driving in an enclosed and shallow environment is 
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described and its relation with the sound pressure propagation is presented. 

Following a brief description of the content of each chapter is done:

In Chapter one a description of the peculiarity of the Mediterranean region has been carried 

out and the need to use the sound to provide information about the state of ecosystems 

is analyzed . On the first part, I and the coauthors described the soundscape as important 

component of the landscape, and the presence of specific tools for investigating the complexity 

of the environment. On the second part, we unlighted as the soundscape ecology becomes 

particularly essential in the Mediterranean region, where land and sea transformation occurs 

at a very rapid rate. The soundscape analysis may represent an efficient tool with which to 

track transformations in the community balance and to indicate the most acoustically complex 

parts (bioacoustic hotspots) of the land mosaic, preventing environmental degradation and 

driving for protection and restoration actions. Conserving the quality of Mediterranean 

sounds means preserving the natural dynamics of its animal populations and also involves 

maintaining the cultural heritage, human identity, and the spiritual values of the area.

In Chapter two, the seasonal and circadian soundscape trends of a marine protected area (MPA) in 

the Mediterranean Sea have been studied for one year using an autonomous acoustic recorder. 

The main aims were to a) investigate the seasonal and circadian patterns of octave band sound 

pressure levels (BPLs), b) identify the principal biological, physical and anthropogenic sound 

sources c) test the acoustic complexity index (Pieretti et al. 2011) (ACI) as an automated 

metric to describe the biotic contribution to the soundscape, and d) quantify the percentage 

of time in which fish choruses are masked by vessel passage noise. We found that frequencies 

less than 1 kHz are dominated by noise generated by waves and are louder during the winter; 

conversely, higher frequencies (4-96 kHz) are dominated by snapping shrimps, which increase 

their acoustic activity at night during the summer. Fish choruses characterize the soundscape 

below 2kHz at sunset during the summer. Because there are on average 13 vessel passages per 

hour, the noise interferes with fish choruses on 46% of the time. On the basis of the high seasonal 

variability of the soundscape components, this study proposes a one-year acoustic monitoring 
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protocol using the soundscape methodology approach and discusses the concept of MPAsize.

In Chapter three, the efficiency of the Acoustic Complexity Index as proxy of different marine 

biological signals during various geo- anthropophony conditions is tested using different 

temporal resolutions. The results found in this chapter showed that the Acoustic Complexity 

Index could be a good proxy for marine acoustic signals, but its capacity to discriminate 

different signals depends to the temporal resolution used. Short impulsive signals need an 

higher temporal resolution than tonal sounds. The geophonies could interfere with the index 

values but not so strongly as the presence of biological sounds. The presence of boats doesn’t 

influence the index values, considering different temporal resolutions.

In Chapter four, I and the coauthors characterized and compared the soundscape of two distinct 

Mediterranean shallow water habitats, the sandy bottom and the Posidonia oceanica meadow 

patches. Soundscapes are strongly affected by physical structure and biological characters of 

the environment, making it identifiable from the others. Structurally complex habitats provide 

a higher number of potential niches (e.g. shelters, food resources, etc..). We demonstrated 

that the two habitats can be distinguished by using Power Spectral Density (PSD) and Acoustic 

Complexity Index (ACI) as well. The soundscape of the two habitats resulted different. Five 

biological signals, belonging to fishes and crustaceans species were identified and described 

in their acoustic properties and spatial and temporal patterns. By using ACI and PSD, the 

highest differences between habitat soundscapes were found from 500 to 24000 Hz; within 

this frequency interval, the greatest values were recorded in the Posidonia habitat due to the 

acoustic activity of shrimps and fishes. The sandy habitat showed higher values of acoustic energy 

and lower values of ACI in the low frequency (< 500 Hz). We showed that the geophysics 

component determines different effects on the habitat soundscapes. Furthermore, a different 

acoustic impact from the anthropogenic pressure was revealed. Our results demonstrated 

the possibility to discriminate habitats through the sound information and unroll the acoustic 

complexity of marine habitats of the Mediterranean Sea through using these metrics. 

In Chapter five, in collaboration with HR Wallingford and University of Exeter, we studied 
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sound pressure and particle motion generated by experimental pile driving in a confined 

industrial-sized shipbuilding dock. Underwater sound is indeed characterized by two different 

components, directional particle motion and scalar pressure waves. Noise data were collected 

using a hydrophone, for pressure measures, and a 3-axis accelerometer, for particle motion 

measuring, along 27 equally spaced locations. The results show that the relationship between 

the two components is approximately linear, as theory suggests, but the recorded values of 

particle velocity are generally larger than expected, particularly for the z-axis velocity which 

is shown to have a magnitude of 1 to 10 times (average 3.5) higher than of the theoretical 

velocity for a plane wave at the same sound pressure. Moreover, sound pressure and particle 

motion showed a different frequency distribution. For sound pressure, a shallow water cut-off 

frequency below approximately 400 Hz was observed in the power spectrum, which was not 

observed for particle velocity. This could be due to ground roll waves, but also wind induced 

waves and vibration on the cable could cause an increase in the low frequency vertical velocities. 

The work presented on chapter one, two and five have been published in peer reviewed journals 

(Farina et al. 2014; Buscaino et al. 2016; Ceraulo et al. 2016). The work in chapter 4 is ready to be 

submitted on Marine Ecology Progress Series Journal.

At the end of the thesis, other works published during this PhD period have been attached. Even 

if the subjects of these papers are not straightly connected to the principal topic of this proposal, 

they have contributed to improve the knowledge about the bioacoustics behavior of Mediterranean 

species, and the effects of noise in their stress response. 
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Chapter 1

INTRODUCTION

According to the European Landscape Convention (Council of Europe, 2000), the Mediterranean 

region and its cultural landscapes represent an important recreational, aesthetic and spiritual resource 

that must be preserved from the risk of degradation in the present time. 

In the distant past, the Mediterranean region was mainly managed by pastoralism and agriculture 

practices, which lasted for thousands of years (Grove & Rackham, 2003) generating a complex 

system in which plants, animals, humans and crops have been coevoluted generating landscapes rich 

of ecological interactions (Naveh & Carmel, 2003).

However, there have been dramatic changes to landscape structure and functioning over the last few 

decades caused by urban sprawl (Munoz, 2003; Catalan et al., 2008), expansion of transportation 

infrastructure and airplane transits, uncontrolled hazardous waste disposal, the degradation of coastal 

systems by tourist settlements and harbors (e.g. Salvati & Zitti, 2008; Hepcan et al., 2013), and the 

significant reduction of the fish stock (e.g. LLeonart & Maynou, 2003). Moreover, economic and 

social changes over the last 50 years have produced diffuse land abandonment in some parts of the 

Mediterranean, especially along mountainous areas (e.g. Vos & Stortelder, 1992) causing increased 

soil erosion (Koulouri & Giorgua, 2007; Pardini et al., 2003) and changes to the fire regime (Naveh, 

1975; Brotons et al., 2013). 

In normal planning practice, landscape quality is assessed after several concurrent geographical, 

ecological, and aesthetic factors have been surveyed and taken under analysis (Naveh & Lieberman, 

1984; Forman & Godron, 1986). Among the different descriptors of the landscape characters (e.g. 

the presence of scenic views, historical landmarks, distribution of natural vegetation, the structure 

of rural spaces, patch mosaics), the sonic environment or soundscape has, until recently, often been 

neglected or only marginally considered. The sounds produced in the environment by geophysical 

(geophonies), biological (biophonies) and anthropogenic (technophonies) processes have been 

found to be an important indicator of the quality of a system (Schafer, 1977). By not using the sonic 

approach, primary information on the functioning of environments is ignored or underestimated, 

thus risking the loss of data that are critical for conservation purposes (Farina & Pieretti, 2012). 
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Recent developments in soundscape analysis have demonstrated the existence of a strict connection 

between ecology and sounds (Farina, 2014); the investigation of the acoustic patterns may represent 

a unique methodology for assessing the complexity of ecosystems (Matsinos et al., 2008; Servick, 

2014). 

The principles guiding soundscape ecology are the result of the contribution of different concurrent 

disciplines, specifically landscape ecology, bioacoustics, psychoacoustics, and acoustic ecology 

(Pijanowski et al., 2011). The primary goals of this discipline are to 1) Develop a deeper comprehension 

of the natural dynamics of ecosystems, 2) Preserve sounds as a natural and cultural resource, 3) 

Investigate long-term sound dynamics with respect to climate and other human-mediated alterations, 

and 4) Evaluate the capability of acoustic diversity to be used as a proxy for biodiversity (Sueur et 

al., 2008).

Acoustic diversity has been considered to be a good proxy for overall vocal animal richness (Depraetere 

et al., 2012). In fact, recent research has demonstrated that when more species are present within 

a community, there is an increase in diversity of signals across the spectrum of frequencies. Birds, 

mammals, amphibians, fish, and arthropods all produce sounds, especially during the breeding period 

(Bradbury et al., 1998), to communicate, attract mates, establish and defend their territory, send out 

alarms to predators, and to socialize. Consequently, analyzing these proxies via the use of specific 

indices could help to map hotspots of functional biodiversity (Pekin et al., 2012). In particular due 

to the great heterogeneity of Mediterranean landscapes (mainly due to human-induced alteration), 

there is a soundscape with a fine spatial and temporal resolution, and a result of this parallel behavior 

of sounds to landscape structure, soundscape indices (such as acoustic complexity or diversity) will 

be important indicators for ecosystem dynamics across human-dominated, complex landscapes. 

In recent times, everywhere across the Mediterranean, the sounds of the natural environment and 

agricultural lands have increasingly been overlapped, masked and degraded by sounds produced by 

industrial machinery, vehicles on transportation infrastructures, and the sounds that emerge from 

the ‘metabolism’ of urban areas. Nowadays, ‘acoustic pollution’ represents a major element of land 

degradation, and is often one of the major causes of ecosystem malfunctioning that is perceived as a 
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threat to a region like the Mediterranean regarded as a hot spot for biodiversity (Myers et al., 2000; 

Blondel et al., 2010). 

Sounds are also fundamental components of freshwater and marine systems (Trenkel et al., 2011; Yan 

et al., 2010). Water is an excellent medium for sound transmission because it travels about five times 

faster in water than in air (about 1500 vs. 300m/s) and attenuates less over the same distances in 

water than in air. As a consequence, sound travels greater distances with higher amplitudes in water 

as compared to air, thereby enabling long-distance communication, which may also have greater 

impacts on aquatic animals. Aquatic system degradation arises from environmental problems that are 

similar to or worse than those facing terrestrial landscapes (e.g. Codarin et al., 2009; Slabbekoorn 

et al., 2010). Indeed, the ecosystem balance of coastal waters along the Mediterranean Sea is 

also severely threatened by human-produced sounds coming from tourist boats, merchant vessels 

(the Mediterranean Sea is one of the most densely trafficked sea in the world), fishing activities 

(Frisk, 2012), and sounds of various types of underwater measurement involving both low and high 

frequencies (Slabbekoorn et al., 2010). Accordingly, the conservation of Mediterranean ecosystems 

means passing through the interaction between terrestrial and aquatic (freshwater and marine) 

soundscapes. 

The aims of this paper should be viewed within this context, and involve illustrating the great 

potential of the soundscape approach when it comes to investigating Mediterranean environmental 

complexity and producing guidelines for the more efficient protection of the ecological and cultural 

processes that are relevant to the ethical and sustainable use of resources. Principles, methodologies 

and potential applications of soundscape ecology to the conservation of the Mediterranean landscapes 

are presented and discussed here.

PRINCIPLES OF SOUNDSCAPE ECOLOGY

The three components of the soundscape

According to Krause (1987), the soundscape is the result of three major sources of sound: geophonies, 

biophonies and anthropophonies or technophonies. Geophonies are produced by natural agents like 

wind, rain, water flow, or volcanoes. Biophonies, meanwhile, are represented by organismic calls, 
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alarms and songs produced by specific organs, such as the syrinx in birds, vocal folds in terrestrial 

mammals, and stridulation organs in insects (f.i the ‘scraper’ or plectrum and the ‘file’ or stridulitrum). 

Technophonies are the result of human-made sounds generated from cars, trains, vessels, airplanes, 

and various other industrial and domestic devices. 

These three different sources of sound blend together in different percentages according to the 

environmental features; for instance, in urban areas, technophonies are dominant, while in remote 

forests, biophonies are the major component of a soundscape. The proportion of technophonies 

present within the soundscape also determines its quality. For instance, a high-fidelity (Hi-Fi) sonic 

environment is characterized by the ability of a listener to easily distinguish various sounds from one 

another (a quiet location without covering noises), where as a low-fidelity (Lo-Fi) sonic environment 

has a level of noise that impedes the capacity for listeners to distinguish between various sounds 

comprising the soundscape (e.g. in an overcrowded room, a railway station, or close to an airport) 

(Truax, 1999).

The combination of geophonies, biophonies and technophonies creates a sonic environment that is 

heterogeneous in space and time, which we define here as a ‘sonotope’ (Farina, 2014; p. 17). This 

repartition in time and space is further distinguished into sub-components termed ‘soundtopes’, 

which are defined as voluntarily organized (coordinated) assemblages of vocalizing animals (Farina, 

2014; p. 17). This sonic aggregation is mainly driven by behavioral processes that occur at the intra- 

and inter-specific levels, and largely depends on community diversity and local species abundance. 

The soundtope changes according to the season and the weather conditions, as recently described by 

Farina & Pieretti (2013) who used an array of microphones positioned in a Mediterranean maquis. 

When different soundtopes meet, as in the case of a heterogeneous landscape, we expect a tension 

zone that could be defined as an acoustic ecotone where information is exchanged between the 

two or more adjacent soundtopes. According to Farina (2014, p. 20), these special areas are called 

‘sonotones’ and strongly match the acoustic complexity of a landscape.



28

Chapter 1

The soundscape approach for the assessment and conservation of Mediterranean landscapes:
Principles and Case Studies

The soundscape as a resource

Soundscape studies are recognized today as an important natural resource (Farina 2011) for animals 

as well as people (Carles et al., 1999; Dumyahn & Pijanowski, 2011); albeit recently neglected or 

considered to be a marginal attribute in both landscapes and seascapes. The soundscape particularly 

needs to be protected in national parks and reserves (Iglesias Mercahn et al., 2014); however, sound 

consciousness has been rising, including among citizens, who share a growing concern about the 

preservation of the high quality soundscapes of their living space. The reduction of acoustic annoyances 

is thus an important goal in urban planning (Jeon et al., 2010).The importance of the soundscape is 

emphasized by the recent Careggi declaration by UNISCAPE (the Network of Universities especially 

dedicated to the implementation of the European Landscape Convention, http://www. uniscape.eu) 

on their protection that underlines the need to incorporate a sound quality assessment when seeking 

to influence relevant stakeholders’ decisions. Moreover, the European Marine Strategy Framework 

Directive (adopted in June 2008) aims to achieve a good environmental status with respect to the 

EU’s marine waters by 2020, and includes underwater marine noise as an impact factor. 

 The sounds of nature can have an important role in the evaluation of the quality of a place. Sounds 

may represent a spiritual resource and in several cases are valued as a tourist attraction (O’Connor, 

2008). When unwanted, sound is considered to be a noise and, if its intensity is too high or its duration 

too long, this can create health problems in humans (Kawada, 2011) but also physiological stress in 

wild animals (Creel et al., 2002). The soundscape acts as an informative environment for animals 

(Brumm & Slabbekoorn, 2005), as well as also being necessary for maintaining a communication flux 

between individuals and groups (Laiolo, 2010) where a great deal of time and energy is expended 

performing single songs or collective choruses (Burt & Vehrencamp, 2005).

The relationship between landscape and soundscape

The soundscape and landscape are strictly related and, although apparently linked by the transmission 

of sound across the environment, these two ‘objects’ are not expected to be coincident in space 

(Truax & Barrett, 2011). Three theoretical models are proposed by Farina (2014, p. 21) to explain 

the relationship between landscapes and soundscapes. The first model assumes an exact coincidence 
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between the sonotopes and the land mosaic edges, while the second foresees that the edges of the 

sonotopes are not coincident with the edges of the land mosaic. Finally, on the basis of the third 

model, the sonotopes are finer grained than the land mosaic. This last model is particularly interesting 

for ecologists since, if demonstrated to be accurate, will assign to the soundscape the role of indicator 

of landscape heterogeneity. In fact, it has been well-documented that sounds are sensitive to several 

physical features such as temperature, humidity, vegetation cover, typology, and distance from noise 

sources (see, for instance, Morton, 1975).

Recent developments in digital technology enable the easy transfer of sounds from diverse sources. 

Digital recorders and high quality microphones are available today at a moderate cost. In particular, a 

new generation of low cost digital recorders (LCR; Farina et al., 2014) represents a new frontier of 

sound monitoring. In the near future, recording devices costing less than 100 USD will compete with 

more expensive devices (600-900 USD), enabling there to be more concurrent sampling points for a 

very low financial investment that can fit into any budget. Digital memory cards can efficiently store 

high density information (8, 16, 32 and 128GB or more). Moreover, the possibility that recorders 

will be programmable in terms of both time (setting prefixed times at which the device starts and 

stops recording) and frequency (high-pass and low-pass pre-filters of sound), coupled with the option 

to process data in real-time with remote downloads (via Wi-Fi), opens the way to a very efficient 

system to collect acoustic information without consuming much power (Lattanzi & Bogliolo, 2012).

The opportunity to sample at a large scale resolution and repeatedly overtime inevitably produces 

massive amounts of data that needs to be acoustically verified before a numerical processing. To avoid 

time-consuming analyses, new methods to transform the acoustic information into numerical values 

and clarify the data are needed. The entropy index, based on the Shannon algorithm (Sueur et al., 

2008), represents a good metric to assess acoustic diversity and has been interpreted as a proxy for 

estimating biodiversity. The Acoustic Complexity Index (Farina & Morri, 2008; Pieretti et al., 2011) 

is another metric that is commonly used to describe the complexity of a soundscape by calculating the 

differences in amplitudes recorded in selected frequency bands. The amount of information provided 

by these quick and immediate algorithms has shown to be good indicators of acoustic diversity and, 
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consequently, a proxy for species richness. 

The efficient handling of acoustic files by dedicated software (such as the Soundscape Meter; 

Farina et al., 2012) enables unwanted frequencies to be excluded, the noise of the environment 

to be filtered, and a sound file to be investigated at different temporal and frequency resolutions. 

Other software (such as ARBIMON) can learn to automatically recognize certain species calls or 

songs, even among intense choruses (Aide et al., 2013). New procedures and algorithms are in the 

process of being produced to enable the acoustic complexity of an environment to be understood 

in detail. For instance, a numeric process that enables users to select different thresholds of acoustic 

amplitude has recently been developed in order to distinguish sounds emitted from a distance (far-

field) versus closer to microphones (fore-field). More precisely, the fore-field is distinguished by a 

high level of acoustic amplitude, meaning that vocalizing individuals are very close to the recording 

microphone/hydrophone. On other hand, the far-field, which is characterized by low acoustic 

amplitudes, is generated by vocalizing individuals positioned far away from the microphones. When 

an array of microphones is used, it is possible to assess the distribution of individual species across 

an area and, in this way, calculate the beta diversity (Whittaker, 1960) of sound among different 

sites. This methodological approach is important, especially in the Mediterranean landscapes where 

environmental heterogeneity prevents the estimation of diversity by using only vegetation criterion.

THE APPLICATION OF SOUNDSCAPE ECOLOGY TO PROTECT 
THE MEDITERRANEAN LANDSCAPE AND SEASCAPE

It is well known from the literature that a degraded landscape usually has a very poor soundscape, 

while, an intact landscape often presents a richer soundscape. Based on this assumption, the 

application of soundscape analysis to the Mediterranean landscape seems to be extremely promising 

for conservation purposes. In particular, the evaluation of the complexity of a landscape can be easily 

achieved using passive recording devices that are capable of collecting information on the complexity 

of the soundscape. The comparison between sound characteristics and the vegetation structure can 

be used to evaluate the level of connectivity in a patchy mosaic, or the influence of vegetation on the 

soundscape. For instance, in a Mediterranean maqui of northern Italy along the Tyrrhenian coast, 
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Farina & Pieretti (2013) found that the distributions of certain types of vegetation cover (Erica 

arborea) are associated with a higher value of acoustic complexity. 

Particularly in the Mediterranean region, where land transformation occurs at a very rapid rate, 

soundscape analysis may represent an efficient tool with which to:1) track transformations in the 

community balance, 2) indicate the most acoustically complex parts (bioacoustic hotspots) of the 

land mosaic, 3) prevent environmental degradation, and 4) decide whether protection or restoration 

actions are most appropriate. New generations of low cost recorders will increase the opportunity 

to collect acoustic information over large areas, and will also offer additional possibilities to process 

acoustic files in real-time; thus, enabling the investigation of larger regions with arrays of acoustic 

data loggers (LCR). Moreover, the quality of a soundscape can be assessed in large regions to obtain 

more general indications for future development (Mazaris et al., 2009; Papadimitriou et al., 2009). 

In the Mediterranean region, the terrestrial soundscape constitutes only one part of the story; marine 

systems offer a great collection of seascapes at every depth, which are associated with an idiosyncratic 

soundscape, suggested by recent investigations along the Adriatic coasts and in the Sicily Channel. 

Acoustic complexity of underwater ecosystems in the Mediterranean is poorly understood (Buscaino 

et al., in prep); however, a recent study concerning the Atlantic Ocean noted that different ecosystems 

produce different soundscapes (McWilliam & Hawkins, 2013). Particularly in marine environments, 

where visual and chemical cues disappear quickly, the acoustic exploration of marine systems either 

close to the coast, where the posidonia kelps (Posidonia oceanica (L.) Delile) rises, or in the deep 

waters where dolphins and other cetaceans produce a great variety of sounds, seems to provide 

relevant information that is fundamental for conservation. 

Because sounds travel faster in water than in air, sounds may be used more by marine animals than 

terrestrial species for communication, mating, orientation (Simpson et al., 2005), and seeking 

appropriate habitats. Historically, most conservation work has focused on terrestrial systems (Myers 

et al., 2000), but in recent decades, it has seemed increasingly evident that conservation efforts were 

also urgently needed for the marine environment (Myers et al., 1997; Casey & Myers, 1998; UE 

Marine Strategy). Lately, marine systems have been ever more affected by human activities (over-
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exploitation, eutrophication, pollution, and invasive species introductions (Burrows et al., 2011; 

Halpern et al., 2008; Hoegh-Guldberg & Bruno, 2010). These stressors produced documented 

changes in species composition and richness (Beaugrand et al., 2010; Byrnes et al., 2007; Dulvy et 

al., 2003; Hawkins et al., 2009; Sax & Gaines, 2003). To minimize the consequences of such major 

human intrusion, a great deal of effort has been made to establish marine reserves (Boersma & 

Parrish, 1999; Mangel, 2000) that are selected according to specific criteria necessary for species 

survival, which include: food, mating potential, refuge availability, the chemical characteristics of the 

water, and unaltered remnant habitats, etc. 

About 1000 marine protected areas (MPAs) have been established in the Mediterranean Sea (Garcia-

Charton et al., 2008; Guidetti et al., 2008). However, these MPAs cover only 0.4% of this sea 

(Abdulla et al., 2009), meaning that further work has been urgently demanded by the Strategic Plan 

for Biodiversity (Perrings et al., 2010) to achieve the goal of protecting a minimum of 10% of coastal 

and marine areas by 2020. David Mouillot et al. (2011) have argued that, despite its relatively small 

size, the Mediterranean MPA system is spatially congruent with hot spots of taxonomic fish diversity, 

although this system completely misses verified hot spots of functional diversity. This lacuna largely 

comes from gaps in detailed and spatially explicit regional-scale data sets (Rodrigues et al., 2004). 

One of most powerful tools for monitoring dynamic oceanographic features and potential biological 

hot spots over a wide range of spatial and temporal scales is the analysis of the marine dynamics by 

using satellite images (e.g. Mumby & Harborne, 1999; Palacios et al., 2006; Zainuddin et al., 2006). 

Nevertheless, satellite data have several limitations (Palacios et al., 2006), such as the opportunity 

to only scan an area with discernible physical characteristics (eddies, meanders, fronts), impeding 

the tracking of biological dynamics operating in deep waters. A second limitation is the inability to 

directly observe biological processes, while weather conditions also limit the ability to acquire a 

number of relevant parameters, such as sea surface temperatures and phytoplankton chlorophyll-16 

concentration. 

Soundscape analysis offers an efficient and complementary, alternative approach to these remote 

sensing methods. Sound travels fast through water (Urick, 1983) and is capable of conveying 
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significant information over long distances. Many marine organisms make sounds: marine mammals 

(Erbe, 2012; Richardson et al., 1995; Southall et al., 2007; Tyack & Clark, 2000), fish (Bass &Ladic, 

2008; Popper et al., 2003; Hawinks & Myrberg, 1983; Myrberg, 1978, 1980; Tavolga, 1971) and 

invertebrates (Buscaino et al., 2011; Popper et al., 2001). These organisms reveal their presence 

and behavioral dynamics through acoustic signals that can be easily detected, recorded, saved, and 

analysed.

CONCLUSIONS AND RECOMMENDATIONS

Today, the emergent discipline of soundscape ecology offers efficient tools to optimize the 

protection of the Mediterranean landscape, attracting scientists from multifaceted disciplines, 

cultural backgrounds, and with different philosophical visions. The soundscape approach allows 

the advantageous exchange of knowledge and the integration of a separate chapter of information 

by establishing bridges of knowledge and experience. This leads to the enhancement of emergent 

properties from landscapes and seascapes, which would alternatively be at risk of passing unnoticed. 

The opportunity to evaluate the acoustic processes of natural and anthropogenic sources opens up 

a grand vista to the complex environmental scenario across the Mediterranean basin. The cultural, 

historical, political and economic heterogeneity of this region can also be efficiently described and 

tracked over the years using soundscape analysis. 

Acoustic communication is a fundamental component for both animals and humans. The recent 

challenge posed by forthcoming and, in some measure, actual climate change can be observed 

and analyzed through a passive listening methodology, which is constantly improving in terms of 

technology advancement and accessibility for several categories of users. Thanks to new advances 

in recording equipment and the opportunity to opt for low cost instruments, the passive recording 

of the voice from nature is a remarkable tool for gaining knowledge on animal and human societies. 

It is also an affordable guide to conservation planning and management. This is particularly true in 

the Mediterranean region, where the complexity of natural systems coupled with the extraordinary 

local identity of people represents a unique scenario. From this perspective, teaching people to listen 

to the soundscape becomes a priority at every level of the education system, and the improvement of 
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ear-based perspectives (sensu Schafer, 1977) is a useful and democratic exercise.
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INTRODUCTION

Soundscape analysis is an emerging field of ecological research (Pijanowski et al. 2011) that contributes 

information about biological compositions and environmental conditions. In marine ecosystems, 

studies have underlined the importance of the acoustic environment to provide information about 

the quality and types of species habitats (Simpson 2005, Radford et al. 2011, Stanley et al. 2012, 

McWilliam & Hawkins 2013). 

The acoustic environment of a given habitat, or “soundscape”, includes the sounds produced by biotic, 

abiotic and anthropogenic activity (Farina 2014). These three components, defined as biophony, 

geophony and anthropophony, interact with each other and determine the peculiar and distinct 

underwater sound signatures (Radford et al. 2010, Huijbers et al. 2012, McWilliam & Hawkins 

2013), which show a recognizable temporal pattern on daily and seasonal time scales (Staaterman et 

al. 2013, Farina 2014). 

In marine shallow waters, biophonies are produced by fish, invertebrates and marine mammals. 

Marine animals emit sounds mainly for communication, and environmental recognition. In some 

cases, animals generate sounds involuntary during other activities (e.g., during swimming, grazing or 

shell movement). All these sounds contribute to the biophonic component of a particular soundscape 

(Knowlton & Moulton 1963, Di Iorio et al. 2012, Haxel et al. 2013).

Vocal fishes produce impulsive or frequency-modulated sounds at low frequencies and low 

amplitudes, with differences in the duration and number of pulse trains for each species (Amorim 

2006). Invertebrates, such as shrimp, lobsters and bivalves, emit voluntary or involuntary impulsive 

and cracking broadband signals (Au & Banks 1998, Buscaino et al. 2011, Di Iorio et al. 2012). In 

coral reefs, snapping shrimp produce the dominant acoustic energy and exhibit clear daily acoustic 

trends (Bohnenstiehl et al. 2016). These benthic-dwelling shrimp produce wide band pulses from 

3 to 100 kHz, with an irregular pulse repetition rate (Au & Banks 1998), which results from the 

rapid closing of their enlarged claws and the consequent collapsing cavitation bubble (Versluis et 

al. 2000). Marine mammals in Mediterranean coastal habitats, such as bottlenose dolphins, use two 

types of sound: broadband impulsive signals (clicks/burst), ranging from a few kHz up to 120 kHz 
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(Buscaino et al. 2015), and modulated narrowband whistles (Azzolin et al. 2014, Papale et al. 2014). 

Biological sources included in a characteristic soundscape can be either transient (Lammers et al. 

2008, Simon et al. 2010), show seasonal patterns (Haxel et al. 2013) or be resident (Lammers et al. 

2008). Moreover, the occurrence of acoustic signals can be related to different ecological processes, 

such as reproduction, agonistic and territorial displays, detection of predators, searching and foraging 

for prey, orientation and navigation, and group cohesion (Montgomery et al. 2006, Slabbekoorn & 

Bouton 2008, Buscaino et al. 2011, Farina 2014, van Oosterom et al. 2016). 

The abiotic sounds in coastal areas are determined by winds and waves, including breaking surface 

waves (Haxel et al. 2013), rainfall (Prosperetti & Oguz 1993) and waves beating against cliffs. The 

wind contribution dominates from a few Hz to 30 kHz, and surface waves cause mostly infrasonic 

noise at frequencies from 10 to 100 Hz (Haxel et al. 2013). The two sources are related, although 

surf noise, which is defined as wave noise localized near the land-sea surface, is prominent, even in 

calm wind conditions. Rainfall also produces energy peaks from 15-20 kHz (Nystuen 1986), while 

thunder and lightning generate sounds at lower frequencies, which contribute to background noise 

even if the storm is distant (Cotter 2008).

Anthropogenic noise in coastal areas is mainly due to vessel traffic (Picciulin et al. 2010), particularly 

at low frequencies (< 1 kHz) (Slabbekoorn & Bouton 2008, Hildebrand 2009, Richardson et 

al. 2013). Vessel traffic noise is primarily due to the cavitation and rotation of boat propellers 

(Hildebrand 2009), as well as the operation of winches and other shipboard equipment (Ross 2005). 

As a consequence, boat disturbances change in relation to the type and size of vessel and its speed 

(Radford et al. 2010, Huijbers et al. 2012, Richardson et al. 2013, Ross 2013, McWilliam & Hawkins 

2013). The increase in background noise over the past 50 years has been attributed to the growth of 

anthropogenic activities, particularly shipping traffic (Ross 2005, Hildebrand 2009). Many studies 

have demonstrated the effects of noise pollution on the communication, behaviour and physiological 

state of fish, marine mammals and crustaceans (Buscaino et al. 2010, Slabbekoorn et al. 2010, Celi 

et al. 2015). Shipping traffic noise can interfere with an animal’s ability to perceive a sound, which is 

defined as a masking effect. Masking can be complete, if the signal is not detected at all, or partial, if 
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the signal is detectable by the listener but the content is difficult to understand (Clark et al. 2009). 

Noise at the same frequency as that of biological sounds can produce different reactions in animal 

vocalizations, such as raising the intensity (Parks et al. 2011) or changing the frequency of the 

vocalization (Park et al. 2007). Furthermore, in a receiver animal, masking might alter many vital 

functions, such as echolocation and the detection distance of a predator or conspecific (Clark et al. 

2009). 

The Mediterranean Sea is affected by heavy traffic, and the Sicilian Channel is the principal path 

between the Eastern and Western basins. The Mediterranean Sea has high biodiversity, and its shallow 

waters, despite having a higher density of human activity (coastal artisanal fishery, recreational and 

tourist activities and ship traffic close to harbours), represent a crucial environment for the adults, 

juveniles and larvae of many marine organisms (Biagi et al. 1998). Although the formation of marine 

reserves helps to preserve some habitats (or a small portion of a habitat), high levels of noise pollution 

cannot be avoided. Indeed, acoustic energy can propagate beyond the boundaries of most no-entry 

zones of marine protected areas (MPAs), usually a few hundred metres. Mediterranean MPAs have 

been established to prevent their biodiversity from being deteriorated by human activities (above all 

fishing). Five key features contribute to the effectiveness of MPAs: no take, well enforced, old (>10 

years), large (>100 km2), and isolated from deep water or sand (Edgar et al. 2014). Increasing the 

size of no-take zone increases the density of commercial fish within the reserve compared to out side 

(Claudet et al. 2008). 

The MPA “Pelagie Islands” is located in the Strait of Sicily (see Fig. 1), which divides the Eastern and 

Western Mediterranean basins and divides Africa from Europe. The Sicilian Channel is considered an 

area of high biogeographical (Bianchi 2007) and hydrodynamic importance (Béranger et al. 2004), 

and it can be regarded as a privileged observatory for biodiversity monitoring (Azzurro et al. 2013). 

The Pelagie Islands are an asset for the biodiversity of the Mediterranean. In their coastal waters, 

vulnerable (fin whale, bottlenose dolphin), endangered (common dolphin), and near-threatened 

species (brown meagre, Sciaena umbra) (IUCN Global Species Programme Red List Unit) live and/

or migrate. Some authors (Azzurro et al. 2013) have characterized the littoral fish assemblage of 
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Lampedusa (the biggest island of the Pelagie Archipelago) to create a reference against which changes 

in the Mediterranean rocky-reef fish assemblage can be assessed in the future. In Lampedusa (Fig. 

1), 23 families and 61 taxa of fishes have been recorded (Azzurro et al. 2013), with a predominance 

of Labridae, including sonoriferous fishes, such as Chromis chromis, Sciaena umbra, and Gobidae. 

Galatheidae, Hyppolytidae and the three sonoriferous species of snapping shrimp belonging to the 

Alpheidae family (Alpheus dentipes, Alpheus macrocheles, and Synalpheus gambarelloides) have also 

been included in a checklist study (Pipitone & Arculeo 2003) on the decapod crustaceans living in 

Lampedusa from 0 to 30 m depth in rock and in the Posidonia oceanica substratum. 

Characterization and evaluation of the contributions of natural and anthropogenic sources and 

identification of the ecological dynamics are crucial elements for assessing the impact of man-made 

Figure 1. Top: The study area (red arrow) at two scales: top left - Lampedusa Island in the Central Mediterranean Sea; top right - 
Lampedusa Marine Protected Area (red arrow). Below: Capo Grecale MPA delimited by yellow buoys with the spacing shown. The 

recorder position (red point) was near the midpoint of the MPA. (Map source: Schlitzer, R., Ocean Data View, odv.awi.de, 2015)
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disturbances on marine habitats (Hildebrand 2009, Haxel et al. 2013). The European Union Marine 

Strategy Framework Directive (MSFD) (2008/56/EC) promotes the achievement of a good quality 

environmental status for European waters by 2020. In particular, Descriptor 11.2 about “continuous 

low frequency sound” aims to monitor trends in the ambient noise level within the 1/3 octave bands 

(Maccarrone et al. 2015) of 63 and 125 Hz (centre frequencies) (re 1μPa rms). To obtain a baseline 

to develop a noise-monitoring plan in marine shallow waters (i.e., how long should the monitoring 

last? How many recording stations are needed to appropriately detect the spatial variability in the 

soundscape components? How do biological sound sources contribute to the noise level? How do 

the different soundscape components change in different seasons?), a one-year octave band analysis 

could provide a useful indication of the seasonal and circadian variability of the levels of noise and 

contribute to the detection of possible sources of noise, distinguishing them as anthropogenic or 

non-anthropogenic.

In recent years, automated tools and new ecoacoustic metrics have enabled the quantification of the 

amount of sound and the estimation of the level of biodiversity in terrestrial environments using 

large datasets (Pieretti et al. 2011). For example, ecoacoustic metrics have been successfully used 

to study the alteration of singing dynamics caused by traffic noise (Pieretti & Farina 2013). These 

automatic procedures have the potential to provide useful insight when working with marine acoustic 

recordings, but until now, very few studies have applied these methodologies to the underwater 

world (McWilliam & Hawkins 2013).

This study explores the shallow water soundscape of an MPA in the central Mediterranean Sea 

(Lampedusa Island) over an entire year. The main aims were to a) investigate the seasonal and 

circadian patterns of octave band sound pressure levels (BPLs), b) identify the principal biological, 

physical and anthropogenic sound sources c) test the acoustic complexity index (Pieretti et al. 2011) 

(ACI) as an automated metric to describe the biotic contribution to the soundscape, and d) quantify 

the percentage of time in which fish choruses are masked by vessel passage noise.
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MATERIALS AND METHODS

Study area

Data were collected from July 1, 2013, to June 30, 2014, in the shallow waters of the Capo Grecale 

of Lampedusa, MPA Pelagie Island, Italy MPA. Lampedusa Island is located in the middle of the 

Mediterranean Sea and represents a point of unity and coexistence of flora and fauna of the warmer 

eastern basin and the west, which is influenced by Atlantic currents. In Capo Grecale, all human 

activities have been prohibited (no-entry zone) since 2002. The area covers a sea surface area of 

approximately 0.81 km2 (see Fig. 1). The bottom in this area is not uniform and consists of a mix of 

Mediterranean seagrass (Posidonia oceanica), sand and rocks.

Data acquisition 

The recorder was installed within the protected area with the permission of the MPA Committee. The 

data were collected using an autonomous recorder (SM2, Wildlife Acoustics, US) and hydrophone 

with a recording bandwidth of 8 Hz to 150 kHz and a sensitivity of -170 ± 5 dB re 1 V/μPa in the band 

of 25 Hz-100 kHz and -166 ± 1 dB re 1 V/μPa in the band of 100 Hz-15 kHz. The recorder site was 

selected to maximize the distance from the borders of the non-protected area and considering the 

limit of the coastline. The recorder was placed at the halfway point of the longer side (approximately 

1600 m) of the Capo Grecale MPA (see Fig. 1), 50 m from a cliff and 150 m from the borders of 

the protected area, where all human activities are forbidden (Fig. 1; 35° 31.27’ N, 12°37.67’ E). The 

minimum distance between the recorder and the allowed vessel transit area was approximately 150 

m. The recorder was placed close to the seafloor (hydrophone height was 1.7 m from the bottom), at 

a depth of 25 m using a 35 kg ballast and a small sub-surface buoy to maintain the vertical arrangement 

in case of strong currents or bad weather. The buoy was connected to the upper part of the recorder 

with a thin rope (the distance between the buoy and hydrophone was 2 metres). All the components 

were connected with non-metallic rope to avoid noise due to moving parts. We set the sampling 

frequency to 192 kHz with a resolution of 16 bits, and no pre-amplification or filtering was applied 

during the recordings (except for an antialiasing filter). We sampled all day, setting a duty cycle of 

2 minutes of recording (wav files) and 28 minutes of no recording. The recorder was recovered for 
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maintenance every 3 months to change the batteries and storage memory. 

Data analysis

 Circadian and seasonal octave band sound pressure levels (BPL) trends

For each 2-minute file, we calculated the average octave band sound pressure level (BPL, dB re 1 

μPa, rms) beginning at the 62.5 Hz central frequency. In total, we calculated the BPL for 11 octaves: 

63 (44-88), 125 (88-177), 250 (177-355), 500 (355-710), 1000 (710-1420), 2000 (1420-2840), 

4000 (2840-5680), 8000 (5680-11360), 16000 (11360-22720), 32000 (22720-45440), and 64000 

(45440-90880) Hz. For each file, the average total band sound pressure level was calculated (SPL, 

dB re 1 μPa, rms).We used a non-linear frequency band partition to obtain higher resolution at low 

frequencies, which showed greater variability than the high frequencies. Moreover, 1/3 octave band 

analyses were performed within the framework of Descriptor 11 of the European Marine Strategy 

Framework Directive 2008/56/EC11 for marine noise monitoring (Maccarrone et al. 2015). The 

automated BPL analyses were performed using SASLab software (Avisoft Bioacoustics, Glienicke, 

Germany). 

We calculated the median BPLs for each month of the year. Considering the BPLs for each file, we 

calculated the median power spectra using all the files (one year of data), the files acquired during 

summer (from 20 June to 21 September),during winter (from 21 December to 19 March), during 

autumn (from 22 September to 20 December), and during spring (from 20 March to 19 June). The 

median power spectra were calculated for the daytime (12:00 pm ± 2 hours) and night-time (12 am 

± 2 hours) for all seasons.

The Mann-Whitney U test (Statistica v.8 software package, USA) was used to assess significant 

differences between daytime and night-time during different seasons at different BPLs (Fig. 4) and 

between winter and summer (Fig. 3).

 Complexity index analysis

To better characterize the biophonic component of the soundscape, we processed the dataset using the 

acoustic complexity index (ACI) (Pieretti et al. 2011). The ACI is effective for terrestrial environments 



Chapter 2

Temporal patterns in the soundscape of the shallow waters of a Mediterranean marine protected area

48 49

because it is minimally affected by constant sounds that have small amplitude variation over time 

(such as most of terrestrial anthropophony, e.g., cars and airplanes), while generating high values 

when computed for animal-produced sounds, which usually present high internal variability (Pieretti 

et al. 2011, Duarte et al. 2015). Like terrestrial environments, most underwater geophonies and 

anthropophonies (especially vessel traffic noise) are sounds that are composed of constant intensities 

over time (i.e., low complexity).Conversely, biological sounds are, in many cases, impulsive, such as 

snapping shrimp and fish vocalization (e.g., Sciaena umbra). Therefore, in this study, ACI was tested 

as a metric for detecting the possible presence of biological sounds, with the aim of isolating the 

biophony from the anthropophonic and geophonic components of the soundscape.

The ACI was computed using an automatic procedure to calculate the difference in amplitude (I) 

between adjacent temporal steps (k)using the following formula:

where n is the number of temporal steps (k), i is a frequency bin and j is the interval of time considered. 

The sum of all the frequency bins (i) and temporal intervals (j) was calculated for every recorded file.

To match the bands selected for the BPL analysis and to compare the results with the ACI output, 

we resampled the recordings at 181.760 Hz and successively applied a fast Fourier transform (FFT) 

of 8192 points. This enabled a resolution of 22.2 Hz (i) and 0.0454 seconds (k). For the 2 kHz 

octave band and above, we inserted an amplitude filter in the ACI calculations (SoundscapeMeter 

settings: noise filter = 5000 μV2/Hz) to avoid bias due to the sounds produced by snapping shrimp, 

which in certain periods of the year, were so dense that they were perceived by the ACI as one 

continuous sound, resulting in low complexity. Using the filter, the ACI wasnot applied to signals 

with amplitude lower than the selected threshold, and only the snapping events that were louder or 

closer to the hydrophone were considered. Because the filter for the ACI calculations was equally 

applied throughout the dataset, the quantity of louder/closer snaps was considered an indicator of 

the entire sound production of snapping shrimp. The filter was verified to correctly describe the 

snapping shrimp sound dynamics in a pilot study. 
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 Main soundscape components: identification, counting, correlation, and            
 interference

The files were analysed by an operator and/or by dedicated automated analyses to identify the main 

biological, physical and anthropogenic sound sources and to count each acoustic event. The circadian 

and seasonal patterns were correlated to the BPL and ACI values. The following procedures were 

followed for each main soundscape component:

• Biophonies-snapping shrimp: an automated analysis was used to count the number of snaps. After 

2 kHz high-pass filtering, we performed “pulse train analysis” in the SASLab software package 

(Avisoft, Germany) to create the envelope of the acoustic wave and to count the pulses produced 

by the shrimp (settings for the envelope: rectification + exponential decay + decimation; settings 

for pulse detection: peak search with Hysteresis; other settings: Hysteresis = 20 dB; start and 

threshold = -10 dB;  Threshold = 18; time constant = 1; resolution = 0.25 ms). For this analysis, 

subsamples of three days per month throughout the year were randomly chosen.

• Biophonies-teleost fish vocalization: an operator visually inspected (using the oscillogram and 

spectrogram) and listened to the files in the frequency band of 0-4 kHz to identify the impulsive 

fish vocalization. Pulse choruses were identified as Sciaena umbra vocalization because of the 

acoustic characteristics of the signals (Ramcharitar et al. 2006, Picciulin et al. 2013) and the 

numerous sightings of specimens belonging to this species during the underwater maintenance 

operations of the recorders. We performed acoustic measurements of the fish pulses (first and 

second peak frequency in Hz, duration in s, 10th, 25th, 75th and 90th percentiles in Hz of the power 

spectral density distribution, 3 dB bandwidth in Hz) in a selection of files where the signals were 

not masked by noise from other sound sources (i.e., vessel passage, wave noise). An adapted 

version of a algorithm developed in the Matlab environment (Buscaino et al. 2012; 2015) was 

used to calculate these parameters. We applied k-medoids cluster analysis (Park & June 2009), 

using the Mahalanobis metric, and two “median fish pulses” were selected. These signals were 

used as models for the successive analysis. A second Matlab script was developed to perform 

cross-correlation analysis (function xcorr (Buck et al. 2002)) to identify and count the fish pulses 
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for one-year of data, comparing the two models of fish pulses with the unknown pulses extracted 

by the first Matlab code. An operator manually checked the results obtained from the automatic 

analysis, and a threshold of 0.9 for the cross-correlation value (from 0 to 1) was used  to obtain 

less than 5% error in the identification of fish pulses.

• Geophonies-wave noise: the wind speed and direction were considered the principal factors that 

influence the sea state condition, and consequently, the noise created by breaking waves (Haxel 

et al. 2013) and waves beating against the cliff. For this analysis, a subsample of three days per 

month was randomly chosen. Only files with wind direction from the northern quadrant (0°-45° 

and 250°-360°) were considered for the analysis to avoid the shadow effect when the wind came 

from the land (in the southern quadrant).

• Anthropophonies-vessels, sonar, and air guns: an operator visualized (using the oscillogram and 

the spectrogram) and listened to selected files to count the number of vessel passages per file and 

the presence/absence of sonar and air gun pulses. The total number of vessel passages per day was 

then correlated with the daily mean BPLs. We considered days on which the average wind speed 

was less than 4 m/s to avoid noise due to bad sea conditions that could affect the accuracy of the 

analysis. We analysed a total of 89 days (4272 files), with a mean number of 7.5 days per month 

and a minimum of 4 days in March.

To define the correlation of the main soundscape components on the different BPLs and ACI, linear 

correlation analysis was performed using the Statistica v.8 software package (USA) (see Table 2). 

To quantify the amount of time during which vessel passage noise interferes with the detectability 

of fish choruses, we considered the 62-2000 Hz BPLs (bands of fish vocalization) of files recorded 

between 7:30 pm and 11:30 pm in July and August (period in which we recorded the main fish 

vocalization activity). A subsample of 10 days in which the wind speed was less than 2 m/s was 

randomly chosen (total number of files = 90) to avoid differences in BPLs due to wave noise. We 

compared the BPLs of files with only fish choruses and the BPLs of files with vessel passages. As a 

baseline, we also considered the median BPLs for files without fish choruses or vessel passages. 
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Finally, two-day spectrograms were computed using the Matlab graphical interface code Xbat 

(Cornell Lab, USA) to provide a graphical view of the different soundscape components and the 

frequency bands they occupied. 

RESULTS 

Table 1 summarize the results of the BPL analysis for different seasons, distinguishing daytime (12:00 

pm± 2 hours), night-time (12:00 am± 2 hours) or 24 hours. Figure 2 shows the monthly trends of 

the BPLs for the lower and higher frequencies. 
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Figure 2. Seasonal trends (one year of data from July 2013 until June 2014) in the rms octave band sound pressure levels for different 
frequencies. a) Lower frequency BPL (from 62.5 to 1000 Hz). b) Higher-frequency BPL from 2 kHz to 64 kHz. (Median; Whisker: 

40th-60th)
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The BPLs at lower frequencies (Fig. 2-a, from 63 Hz to 1000 Hz) increased from November to 

March. The higher frequencies (Fig. 2-b, from 2 kHz to 64 kHz) followed the opposite pattern, with 

lower values during the winter. 

This difference in trends is appreciable in Fig. 3, in which the one-year mean power spectrum (black 

line) and the summer and winter mean power spectra (blue and grey lines, respectively) are shown. 

For the lower frequency (62 Hz), the difference between the winter and summer BPLs was 5.9 dB 

(respectively, 103.7 and 97.8 dB re 1μPa, see Tab. 1), and for the higher frequency (i.e., 8 kHz) the 

mean difference between winter and summer was 8.6 dB (respectively, 102.3 and 110.9 dB re 1μPa, 

see Tab. 1). This seasonal variability was mainly attributable to the sea state for the lower frequencies 

and to the activity of snapping shrimp for the higher frequencies (see Table 2, Fig. 4 and 5). The total 

band sound pressure level is much more stable over seasons and with the circadian cycle (see Table 1). 

Fig. 3 also shows a “stability” band centred at 2 kHz, which has a mostly stable and lower BPL 

throughout the year. This can be explained by the correlation values between BPLs at 2 kHz and the 

main components of the soundscape in Table 2. Excluding the anthropophony, a very low level of 

correlation of biophony and geophony vs. BPL at 2 kHz was found (Table 2). 

Figure 3. Seasonal trends of rms BPLs for all data (one year), summer data (July, August and September) and winter data (December, 
January and February)(Median; Whisker: 45th-55thpercentile).The differences between the summer and winter for each BPL are sig-

nificant (Mann-Whitney U test, p<0.001)
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In Fig. 4, the median power spectra for the night-time hours and daytime hours are shown for 

all seasons. Circadian patterns are more evident during the summer, both for the higher and the 

lower frequencies. During the other seasons, it is possible to distinguish some small differences 

(approximately 2 dB) between night and day only for the higher frequencies (from 4 kHz). 

In Fig. 5, the mean circadian trends for the BPL and ACI values for each month of the year are shown 

for three selected frequency bands (centred at 250 Hz, 1 kHz and 4 kHz). Fig. 5-a and 5-b show 

the mean numbers of counted vocalizations per minute produced by fish (the grey area). The fish 

counting peaks at sunset for 250 Hz and 1 kHz are in line with the ACI peaks (blue line) and with 

the correlations in the octave bands occupied by fish sounds (as shown in Table 2). The BPLs (black 

line) showed the same peaks as the ACI, although there are other peaks during the day, probably 

due to vessel passages during July and August. The one-minute mean number of pulses produced by 

Figure 4. BPLs for the daytime (10 am to 3 pm) and night-time (10 pm to 03 am; black line) for all four seasons (Median; Whisker: 
40th-60th percentile). Differences between daytime and night-time are marked with * for p-level <0.05), ** for p-level <0.01, *** 

for p-level<0.0001 (Mann-Whitney U test).
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snapping shrimp showed a marked circadian pattern, with peaks during sunset and sunrise (Fig. 5-c, 

grey area). The number of pulses and the circadian pattern decreased during the winter. Snapping 

shrimp sounds (Fig. 5-c) were well-correlated with both the BPL and ACI values in the corresponding 

octave bands (Table 2; i.e., for 16 kHz: BPL and ACI vs. snapping r = 0.84 and 0.83, respectively).

Table 2 shows the correlation between the daily mean values of BPLs and the number of vessel 

passages from the 2 kHz octave band and above. In the same table, ACI does not show any correlation 

with vessel passages or wind, whereas BPLs are correlated below the 2 kHz octave bands.

Figure 5. Circadian trends for each month in the BPLs (black line) and ACI (blue line) for three selected frequencies: 250, 1000 and 
4000 Hz. For 250 Hz and 1 kHz, the fish vocalization counts per minute were added to the secondary y-axis (grey area). For 4 kHz, the 
snap counts per minute from snapping shrimp (grey area) were added to the secondary y-axis. X-axis: hour of the day for each month

a 

b 

c 
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Throughout the year, we recorded a mean of 13 vessel passages per hour. The analysis of the 

interference of vessel passage noise with the detectability of fish chorus showed that 46% of the files 

included vessel passages. Fig. 6 shows the median (whisker box represents 40% of the data) BPLs 

for files with fish choruses and without vessel noise (green plot), with vessel passage noise (black 

plot) (46% of files), and with natural ambient sound, in which no fish choruses or vessel passage 

were audible/visible in the spectrogram. The median BPL of the fish chorus files (in the bands 62, 

125, 250 and 500 Hz) was more than 5 dB above the background noise, whereas the BPL of files 

containing vessel passage overcame the BPL fish choruses in the octave bands below 2 kHz. 

Sonar noise consisted of narrow band pulses at 50 or 30 kHz and was present in 3.3% of the files. 

Airgun pulses were recorded during April and March and were in 2.4% of the files for the entire 

year. 

Figure 7 shows a general overview of the frequency band partition for the different components 

Figure 6. BPLs from 62 to 2000 Hz calculated for 10-day subsamples between 7:30 pm and 11:30 pm for July and August (the period in 
which we recorded the maximum fish vocalization activity). Median with 40% of the data (box) for fish choruses without vessel passage 
noise (green plot), with vessel passage noise (black plot) (46% of the recordings represented this condition), and for background noise 

(files with no fish chorus orvessel passage in the spectrogram).(Median; Whisker: 30th-70th percentile)
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of the soundscape on two continuous recording days. Snapping shrimp (S) are represented by grey 

clouds up to 2.5 kHz and showed increased activity during sunset and sunrise. Fish choruses (F), 

which are below 1.5 kHz, are represented by the smallest grey clouds during sunset. Vessel passages 

(V), which very often masked all the frequency bands (see the vertical black lines), represented the 

strongest sound in the soundscape (blackest signals). The “silence band”  between 1.5 and 2.5 kHz 

was interrupted by ship noise.

Figure 7. Two-day continuous spectrogram (11 and 12 July 2014) showing the snapping shrimp sound (S), fish choruses (F) and anthro-
pogenic noise caused by the passage of vessels (V). The spectrogram was obtained using the XBAT software (Cornell University. USA). 

x-axis: time; y-axis: frequency 0-4 kHz; SPL intensity is shown in greyscale.
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DISCUSSION 

Seasonal trends are well defined for both the lower frequencies and higher BPLs (see Fig. 2). In the 

lower frequencies, sounds were much louder during the winter due to the physical noise of the waves 

caused by the increased wind speed (Haxel et al. 2013) (Table 2). The higher frequency BPLs (from 4 

kHz) were dominated by snapping shrimp sounds that increased in the summer (Table 2, Figs. 4 and 

5-c) (Lammers et al. 2008, Bohnenstiehl et al. 2016). As suggested by some authors (Radford et al. 

2008, Bohnenstiehl et al. 2016), this increase in snapping activity could be due to the temperature 

increase of the water (poikilotherm animals). The median power spectrum was different in the winter 

and summer, with an inversion of the levels between the higher and the lower frequencies (see Fig. 

3). For the lower frequencies (below 2 kHz), the difference between the summer and winter was 

caused by the variation in wind speed between seasons. Because the lower frequencies and higher 

frequencies have opposite seasonal patterns, the total band sound pressure level varies less than the 

lower and higher BPLs over the seasons and with the circadian cycle (see Table 1).

In the power spectrum (Fig. 3), a “stability” point at a low sound level, centred at 2 kHz (octave band 

1420-2840 Hz), was found throughout the year. This stability phenomenon is related to the fact 

that both wave noise and the sounds produced by snapping shrimp partially enter this band (see in 

the Tab. 2 the low values of r and the slope in the linear regressions of BPL vs. wind speed and BPL 

vs. snapping shrimp counts for 2 kHz). This acoustic niche is a portion of the frequency band that 

one or more species could occupy, so its voice is not masked (Krause 1993). In the future, one or 

more species could better exploit this acoustic space because this AMP is relatively young (12 years 

old). Alternatively, this silence band could have a special unknown function in the ecosystem, which 

should be investigated for other marine ecosystems. However, it is not possible to exclude that some 

propagation effect could create this lower level of noise centred at2 kHz BPL.

Focusing on the circadian trends (see Figs. 4 and 5), we noted a marked phenomenon for the higher 

frequencies due to the variation in the snapping shrimp noise, which was previously observed in 

other temperate seas (Lammers et al. 2008). Circadian trends in snapping sounds, with larger 

numbers and sound levels at night, are compatible with nocturnal increments in the activities of 
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other marine crustaceans (Buscaino, et al. 2015). The circadian trend in frequencies above 4 kHz 

was greater during the summer, with peaks at sunset and sunrise. During the other seasons, the 

circadian pattern was still evident (Figs. 4 and 5c). At lower frequencies, especially in the summer, 

there was a circadian pattern due to fish choruses, with a peak during sunset and nocturnal activity. 

The fish chorus period started in May and was more evident during July and August (see the peaks 

in the ACI values for the 250 and 500 Hz bands and the fish count in Fig. 5-a and 5-b and the linear 

regression parameters for the 125, 250 and 500 Hz bands in Table 2). The acoustic analysis of the fish 

choruses and their circadian pattern is in agreement with Picciulin et al. (Picciulin et al. 2013) for the 

Sciaena umbra species. Sciaenids produce two types of calls: for reproduction during the spawning 

season in summer and for disturbances (Ramcharitar et al. 2006). In our data, we noted reduced 

noise due to waves during the summer at lower frequencies, which represented an advantage for 

fish choruses, which were clearly audible over the background noise (see Fig. 4). During the winter, 

autumn and spring, the fish choruses (with a 62.5-1000 Hz BPL below 100 dB) were often covered 

by geophonic noise, with a possible reduction of their acoustic effectiveness (see Fig. 4). However, 

during the summer, vessel passages reduced the effectiveness. During the peak of fish vocalization 

activity (between 07:30 pm and 11:30 pm), we found a masking effect of vessel passage noise on fish 

choruses 46% of the time (see Fig. 6).

The application of ACI to marine soundscape studies revealed its potential utility to discover biological 

pulsed signals, such as snapping and fish choruses, amidst continuous noise (vessel passage and wave 

noise). The ACI results were strongly correlated with the biotic elements in the relative frequency 

bands, and the ACI were not correlated with the geophonic or anthropophonic elements (see Tab. 

2). Whereas standard analyses — automatic counts of fish vocalizations and snaps — could not be 

performed on recordings with noise and could need a prior phase of the selection of files, ACI can be 

applied to the entire dataset. ACI require minor pre-processing effort and help in determining when 

biological sounds occurred all year, avoiding gaps in the data. The other non-impulsive biophonies 

with frequency modulation (which were present in the frequency band centred at 1 kHz), were not 

well detected, probably due to the frequency and temporal resolution used for the ACI calculations. 

The ACI parameters must be set correctly to perform the calculations, and two measurements may 
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be needed to guarantee that all biophonic elements are extracted. 

Although the recording site is an MPA, it cannot be considered to be protected from noise. In fact, 

this MPA presents heavy anthropogenic noise, with a mean of 13 vessel passages per hour over one 

year, and with a masking effect on the fish vocalizations below 2 kHz during July and August for 

approximately 46% of the time. The impact of this almost continuous noise (in addition to the less 

frequent impulsive noise from sonar, air guns and other sources) on different marine organisms 

could include biochemical and behavioural changes and could affect the fitness of many species over 

the long term (Slabbekoorn et al. 2010). However, most studies that have assessed the impact of 

noise on fish and crustaceans have been conducted in tanks, and in situ experimentation, although 

more complex, should be conducted. Passive acoustic monitoring allows studies on vocalization and 

changes due to noise (Picciulin et al. 2010, Papale et al. 2015). In our data, we noted a masking effect 

by anthropogenic noise on fish choruses (see Fig. 6), which could affect the reproductive effectiveness 

of fish vocalization during the summer season. As confirmed by our data, anthropogenic sounds 

produce the highest amplitude and broadest bandwidth masking effects (see Fig. 7) in an ecosystem 

of partitioned bands, where animals, such as fish and snapping shrimp, tend to maintain their sound 

activity within narrow (or stable) niches to avoid overlapping with other species (Krause 1993). 

The results of this soundscape study emphasize the need to revise the concept of marine protected 

area size (MPAs). Acoustic noise should be considered a pollution factor when drawing the boundaries 

of MPAs to preserve marine ecosystems. Considering that the acoustic energy in water propagates 

very well (low absorption coefficient and high speed), a small protected area of a few hundred 

metres is poorly protected from this type of pollution. In our data, where the minimum distance 

between the recorder site (no-entry zone) and the no-protection area was approximately 150 m, 

we found 13 vessel passages per hour. Furthermore, during the summer between 7:30 and 11:30 

pm, at frequencies below 2 kHz, nearly half of the time (46%), noise pollution altered the natural 

soundscape, masking fish choruses (see Fig. 6). In addition,the MPA areas closer to the borders 

received a greater amount of noise than the inner part (where our recorder was positioned).

Lower frequency acoustic energy can travel for long distances compared to energy at higher 
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frequencies (Medwinn & Clay 1998); therefore, noise produced by nearby vessels has higher 

frequency components than noise produced by more distant vessels. In this study, in some cases, the 

very wideband loud vessel noise, reaching recorder saturation (more than 165 dB re 1μPa rms Sound 

Pressure Level), suggests that the vessels could be less than 150 m from the recorder. In those cases, 

passive acoustics could also provide a tool to monitor and quantify the compliance to the limits of 

remote marine protected areas. 

These one-year monitoring results show the variability in BPL levels, which change with circadian 

and seasonal patterns. In the context of MSFD, the development of monitoring plans should consider 

the variability and the single contribution of different natural and anthropogenic sources present in 

the soundscape of a marine shallow water area. Finally, this study considers a small and homogenous 

area (this MPA has a length less than 2 km),but the use of multiple arrays of recorders must be used 

to address the spatial variation of the soundscape in bigger areas.
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INTRODUCTION

In the last decade, Passive Acoustic Methods (PAM) have been applied always more frequently as 

tools for investigating, monitoring and conserving of terrestrial and marine environment. The use 

PAM provides numerous advantages in terms of ratio between efforts and information obtained. 

This method is faster and less expensive than traditional methods, and it is non-invasive reducing the 

bias of human presence (Marques et al. 2013, Harris et al. 2016). Otherwise, the huge amount of 

data collected with PAM needs an ecological approaches and new methods to manage, analyze and 

extrapolate information from these. For this purpose recently innovative methods and associated 

automatic measurement have been developed in order to evaluate and quantify the presence of 

environmental sounds. These metrics have permitted to analyze the acoustic biological component of 

animal communities (Farina 2014). The computation of these indices is based on the acoustic energy 

of the recordings, and his variation along time and frequency steps. For example, Suer et al. (2008) 

elaborated two indices, H
t
 and H

f
, that measure the evenness of the amplitude envelope over the time 

units. These indices have been subsequently integrated by Depraetere et al. (2012) in a new index 

(Acoustic Richness - AR), that considers the overall amplitude of the signal. Differently, Pieretti et 

al. (2011) have implemented the Acoustic Complexity Index (ACI), that measures the variation on 

the signal amplitude along the time, considering frequency steps. 

All these indices have been developed in terrestrial environments, and they have been demonstrated 

to catches the acoustic activity of bird (Sueur et al. 2008, Pieretti et al. 2011, Proppe et al. 2013), 

insects (Pieretti et al. 2015, Desjonquères et al. 2015) and amphibians (Han et al. 2011, Llusia et al. 

2013). 

These indices have been recently applied also in marine environments (McWilliam & Hawkins 2013, 

Gage & Axel 2014, Lillis et al. 2014, Staaterman et al. 2014), correlating their response to species 

diversity (Kennedy et al. 2010, Bertucci et al. 2015) and habitat quality (Piercy et al. 2014, Bertucci 

et al. 2016). 

Harris et al. (2016) defined the characteristics of an efficient ecoacoustic index for biological surveys 

as follow:
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• positively correlated with the species assemblage;

• not influenced by spectral resolution;

• not influenced by natural and anthropogenic noise interference.

They tested three ecoacoustic indices (H, AR and ACI) on marine recordings, founding that the 

Acoustic Complexity Index satisfy all criteria, resulting to be a good descriptor of the biotic 

acoustic community in the temperate marine environment. It resulted to be a good descriptor also 

in high background noise conditions (Kendrick et al. 2010). The Acoustic Complexity index bases 

its computation on the absolute differences of intensity between subsequent values (Pieretti et al. 

2011). The temporal steps used for the differences depend on temporal resolution of FFT window 

size used for the computation. 

The soundscape in marine environment is characterized by manifold biophonical component, as in 

terms of type of signals (impulsive, tonal) as in terms of frequency extension (from few Hz to thousands 

kHz), and this could influence the response of index. However, as far as we are aware, there are no 

previous works that correlate the index response with different kinds of biological signals in marine 

environment. In Mediterranean acoustic community, some problems emerged in the ACI application. 

In the chapter 2 and 4, we pointed out the need to apply amplitude filters to obtain index values that 

properly describe intense chorus of shrimps and fishes; moreover, geophonies and anthropophonies 

determine variation of the acoustic spectrum relating to the distance and the intensity of the source, 

increasing the variability of the background noise during the recording session. 

Aim of this work is to test the efficiency of the Acoustic Complexity Index as proxy of different marine 

biological signals and various geo- anthropophony conditions, using different temporal resolutions. 

MATERIAL AND METHODS

Data collection

The data were collected along the southwestern Sicily coast and the site of recordings was located 

in a Posidonia rocky bottom, 11 meters of depth and 950 m of distance from the coast. We selected 

144 recording files (10 min/hour) collected during three days over the new moon day in June and 
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July. This subsample was selected because fish and crustaceans acoustic activity achieves its maximum 

values during summer new moon night (Lammers et al. 2008, Radford et al. 2008a, b, Lillis et 

al. 2014, Staaterman et al. 2014). Data were collected at a sample rate of 12 kHz at 16 bit, using 

an autonomous recorders with an omnidirectional calibrated hydrophone (flat sensitivity response 

of -174.5 ± 2 dB re 1 μPa from 100 Hz to 100 kHz - model Benthowave Low Noise Broadband 

Hydrophone BII 7016 T6) and a Digital Signal Processor (model C5535 DSP- TMS320C5535) 

coupled with an AIC3204 audio codec (Texas Instruments).

Signals count processing 

We visually and aural inspected all the recordings. The biological emissions were identified and 

counted. We identified (Fig. 1):

• impulsive snapping shrimps signals over 2 kHz (SN Impulses); 

• fish signals comprised between 0.5 kHz and 1.5 kHz (MF fish) composed by small impulses 

with a such high frequency rate of emissions that they could be considered as tonal sounds; these 

sounds have been recorded mostly during the night time;

• impulsive signals (MF impulses) comprised between 0.5 kHz and 2 kHz recorded only during 

daylight;

• fish signals below 500 Hz (LF fish) composed by trains of single impulses; these sounds have 

been recorded mostly during the night time.

The bioacoustic description of these sounds can be found in chapter 4.

The SN Impulses and the MF signals have been counted by using the pulse train analysis of 

AvisoftSASlab Pro, changing the hysteresis, the threshold, the time constant and the group time 

according of each signal analyzed. The count of LF signals (trains) have been carried out through both 

visual and acoustic inspection of files.

To do this the files have been firstly processed in order to isolate the signals considered.

In details:
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• SN Impulses: a high pass filter of 2 kHz was applied to all data.

• MF fish: a high pass filter of 0.5 kHz and a low pass filter of 1.6 kHz were applied to all data. In 

order to reduce the background noise and improve the signal to noise ratio, a spectral denoise 

was applied by using iZotope RX algorithms. The reference noise was based on 60 seconds of 

averaged spectral noise measured in 20 randomly selected files.

• MF Impulses: a high pass filter of 0.15 kHz and a low pass filter of 0.7 kHz

• LF fish: a high pass filter of 0.15 kHz and a low pass filter of 0.5 kHz were applied to all data.

Through the visual and acoustic inspection of the files the presence/absence of the boats was noted.

Figure 1. Spectrogram of two different section of recordings where the biological signals individuated and counted for this study are 
shown
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The wind speed and direction values during each ten minutes of recordings, were collected in a 

meteorological station (SIAS - Servizio Informativo Agrometereologico Siciliano) located at about 7 

km far from the recording site.

Acoustic Complexity Index computation

In order to calculate the Acoustic Complexity Index changing the time resolution of the computation, 

the code was implemented in Matlab following Pieretti et al. (2011) algorithm. 

The ACI calculation is based on spectrogram matrix computed using a selected FFT windows size. 

The index calculates the absolute differences between two subsequent (|I
Dt+1

- I
Dt

|) intensity values, 

considered a single frequency interval (D
f
), dividing it with the sum of the intensities in the same 

interval (I
Dt+1

+ I
Dt

) (Pieretti et al. 2011).

We implemented the code in order to run the ACI algorithm 200 times (ACI
Dt

), changing the 

temporal resolution (D
t
) from 0.01 sec. to 2 sec., with 0.01 sec. of step. The frequency resolution of 

the FFT window (D
f
) size was of 10 Hz for each ACI

Dt
 computation.

Here we reported the Matlab code used for ACI calculation:

%% Upload of signals count and file wave read

 

countall = xlsread(‘Countall.xlsx’);

path=(‘...’);

s = strcat(‘*.wav’);

file=dir(s);

%% Setting of temporal and frequency resolution for analysis and output

dt=0.01; 

Df=50;

time=2; %seconds

Naci=time/dt;

Dt=0;

for n = 1 :Naci 

Dt=Dt+dt;  %Dt computated from 0.01 seconds to 2 seconds, with a rate of growing of 0.01   
  seconds
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    for k = 1: length(file)

        s = strcat(file(k).name);

    [y,fs]=audioread(s);

    wint=fs*Dt; %Setting of the Fast Fourier Transformation temporal windows

    winf=fs/Df; %Setting of the Fast Fourier Transformation frequency windows

    [S,F,T,P]=spectrogram(y,hann(wint),0,winf,fs,’yaxis’);

    [r,c]=size(P);

        for i= 1: r %For each frequency resolution the ACI is computated

        somma=0;

            for j= 1:c-1

            diff=abs(P(i,j+1)-P(i,j)); %Differences of  pressure between (j+1) temporal step and the  
     previous (j)

            add=abs(P(i,j+1)+P(i,j));  %Sum of  pressure between j temporal step and the following  
     (j+1)

            rap=diff/add;              %Ratio between differences and sum

            somma=somma+rap;           %Sum of ratios for all temporal step in i frequency step

            end

        ACI(k,i)=somma ;               %ACI matrix for each frequency step for each file

        end

      end

Statistical analysis

In order to understand the efficiency of the index, the Spearman’s correlation between the ACI 

values and the number of signals counted and the velocity of wind (m/s) was performed. 

In detail we calculate the Spearman’s Rho coefficient (ρ ) correlating:

• the SN impulses counted with the ACI(
Dt

) values calculated from 1500 Hz to 24000 Hz

• the MF fish counted with the ACI(
Dt

) values calculated from 500 Hz to 1500 Hz

• the MF impulses counted with the ACI(
Dt

) values calculated from 500 Hz to 1500 Hz

• the sum of MF fish and impulses counted with the ACI(
Dt

) values calculated from 500 Hz to 1500 

Hz

• the LF fish counted with the ACI(
Dt

) values calculated from 100 Hz to 500 Hz

• the wind speed with the ACI(
Dt

) values considering all frequency steps
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To analyze the effect of the presence of boats on the index values, we averaged the ACI(
Dt

) values of 

files with and without boats for each D
t
 in each frequency steps. Then we tested the H

0 
that the ACI 

values with and without boats not show significant differences for each D
t
 through a Wilcoxon test 

for two paired samples.

The statistical analysis was implemented in Matlab.

RESULTS and DISCUSSION

In Fig. 2 the significant rho coefficients measured correlating ACI(
Dt

) values along frequency with SN 

impulses, the sum of MF fish and impulses and the LF fish are shown.

Here, it is possible to identify three different area of significant correlations (ρ> 0.5) for low, medium 

and high frequency signals. Considering SN impulses, the index showed a significant coefficient of 

discrimination only with D
t 
< 0.05 sec. in a small range of frequencies. Reducing the temporal 

Figure 2. 3D plot of the significant (p<0.05) ρ coefficients obtained correlating the ACI values for each Dt in the selected frequency 
intervals and the biological signals counted



Chapter 3

The Acoustic Complexity Index in Mediterranean marine soundscape 

76

resolution (increasing D
t
) the index resulted not significantly correlated with SN impulses. 

The correlation with LF fish resulted to be significant with D
t 
< 0.05 sec and D

t  
> 0.1 sec. It could 

be due to the particular structure of the LF signals: with  D
t 
< 0.05 sec the index discriminates the 

single impulses of these sounds, using a D
t  

> 0.1 sec the train of impulses are discriminated.  For 

this work only the train of LF fish have been counted, so further analysis are necessary to prove this 

hypothesis. However, the rho coefficients are lower than which ones measured correlating the MF 

fish and it could be due to the effects of the geophonic component.

The Fig. 3 shows the significant rho coefficients measured correlating ACI(
Dt

) values with MF fish and 

MF impulses. 

Focusing on MF fish, the index correlated with the number of these signals with a D
t 
> 0.08 sec. The 

results showed in Fig. 3 highlighted how different kind of signals need different temporal resolutions: 

Figure 3. Plot of the significant (p<0.05) ρ coefficients obtained correlating the ACI values for each Dt in the selected frequency 
intervals and the MF impulses (A) and MF fish sounds (B)
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short signals, like the MF impulses, need an higher resolution to be correctly detected by ACI, at the 

contrary when using a low resolutions to compute the ACI, the correlation with longer tonal signals 

is higher.

The Fig. 4 shows the significant rho coefficients measured correlating ACI(
Dt

) values with the wind 

speed. In this work we used the wind speed as principle source of geophony. The correlations using 

different D
t 
showed that the index is lightly influenced by wind speed, mostly between 0.3 kHz and 

1.5 kHz, but with correlation values lower than biophonies in the same frequency range. Use of D
t 

<0.1 increased the frequency range influenced by the wind speed.

No significant differences have been found comparing the ACI(
Dt

) values measured in files with and 

without boats for each D
t..

Figure 4. 3D plot of the significant (p<0.05) ρ coefficients obtained correlating the ACI values for each Dt and the wind speed 
values
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CONCLUSION

The results showed that the Acoustic Complexity Index could be a good proxy for marine acoustic 

activity, but its capacity to discriminate different signals depends to the temporal resolution used. 

The new approach of the ACI computation allows to detect different biological signals in relation 

to the D
t 
used for the analysis. A high temporal resolution discriminate the presence of broadband 

impulses, while a low temporal resolution lead to identify tonal sounds. 

The ACI index is uneffected by the wind speed and the presence of ship noise. The Acoustic 

Complexity Index, considering an intermediate temporal resolution and all frequency distribution, 

is a good descriptor of the biophonies of the Mediterranean soundscape.
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INTRODUCTION

The sound characterizing an environment, or soundscape, is produced by the combination of 

geophonies, biophonies and antropophonies. The geophonies are the result of sounds produced by 

physical agents as wind, waves and rain; the biophonies are produced by animal vocalization; finally 

the  anthropophony are originated by using mechanical devices, as boats, vessels, air-gun, piling, etc.. 

(Farina 2014). 

Every environment is characterized by a physical and biological complexity, and their relations have 

been extensively demonstrated (Tunesi et al. 2006, Navarro-Barranco & Guerra-García 2016). In 

marine environment, structurally complex habitats, such as seagrass meadows and rocky reefs, are 

characterized by an higher number of shelters and food opportunities (La Mesa et al. 2011), which 

lead the colonization of an high number of species. E.g. Giakoumi and Kokkoris (2013) showed as 

fish assemblage is affected by the type of substrate: in sandy area of North-eastern Mediterranean sea 

abundance, biomass and richness of fish species is significantly lower than area with more heterogenic 

substrate as hard bottom with Posidonia oceanica meadow. This influence the complexity of the 

soundscape. There is a connection between the complexity of habitat in terms of structure and 

animal community and the complexity of its soundscape (Kennedy et al. 2010). The food and shelters 

availability of the habitats can determine a different biophony, since the acoustic activity of fishes 

and crustaceans is related to feeding (Radford et al. 2008b), competition (Myrberg 1997, Amorim 

& Hawkins 2000) and spawning behavior (Lugli et al. 1995, Aalbers & Drawbridge 2008). These 

differences can be better observed during specific period of the year and day (seasonal and circadian 

trend) in relation to reproduction period, feeding and territorial activities. Many fish species show 

seasonal acoustic pattern during spawning and breeding periods (Amorim 2006, McCauley 2012, 

Buscaino et al. 2016) and androgenic factors with a strong seasonal cycle regulate the tropic state of 

the sonic muscles (Connaughton et al. 1997). The circadian cycle of the acoustic activity in marine 

environment are regulated by the light: the acoustic emission of marine vertebrates and invertebrates 

increases during the night and mostly during the new moon periods (Lammers et al. 2008, Radford 

et al. 2008a, b, Lillis et al. 2014, Staaterman et al. 2014, Buscaino et al. 2016). Radford et al. 

(2008b) explained these patterns by considering the reduction of predation risk in absence of light. 



Chapter 4

Acoustic characterization of a patchy Mediterranean shallow water seascape

83

Furthermore, Redford et al. (2010) described the temporal and spatial acoustic differences between 

three distinct habitats of temperate coasts: macro algal-dominated reef, sea urchin-dominated reef, 

and sandy beach. They found that the sea urchin-dominated reef shows pronounced acoustic energy 

on medium and high frequency bands due to sea urchins and snapping shrimps acoustic activity, with 

an increase of these during dusk period. 

Differences of the physical structure of the habitats determine not only variation in biophonic 

components, but also in the geophonical components. In terrestrial ecosystem, it was demonstrated 

that the spectral profile of ambient noise is habitat specific (Slabbekoorn 2004). The impact of the 

wind and rain noise depends on the openness of the vegetation, the leaf area density and width and 

the breadth of canopy (Aylor 1972). In our knowledge, specific studies of geophony propagation 

relating to marine habitats have not been published yet. Anyway, the physics characteristics of 

different marine habitat determine different phenomena of scattering and absorption (Hermand 

2004, Knobles et al. 2008) that are commonly used by side scan sonar to study the sea bottom. For 

example, the presence of oxygen bubbles produced by seagrass determines changing of acoustic 

waves propagation depending by the resonance frequency of the bubbles (Clay & Medwin 1977, 

Hermand 2004). 

The impact of acoustic sources of human origin in marine environment is being more alarming and, 

by now, there are a number of works that underlined the negative effects of these on marine life 

(Filiciotto et al. 2014, 2016, Papale et al. 2015). Human marine transport, as boats, tanks and cargo, 

have determined an increase of 1-2 dB every years from 1950 to 1970 (Ross 2005). The coastal 

environments are among the most threatened areas due to the increasing human activity (Samuel et 

al. 2005) and different coastal habitats are exposed to different levels of human pressure, due to e.g. 

fishery activity, commercial shipping and recreational interests (Halpern et al. 2008). The exploitation 

of coastal areas could determine changing in habitats soundscape. Such noise increase concerns about 

communication, health and fitness for all marine species from invertebrates to vertebrates (Celi et 

al. 2015, Papale et al. 2015, Everley et al. 2016, Simpson et al. 2016), with a potential influence on 

trophic chains. Furthermore, manmade noise could interfere with species orientation and settlement 
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because the recognition of a distinct acoustic signature for each habitat is a key mechanisms for 

viability of several species (Simpson 2005, Radford et al. 2010). 

Due to human growing pressure, the coastal marine environment in the Mediterranean Sea is one 

area at high risk for sound pollution. Its soundscape was investigated only recently (Buscaino et al. 

2016), but no studies describe acoustic both spatial and temporal patterns.

The Mediterranean shallow water is characterized by an alternation of Posidonia oceanica meadow, 

sandy and rocky bottoms. Posidonia oceanica (a protected species for Habitat Directive 92/43/EU 

(EEC)) is the dominant seagrass species in the Mediterranean Sea and is the base for a crucial habitat 

that provides refuge, nursery and food sources for fish and invertebrate species. The sandy bottom 

habitats, instead, mostly provide refuge for infauna (Thiel & Ullrich 2002), since the system features 

determine peculiar speciation of organisms that become exclusive (Tunesi et al. 2006). 

The purpose of this study is to describe and to compare the soundscape of these two distinctive 

Mediterranean coastal seascape. In particular, this study aims for answering to the followed 

questions: 1) Have the Mediterranean Posidonia oceanica meadows and the sandy bottom habitats 

distinct soundscape? 2) There are differences in the sonic biotic components? 3) Do the different geo-

physical structures of the two habitats analyzed determine differences on the effect of the geophonic 

component? 4) Is there a different impact of the anthropogenic noise on the two habitats?

MATERIAL AND METHODS

Data collection

Data collection was carried out along the southwestern coasts of Sicily, in an area comprised between 

Capo Granitola and Tre Fontane village (Fig. 1): a seascape characterized by an alternation of patches 

of sandy, rock and Posidonia oceanica meadows.  

Along the Sicilian coasts Posidonia meadow covers about 76000 ha (Calvo et al. 2010). Thanks to the 

favorable ecological conditions and pristine natural state, the western side is one of the most dense 

and extensive beds of all the entire Mediterranean Sea (Calvo et al. 2009, 2010). 

For this study, we selected three patches of sandy bottom and three patches of Posidonia meadows 
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on rocky bottom, alternatively distributed along the coast. Six sites were chosen (and named for 

Posidonia meadows P01, P02, P03; for sandy bottom S01, S02, S03 Fig.1) inside the patches: two 

sites (P01 and S01) were located to the south-western side of the coast, two (P03 and S03) to the 

south-eastern and the other two (P02 and S02) in the southern. The patches were selected using 

Google satellite imagines, ecosounder and visual observation. 

Six autonomous recorders were located, one for each site. The deploying sites were selected 

considering a minimum distance from the patch boundary of 30m and remained constant for all the 

study. They were deployed between 10 and 12 m depth, stationing at about 3 m from the bottom and 

8 m from the surface, using a ballast and a buoy to maintain a vertical assessment of the hydrophone 

(Fig. 2). 

Figure 1.  Study area. In green Posidonia patches, in light yellow sandy patches
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The autonomous recorders consisted on an omnidirectional calibrated hydrophone with a flat 

sensitivity response of -174.5 (± 2) dB re 1 μPa from 100 Hz to 100 kHz (model Benthowave Low 

Noise Broadband Hydrophone BII 7016 T6) and a Digital Signal Processor (model C5535 DSP- 

TMS320C5535) coupled with an AIC3204 audio codec (Texas Instruments).

In order to balance the limits of the data storage and the battery operating time, the instruments 

were set to record for 10 minutes followed by 20 minutes of pause (33% of duty cycle), using a 

sample rate of 48 kHz at 16 bit. This configuration permitted to recorder for about 7 consecutive 

days for each deployment. Recordings were carried out during the new moon week, to be sure to 

record the maximum sound activity of crustaceans and fishes (as found by Staaterman et al. 2014 and 

Lillis et al. 2014). 

All recorders were synchronized before the deployment. The recordings took place during winter 

(January and February) and during summer (June, July and September). Data of speed and wind 

Figure 2.  Schematic representation of the deployment system
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direction were collected during the recording sessions in a meteorological station (SIAS - Servizio 

Informativo Agrometereologico Siciliano) located at about 7 km far from the recording sites.

Data analysis

In order to obtain a good representation of the soundscape of the areas, data analysis was carried out 

by considering three bands: 

• Low Frequency Band (LF): from 100 Hz to 500 Hz

• Medium Frequency Band (MF): from 500 Hz to 2 kHz

• High Frequency Band (HF): from 2 kHz to 20 kHz

The choice of these bands allowed to improve the description of the biological components of the 

marine soundscape. Generally, fish emission range up to 2 kHz (Ladich and Fine 2006; Picciulin 

et al.2012, 2013), but they are extremely variable between different groups. For this reason, we 

considered two bands of frequency (LF and MF) as potentially used by different fish species; the third 

band could be occupied by invertebrates broad-band pulses that extend from 2 kHz up to 120 kHz 

(Au & Banks 1998, Buscaino et al. 2011, Di Iorio et al. 2012) or signals (both impulsive and tonal) 

of delphinidae species (Papale et al. 2014, Buscaino et al. 2015).

 Bioacoustic characterization of the biophonic component

In order to obtain a preliminary identification of biological sources and to evaluate the presence/

absence of noise from boats, all data were aurally and visually inspected trough the spectrogram 

survey. The biological emissions responsible of the biophonic component of the soundscape of the 

habitat considered were identified. Since the certain attribution of some sounds to the specific 

biological source was not possible basing on previous works, we first acoustically characterized them 

and then described the daily patterns through the count of the signals. To characterize the sounds, 

a subsample, with a good signal to noise ratio, was randomly selected for each sites. Then the data 

selected were processed using AvisoftSASlab Pro, as follow:

• Signals belonged to LF band: undersampling from 48 kHz to 11.025 kHz; high pass filter of 100 
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Hz; low pass filter of 500 or 800 Hz depending from the signals.

• Signals belonged to MF band: undersampling from 48 kHz to 11.025 kHz; high pass filter of 350 

Hz; low pass filter of 1500 Hz.

• Signals belonged to HF band: high pass filter of 1000 Hz

Filters were applied in order to isolate the different sounds from the other biophonic component but 

without interfere with the signals that we characterized. Subsequently, the signals were characterized 

using the pulse train analysis of AvisoftSASlab Pro, changing the hysteresis, the threshold, the time 

constant and the group time according of each signal analyzed. In detail, for each signal and train 

of signals we measured duration (s), peak of frequency (Hz) and bandwidth (Hz) (for single signal), 

number of pulses (n) and pulse rate (n/s) (for train of signals). 

In order to obtain the daily trend of the principal acoustical components, we processed files of 2 

min/hour collected during the three days over the new moon day. We considered data from summer 

and winter period for each site. All the signals within this subsample were counted.  The count 

process was carried out through both visual and acoustic inspection of files and by using the pulse 

train analysis of AvisoftSASlab Pro for frequent signals.

 Automatic Acoustic Data Processing

Using MATLAB code, the Power Spectral Density (PSD - dB re 1 μPa2/ Hz) of each recording was 

measured following the formulation of Welch (Welch 1967) (windows: hamming 215, overlapping 

50%). The PSD values have been summarized on the three bands (LF, MF, HF bands). 

Then, we computed the Acoustic Complexity Index (ACI) (Pieretti et al. 2011, Harris et al. 2016, 

Buscaino et al. 2016) on the three frequency bands, in order to amplify the biological acoustic activity, 

and filter out the non animal-produced sounds. 

ACI was computed through the SoundscapeMeter plug in of WaveSurfer platform (Pieretti & Farina 

2013). In order to obtain a temporal resolution adapted to amplify the most representative fish sound 

emissions (0.064 sec. - Ceraulo et al. in prep), all data were resampling at 32 kHz and a FFT of 

2048 (frequency resolution of 15.6 Hz). Given that, during choruses of snapping shrimps or fishes, 
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the number of emitted signals could be high, the differences between one temporal step and the 

subsequent resulted to be very low, determining values of the index lower than expected (considering 

the number of signals) (Buscaino et al. 2016). To avoid this problem, the SoundscapeMeter permits 

to apply an amplitude filter (named, noise filter) on the data before to compute the calculation of 

the index. Therefore, all data were processed twice, each time using a different filter setting: one 

without using amplitude filter (ACI no flt), and one using an amplitude filter of 2000 μV2/Hz (ACI 

flt). Successively, the ACI results were summed on the LF, MF and HF bands.

Statistical data analysis

We  carried out the identification and the characterization of the biophonic components of the 

two habitats, considering the mean value of the different parameters for each habitat. In order to 

compare the sounds present both in sandy and Posidonia habitats, we tested their acoustic variables 

for normally distribution (Shapiro-Wilks test); then, since the data was not normally distributed, the 

U-Mann Whitney test was performed.

The two acoustic habitats were compared using three metrics: 

1. the PSD values measured at the three frequency bands and averaged for each recording;

2. the ACI values as proxy of the biophonic activity, measured at the three frequency bands and 

averaged for each recording;

3. the percentage of the boats identified on each recording.

In detail, considering PSD values as dependent variables, linear mixed models (LMEM) (Bates et al. 

2012) were applied to determine if the factors “habitat” (Posidonia, Sand), “daytime” (Day, Night), 

and “season” (Winter, Summer) affected the acoustic levels at the three frequency bands. The factors 

“sites” and “month of recording” were included as random factors. We excluded the recordings with 

the presence of boats because we decided to consider this factor separately. The best-fit model was 

selected by means of model averaging based on the information criterion (AIC). Validation graphs 

(e.g. residuals versus fitted values, Q–Q plots, and residuals versus the original explanatory variables) 

were then analyzed in order to control possible model misspecification and the presence of outliers. 
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For ACI values it was not possible to apply any linear mixed models because the low variability of the 

index in sandy habitat compared to the variability in the Posidonia habitat violates the homogeneity 

of variance criterion. As a consequence, the non parametrical Kruskal-Wallis analysis, and post-hoc 

multiple comparisons test were carried out to compare the values of ACI of the two habitats (for each 

frequency band), in relation to the daytime. We compared only the data from summer recordings 

because it is the only time when biological emissions of fish are present in both habitats. 

Moreover, the influence of wind speed on the PSD values, measured on the three frequency bands, 

was investigated using the linear regression model (LRM).

Finally, the percentage of boats was compared between seasons on each site and between the habitats. 

These data were tested for normally distribution (Shapiro-Wilks test for each group of data). We 

applied T-test for paired data to compare the data from each site between the seasons and the T-test 

for independent data between two habitats.

RESULTS

In total, we recorded 1487 hours (450.7 during the winter and 1036.5 during the summer): 765.8 

hours were collected in posidonia habitat (254 during the winter and 515 during the summer) and 

717.3 hours in sandy habitat (196 during the winter and 521 during the summer).

Characterization of biological sounds 

Through the visual and acoustic analysis of the spectrograms, different biological elements of the 

soundscape were identified as characterizing the two habitats. In table 1, the acoustic features (both 

spectral and temporal) of signals are shown. 

Table 1.  Mean ± SE of signals features measured for the principal biological sounds individuated on each frequency band
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Considering the three bands:

- High frequency bands (Fig.3 A):

Snapping shrimp pulses dominated the high frequency band, only in Posidonia habitat. They were 

recorded in both winter and summer, showing pitches at sunrise and sunset. An increase during the 

summer was present (Fig.4 ).

- Medium frequency band (Fig.3 B-C):

Also in this case biological sounds dominated only in Posidonia habitat. Two different types of sounds 

were identified: tonal (MF fish Fig.3 B) and impulsive sounds (MF pulse Fig.3 C). The impulsive 

sounds were recorded during both winter and summer but only during the day time. Tonal sounds 

were recorded mostly during the night in summer period, with the presence of chorus at sunset. 

During the winter, they were sporadic and no choruses were recorded (Fig.4). In sandy habitat, we 

found only infrequent tonal signals during summer, but no evidence of chorusing either pattern was 

present. 

- Low frequency band (Fig.3 D-E):

In this band, we found fish sounds (probably emitted by one or two similar species) (LF fish) made 

up of train of pulses. These signals were recorded both in Posidonia and in sandy habitats, but they 

showed some different spectral and temporal characteristics (respectively Fig.3-D and 3-E ; tab. 

1). In particular, the duration of pulses (Z=-7.85 p<0.001) and the peak of frequency (Z=-10.11 

p<0.001) were significantly different with longer duration and higher peak in sandy bottoms. Other 

parameters did not show any differences among the habitats (Bandwidth of pulse: Z=-1.0 p>0.05; 

Number of pulse: Z= -1.01 p>0.05; Pulse Rate: Z=-0.6 p>0.05). They were recorded only during 

the summer, and they showed a circadian pattern, with pitches during the sunrise and the sunset (Fig. 

4).
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Figure 3.  Spectrogram, waveform and amplitude spectrum of the principal biological signals recorded. HF Band: A.. Impulsive signals 
of snapping shrimps; MF band: B. Tonal fish sound C. Impulses; LF band: D train of fish impulses recorded in Posidonia Habitat E. train 

of fish impulses recorded in Sandy Habitat
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Acoustical habitat discrimination through PSD, ACI and number   
of boats

The best model (LMEM) selected using the information criterion (AIC), included habitat, daytime, 

season and their interaction as independent variables. In Tab. 2 the results of the models for each 

frequency band are shown. Significant differences resulted between the two habitats for each 

frequency band, considering the season and the daytime (Fig.5). In detail, during the winter (both 

night and day) sandy habitat was noisier (higher level of PSD) than Posidonia considering LF and MF 

bands. During the summer, sandy habitat was still noisier than Posidonia in LF band, but Posidonia 

habitat had higher level of PSD in MF band. The HF band was noisier in Posidonia than in sandy 

habitat both during the winter and summer, during the day and the night time.

Table 2.  Results of selected LMEM models using PSD values as dependent variables and including habitat, daytime, season and their 
interaction as independent variables. Sites and moths of recordings were included as random factors
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In order to investigate how the biophonic component determined differences between the habitat, 

the daily pattern of ACI (with and without filter) during the summer (when both habitats present 

biological emissions of fish) was plotted for each band (Figure 6). 

Figure 5.  Box plot (central line: median; box limits: first and third quartile; whiskers: minimum and maximum) of PSD measured on 
two habitats , during daytime of the different seasons. The star represents the significant differences (p<0.05) between habitats

Figure 6.  Mean ± Standard Error of ACI values, measured without using an amplitude filter (dark green - posidonia habitat; dark 
yellow sandy habitat) and using an amplitude filter (light green - posidonia habitat; light yellow sandy habitat)
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The efficiency of the Index in term of biophonic amplification was different using or not using the 

filter for each band considered. At the low frequency (LF), where the continuous noise of boats, 

wind and wave was predominant, the use of the filter reduced the power of attenuation of these 

sounds. At medium and high frequency bands, where the effect of geo- anthropophonic noise is 

not so strong and the biophonic chorus were more intense, the use of the filter was essential to 

amplify the biophonic component of the soundscape.  Basing on these results, we carried out the 

subsequent analysis using different settings of ACI in relation to the band involved. Comparing ACI 

values calculated during summer, the two habitats presented significant differences both during the 

day and the night, for all frequency bands. In particular, Posidonia habitat showed higher biophonic 

activity than sandy habitat (Kruskal-wallis test: LF band χ2=1673.5, df=3, p<0.001; MF band χ 

2=958.71, df=3, p<0.001; HF band χ2=444.,2, df=3, p<0.001) (Fig.7). 

In order to investigate the differences between the two habitats related to the geophonical components, we 

carried out a regression linear model using wind velocity as independent variable and PSD measured at LF 

band as dependent variable, splitting data for each site and for each wind direction (Tab.3). Only significant 

Figure 7.  Box plot (central line: median; box limits: first and third quartile; whiskers: minimum and maximum) of ACI (without 
amplitude filter at LF band, and with amplitude filter in MF and HF bands) measured on two habitats , during summer daytime. The star 

represents the significant differences (p<0.05) between habitats
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correlations have been reported in Fig.8. The highest angular coefficient (β) resulted for the south wind 

direction within each site. 

Table 3  Results of regression linear model using wind velocity as independent variable and PSD measured at LF band as dependent 
variable, splitting data for each site and for each wind direction. In bold the significant models 

Figure 8.  Scatterplot of PSD values and wind speed, when the direction of wind was from south (dark green - posidonia habitat; dark 
yellow sandy habitat) and from south-western (light green - posidonia habitat; light yellow sandy habitat)
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With the aim of reducing the effect of the different exposition of the sites, we applied a linear 

regression model for the two habitats only when the wind direction was from south, using the velocity 

of wind (m/s) as independent variable and PSD measured at LF, MF and HF band as dependent 

variables. In Tab.4 the results of the models are presented.

Focusing on the anthropogenic noise, the percentage of presence of boats (number of boat events 

on the number of recordings) for each site during both winter and summer is showed in Fig.9. The 

percentage of boats counted visualizing the recordings spectrograms was lower in Posidonia than in 

sandy habitat (T=-2.7; p<0.05) and increased during the summer (T=-3.2; p<0.05).

Table 4 Results of regression linear model using southern wind velocity  as independent variable and PSD measured at LF, MF and HF 
bands as dependent variables

Figure 9. Percentage of boats measured on each site of recordings during both season. The star represents the significant differences 
(p<0.05) between seasons (for each site) and habitats
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DISCUSSIONS

The main goal of this study is to analyze the presence of differences in the soundscape of two of the 

most typical habitats of the Mediterranean Sea: the Posidonia and the sandy habitats. For the passive 

acoustic comparison, we decided to consider three different frequency bands. 

The two environments showed different characteristics both analyzing the biological sonic component 

and by using PSD values or ACI values. 

Moreover, different sounds of marine animals have been individuated as principal elements of 

soundscape of these habitats. 

At LF band, two types of signals have been recorded and characterized. They showed typical acoustic 

properties and daily patterns belonging to fishes of the Ophididae family, in particular Ophidion 

rochei (Parmentier et al. 2010). Acoustic features recognizable on the oscillogram (wave form), 

on the spectrogram (frequency characteristics), a particular pulse rate and the peaking during dusk 

and dawn are distinctive for this species. The pulse rate allows to split the call in two parts: the first 

with a regular decrease of the inter-pulse period followed by a second part with other two different 

inter-pulse periods. Ophidion rochei is a Mediterranean species that typically lives in the sand, but its 

presence in Posidonia habitat has been also recorded (Keskin et al. 2007). In this study, we obtained 

that the frequency characteristics of these fish sounds are different between the two habitats: even 

if the bandwidth is comparable, the peak of frequency in sandy habitat is higher of about 20 Hz. The 

MF band (over 500 Hz) is not used by other species in sandy habitat, while in Posidonia is totally 

saturated by the presence of another fish’s sounds. Therefore, we can hypothesize that the differences 

found on the frequency characteristics could be due to an acoustic adaptation to the two habitats. 

However, since this variation, a certain attribution to one or more species needs further studies.

The MF band was occupied by biological signals only in the Posidonia environment. We obtained 

acoustic presence of pulses along all the daytime and of fish tonal sounds during the summer night 

(with peak at the dawn). The short pulses were present irregularly during the daytime in winter 

and summer. They totally disappeared during the night. In our knowledge, a fish species that emit 

sounds following this seasonal and daily pattern have not been described before. We can also exclude 
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invertebrates as source of these signals, since generally, their acoustic activity, even if present along 

all the year, shows increase during the night and peaks during dusk and dawn (Radford et al. 2008b, 

2010, Buscaino et al. 2011, 2016). The daily pattern of these pulses suggests an association with 

a phenomenon linked to the presence of light. Therefore, one possible explanation could be the 

connection with photosynthetic or decomposition phenomena within Posidonia meadows. For 

example, Hermand (2004) suggests the production of photosynthesis bubbles from posidonia leaves. 

Their collapse could produce sounds as proposed by Pettit and colleagues (Pettit et al. 2015) for 

released ice bubbles. 

Regarding fish tonal sounds in MF band, as far as we are aware, these signals have still not been described. 

They show frequency characteristics and daily pattern similar to Therapon theraps as recorded in 

the Great Barrier Reef in Australia and Arabian Sea (Mahanty et al. 2014, McCauley & Cato 2000). 

Therapon theraps is typical from Indo-West Pacific and Australian waters, but individuals of this 

species and of Therapon jarbua, have been reported in the Mediterranean Sea along the Aegean (Minos 

et al. 2012), Adriatic (Lipej et al. 2008) and Israeli coasts (Golani & Appelbaum-Golani 2010). They 

are considered invasive species, probably arrived in Mediterranean through a Lessepsian migration. 

The intense and regular occurrence of these broadband sounds, along summer days, suggests a stable 

presence of this species along the Mediterranean coasts. Invasive species could determine changing 

in the acoustic community (as proved by Farina et al. 2013 in terrestrial environment) acting as 

selective pressures on the native species. This could lead to variation in communication features of 

local species in order to improve the transmission of information (Acoustic Adaptation Hypotesis, 

Morton 1975). The absence of visual census monitoring in this area does not allow to confirm the 

presence of this specie in this part of the Mediterranean sea. However, our results draw attention to 

the importance of the acoustic method to reveal any rapid changes within an ecosystem. 

The HF band is occupied by impulsive signals of snapping shrimps only in Posidonia habitat. They 

follow circadian and seasonal rhythms as already described along all temperate habitats (Radford et 

al. 2008b, Bohnenstiehl et al. 2016, Buscaino et al. 2016). Their acoustic activity is connected to 

different abiotic factors, such as dissolved oxygen concentration (Watanabe et al. 2002) and water 
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temperature (Bohnenstiehl et al. 2016). Regarding the seasonal activity, the summer increase in the 

number of snaps occurs during the night and both dawn and dusk chorus, but not during the rest 

of the day. Comparing this result with the number of snapping shrimps counted in Lampedusa area 

(Buscaino et al. 2016), a different trend of the snapping activity during the winter season is evident. 

Indeed, in Lampedusa area, the number of snapping signals recorded during January and February 

does not show a strong circadian trend as shown here. This could be due to the presence of the 

upwelling wind, typical of the northern sector of Sicilian Channel (Patti et al. 2010), that determines 

an homogenization of the temperature along the year, while in Lampedusa waters a higher values 

of temperature shift could affect snapping acoustic activity. However, we cannot exclude that the 

differences found among these two areas of the Sicily Channel could also be due to a different species 

composition, since the habitat monitored around Lampedusa Island is a mix of Posidonia oceanica 

patches, sand and rocks.

Focusing on the results of acoustic energy data, the comparison between the two habitats showed 

differences in all the frequency band considered. The sandy habitat presented higher values of power 

spectral density at the low frequency, both in summer and in winter compared to Posidonia habitat. 

Since this result was obtained excluding the files with the presence of boats, it could be due to both 

a different biotic sound activity, or to a different response to the geophonical component. The results 

of the Acoustic Complexity Index indicated that the biophonic component is not responsible for 

higher values of PSD in sandy habitat. We found that Posidonia habitat, during the summer daytime 

showed higher values of index. The analysis of geophonical component, instead, revealed a higher 

angular coefficient of the linear relation among PSD and wind velocity, showing  a stronger noise 

increase at the low and medium frequency bands in sandy habitat. Therefore, our data suggested that 

the geophysics component have different effects on the soundscape, due to the physical structure 

of the two habitats. In terrestrial environment, the presence of vegetation is recognized to be an 

important factor to reduce noise energy (Embleton 1963, Aylor 1972, Kragh 1981). In marine 

environment the seagrass photosynthetic activity produces free gas contained within the aerenchyma 

and bubbles on the surface of the plant tissue. This phenomenon affects the local sound propagation 

and backscattering (Wilson and Dunton 2009; Hermand et al. 1998; Wilson et al. 2012), determining 
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an unique acoustic footprint, commonly used to map and characterize the submerged macrophyte 

(Wilson et al. 2012). As consequence the physical structure of Posidonia meadow, could attenuate 

also the noise produced by geophonical factors, making Posidonia habitat a potential acoustic refuge 

for marine species. This hypothesis has been demonstrated for high frequency signals but not for low 

frequency signals (Wilson et al. 2013). Wilson et al. (2013) showed as the seagrass meadow could 

be an acoustic refuge for fish though its capacity to attenuate the echolocation signals of dolphin 

predators, but they found that 300 Hz tones propagate better through vegetation layers than bare 

substrates. These results depend from the condition and the structure of the meadow, so further 

works are crucial to better investigate this hypothesis. 

The power spectral density measured at medium frequency band showed higher values of energy 

in sandy habitat only during the winter while this effect has been observed in Posidonia habitat 

during the summer. These results could be the effect of geophonic component during the winter, 

that as said before, strongly affects sandy habitat. Instead, during the summer, Posidonia soundscape 

is more affected by biophonic components. This result is confirmed by ACI data measured during the 

summer: the index captures the acoustic activity of fishes during the night and the presence of the 

impulsive signals (at low and medium frequency) during the day. 

At the high frequencies the presence of snapping shrimps make the soundscape of Posidonia habitat 

recognizable during all the year at any time, both through the acoustic energy and the ACI values. 

The presence/absence of these sounds could be a good tool for habitat discrimination because the 

presence of rocks is a critical point for the snapping shrimps  habitat (Williams 1984). 

Considering all frequency bands results, the application of the Acoustic Complexity Index in this 

paper has demonstrated to be a useful proxy for the biotic acoustic activity. Harris et al. (2016) 

compared different acoustic indices relating these to reef fish abundance and diversity. They found a 

strong correlation between the ACI and species richness and evenness. Also, Stateerman et al. (2014) 

and Bertucci et al. (2016) used successfully this index to study and compare different soundscapes. 

We found that the use of this index should take into account different settings that can strongly affect 

the results. The application of an intensity filter to the data or not, can help to discriminate far and 
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fore acoustic fields, leading to amplify the strongest ecoacoustic events (Farina et al. 2016) or to 

attenuate the non biotic component of the soundscape. This parameter is not considered by Herris et 

al. (2016) and the index applied on that conditions doesn’t show these problems on his study. It could 

be due to the fact that Herris et al. (2016) correlated the index values with other species assemblages 

diversity indices, not with the number of signals. Moreover, the reason of different results could be 

found on different habitats analyzed  and in temporal resolutions used, even if the authors found a 

no significant differences using different temporal resolutions. Trough a differential frequency band 

approach, we decided to adapt the computation of the index using the filter only in those bands not 

strongly affected by geophonical component. This method allowed to amplify the chorus of MF fishes 

and HF snapping, but determined the attenuation of the less frequent and less intense pulses in the 

MF band.

Until now, in marine environments single metrics were separately considered to describe habitat 

complexity. In this study, more methodologies have been carried out and developed together for the 

first time, to unroll the acoustic complexity of different habitats. 

Finally, we found that the anthropogenic activity affects differently the two habitats. The percentage 

of boats recorded in sandy habitat is higher than in Posidonia and it increases during the summer. 

The explanation could be found in the use of the area by recreational boats. Clear and bright waters 

with sandy bottom result to be more attractive then the dark waters of Posidonia bottom. This is 

supported by the fact that both habitats located near the more touristic area present the highest 

percentage of boats. During the daylight in summer period, the presence of boats was identified in 

the 30% of the recordings.
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CONCLUSION

Our work demonstrated that the Posidonia habitat is not only richer than sandy one in term of 

number of species, but it is also acoustically richer in term of biophonic components. The presence 

of shelters and food opportunities makes this habitat crucial for species survival and the acoustic 

activities of sonic species revealed the importance of this environment. The bare sandy bottom 

creates a particular habitat where only few species are adapted to live and reproduce. The soundscape 

analysis revealed to be a key approach to understand ecological processes and habitat discrimination. 

The acoustic information transmit by different communities can be received by species helping them 

on orientation processes.

We believe that our results are a good point to investigate the marine coastal systems. However to 

better understand the dynamics of  a complex acoustic environment like the one investigated, a 

new approach based on the characterization of the ecoacoustic events would be strongly desirable, 

as recently suggested by Farina et al. (2016). In this way it could be possible to characterize every 

soundscape not on the basis of separated acoustic sources, but of  their resulting emergent property 

with beneficial effects on the knowledge of the ecological role of  the seascape mosaic along the 

Mediterranean coasts.
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INTRODUCTION AND OBJECTIVES

Underwater sound is characterized by two different components, directional particle motion and 

scalar pressure waves. As an acoustic wave propagates through water, it causes a fluctuation in the 

scalar sound pressure which can be measured using a hydrophone as the difference between the 

instantaneous pressure at a point in the presence of the acoustic wave and the static pressure of the 

medium. Particle motion, on the other hand, is a vector measure described as directional particle 

displacement, velocity or acceleration and is measured using directional accelerometers. All fish 

and marine invertebrates have sensory systems that allow them to perceive particle motion (Fay 

1984). Many marine animals also have specially developed organs that permit them to detect sound 

pressure. When organisms possess both these sensory systems for sound detection, they will perceive 

the two components of sound with different sensitivities (Offutt 1973; Popper 2011; Radford et al. 

2012). Understanding the differences between how sound pressure and particle motion propagate 

through the water in the marine environment is therefore important in order to fully understanding 

how sound may affect the creatures living there.

Until recently, a lack of availability of affordable particle motion sensors has meant that theoretical 

relationships have tended to be used by researchers to estimate particle velocity from measurements 

of sound pressure made both in laboratory water tanks and in the field (Picciulin et al. 2010, Filiciotto 

et al. 2016, Nedelec 2016). Theory states that, in open water, sound pressure and particle velocity 

are linearly related (Harris 1964, Chapman and Hawkins 1973). However this direct relationship is 

only valid when assuming that sound propagates as a plane wave; an assumption that is not met in 

enclosed tanks, in shelf seas or shallow bodies. Shelf seas and shallow water bodies provide essential 

habitats for a wide range of socio-economically important fish and invertebrate species (Biagi et al., 

1998), however the relationships between sound pressure and particle motion in these locations are 

still largely unknown. 

To address this, recent work by Hazelwood and Macey (2016) has focused on the problem by taking 

measurements of sound pressure and particle motion on the bed of a shallow enclosed dock during 

simulated pile driving. In their experiment they showed that the pile driving generated relatively 
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slow moving ‘ground roll’ waves that propagated through the sediment-water interface and had a 

significant effect on the vertical component of particle velocity away from the sound source. Their 

results showed that the vertical particle velocity could be of the order 20 dB higher than the particle 

velocity calculated from theory.

The objective of this work is to evaluate and compare direct measurements of sound pressure level 

(SPL) and particle velocity generated by experimental pile driving in an industrial-sized confined 

space. The work builds on the previous work of Hazelwood and Macey (2016), but here the focus is 

to try to establish the relationship between sound pressure and particle velocity from measurements 

taken above the bed, rather than on the bed, in order to reduce the influence of ground roll. 

Comparisons are made in terms of the single strike Sound Exposure Level [SEL] for a series of pile 

strikes and in terms of their power spectral density (PSD) measured on third-octave bands.

MATERIAL AND METHODS

Data Collection

Recordings of pressure and particle velocity were carried out during experimental pile driving 

conducted in a confined industrial-sized flooded shipbuilding dock(dimensions: 92 x 18 with an 

average water depth of 2.5 m) that incorporated a simulated seabed layer (approximately 3.5 m 

thick). The simulated seabed sloped slightly, which corresponded to a 2.5 to 3.5 m water depth 

(Bruintjes et al. in review). Pile driving was generated by a 200 kg hammer (~1.6 kJ hammer 

energy) striking a 7.5m long, 0.17 m diameter, steel pile that rested on the simulated seabed. To 

ensure a stable position of the pile and similar acoustic conditions during subsequent pile driving, a 

steel plate (151 x 164 x 1.4 cm) was welded at 50 cm from the base of the pile. At the deepest side of 

the dock a section lacked simulated seabed sediment to facilitate draining (Figure 1). The pile driver 

strike rate was 10 strikes per minute. 

Separate trials were carried out with the pile located at two different locations in the dock (deep and 

shallow; Figure 1).During each trial, simultaneous recordings of sound pressure level and particle 

velocity were collected along nine equally spaced transects within the dock, providing a total of 27 

(9 x 3) measurement points, which was repeated at a depth of 1 m and 1.8 m (Figure1).
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Figure 1.  Map of the shipbuilding dock. Red triangle indicates the location of the pile in the shallow side of the dock and 
red star indicates the location of the pile in the deep side of the dock. Black points indicate recording locations and the 
blue colors represent the depth of the water column. N.B. the part lacking sediment (dark blue) was not used for sound 

recordings

The SEL of pressure measurements were recorded using a hydrophone (High Tech, Inc. model HTI-

96-MIN with a sensitivity of -165 dB re 1V/μPain the range of 2-Hz to 30-kHz). For particle velocity, 

a 3-axis particle motion sensor (GeoSpectrum Technologies model M20-PVL with a sensitivity of 

-87 dB/V re 1m/s at 10 Hz, -66 dB/V re 1m/s at 100 Hz and -42 dB/V re 1m/s at 1000 Hz) was 

used. Both sensors were connected to a Roland BOSS BR-800 4-channel digital sound recorder.

The hydrophone and accelerometers were deployed via a rope and pulley system with the instruments 

hanging at a fixed depth in the water column. This meant that the accelerometers were decoupled 

from the seabed and hence less likely to receive a ‘ground roll’ signal. However, the method of 

deployment was prone to additional noise being introduced from wind induced vibration and care 
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needed to be taken to remove bad data from the recordings (described in the following section).

Data Analysis

Calibrated data of pressure and particle velocity for each recorded pile strike were analysed 

using paPAM software (version 0.87 developed by Nedelec et al., 2016) which was modified to 

automatically detect and process all the individual pile strikes. The calibration process took into 

account the sensitivity response of the particle motion sensor which was not constant across the 

frequency spectrum.

The recordings from each experiment were analysed to obtain the following parameters:

• single strike Sound Exposure Level for pressure [SEL
h
] (dB re 1μPa) 

• single strike Sound Exposure Level for 3 axis particle velocity [SEL
x,y,z

] (dB re 1nm/s )

• single strike third-octave band Pressure Spectral Density of pressure [PSD
h
] (dB re 1μPa) with 

center frequencies of 100 Hz, 125 Hz, 160 Hz, 200 Hz, 250 Hz, 315 Hz, 400 Hz, 500 Hz, 630 

Hz, 800 Hz, 1000 Hz, 1250 Hz, 1600 Hz, 2000 Hz and 2500 Hz.

• single strike third-octave band Pressure Spectral Density of 3 axis particle velocity (dB re 1nm/s 

) [PSD
x,y,z

] with center frequencies of 100 Hz, 125 Hz, 160 Hz, 200 Hz, 250 Hz, 315 Hz, 400 Hz, 

500 Hz, 630 Hz, 800 Hz, 1000 Hz, 1250 Hz, 1600 Hz, 2000 Hz and 2500 Hz.

The 3-axis particle velocity data (SEL
x,y,z 

and single strike PSD
x,y,z 

for each third-octave band) were 

combined to give scalar values following the formula:

where SEL
x
, SEL

y
 and SEL

z
 are the values of Sound Exposure Level for each direction, and PSD

x
, 

PSD
y
 and PSD

z
 are the values of Sound Pressure Density for each direction for each third octave band.
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During windy periods the measured vertical (z-axis) velocity became very large relative to the x- and 

y-axis velocities due to wind induced vibration in the rope and was observed to be constantly high 

even between the pile strikes. The data recordings were therefore visually inspected to assess the 

level of vertical (z-axis) particle velocity relative to the sound pressure and x- and y- axis velocities 

and any periods of bad data were discarded. 

RESULTS

Out of a total of 1214 pile driving strikes recorded, only 371 were deemed to be free from wind 

induced noise. Of these, 116 strikes were during pile driving in the deep location and 255 strikes 

during pile driving in the shallow location (Figure 1). Figure 2 shows spatial maps of SEL
h
 (A and C) 

and SEL
xyz 

(B and D) at 1 m below the surface for pile driving at both locations.

 

Figure 2.  Spatial maps of SEL
h
 (A, C) and SEL

xyz
 (B, D) during pile driving at both of driving locations (white triangles 

indicate the location of the pile in the shallow side and white stars indicate the location of the pile in the deep side of the 
dock). N.B. the grey part was lacking sediment and it did not use for sound recordings

Figure 3 shows the SEL
h 
versus each of the vector components SEL

x
, SEL

y
, and SEL

z
for all recordings 
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during pile driving at the shallow (A) and deep (B) locations.

Significant correlations between SEL
h
and each particle velocity vector component (SEL

x,y,z
) were 

found (Table 1).

Pile Location SELx SELy SELz

Deep SELh

ρ .935 .953 .766

p <0.001 <0.001 <0.001

N 19 19 19

Shallow SELh

ρ .858 .875 .928

p <0.001 <0.001 <0.001

N 23 23 23

Table 1.  Pearson’s correlation results between SEL
h
 and SEL 

x,y,z
 for each pile locations

Our results show that during pile driving the average SEL
h 
measured at a distance of 2 m from the 

pile driving sound source was 152 dB re 1μPa. This reduced to an SEL
h 
of 135 dB re 1μPa at 30 m 

from the pile. The reduction in sound pressure with distance is plotted in Figure 4 and a logarithmic 

Figure 3. Scatterplot and regression lines of strike averaged SEL
h
 and SEL

x,y,z 
at each measurement during  pile driving considering 

both pile locations together

117
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fit to the sound pressure data show that the sound is reducing with a slope of -11.9 which is therefore 

close to pure cylindrical spreading (slope = 10). Also included in Figure 4 is a plot of SEL
xyz

 versus 

distance which has a very similar logarithmically fitted slope of -11.8. Values of SEL
xyz 

(i.e. scalar 

particle velocity) during pile driving were on average 102 dB re 1nm/sat a distance of 2 m from the 

acoustic source, reducing to 86 dB re 1nm/s at 30 m from the pile driving source. 

Figure 4. SEL
h
 (blue circles) and SEL

xyz
 (red squares) during pile driving versus distance from the pile driving source (considering both 

pile locations together)

The spatial pattern of the measured sound levels within the dock show a dip in sound level at 

between 30-40 m from the sound source which could be consistent with phase interference caused 

by reflections from the dock side-walls, both for sound pressure and particle motion.

Sound pressure and particle velocity showed a different frequency distribution. For sound pressure, 

a shallow water cut-off frequency was observed. During pile driving in the deep part of the dock, 

the frequency cut-off for the pressure was below approximately 300 Hz; during pile driving in the 

shallow part of the dock, the frequency cut-off for the pressure was below approximately 400 Hz. 

The frequency cut-off was independent from the distance from the sound source (Figure 5). A similar 
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reduction in intensity at low frequencies was not observed for particle velocity (Figure 5).

The different frequency distribution of the two components is evident when considering the 

averaged PSD values of pressure and velocity for each 1/3 octave bands (Table 2). Considering the 

different cut-off frequency for pile driving at the different pile driving locations, the averaged values 

Figure 5.  Average values of single strike third-octave band PSD for SPL pressure(blue line) and particle velocity (green line) for several 
recording points during pile driving at the two pile driving locations (Shallow and deep ends)
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of particle velocity below the frequency cut-off were comparable to the averages ones measured 

above the frequency cut-off.

Possible reasons for the relatively large values of particle velocity at the low frequencies could be 

due to the presence of ground roll waves or noise induced by wind induced waves and/or vibrations 

of the instrument cables. This is highlighted by the fact that the vertical velocities are by far the 

largest as shown in Figure 3. To highlight this further, the maximum, minimum and mean relative 

magnitudes of the measured particle velocity to the theoretical particle velocity compared with that 

for a theoretical plane wave are shown in Table 3.

Table 2. Mean and standard deviation of pressure and particle velocity PSD calculated for 1/3 octave bands
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Velocity component Max ratio Min ratio Mean ratio
x-axis 1.5 0.6 4.8
y-axis 1.7 0.7 4.3
z-axis 3.5 1.2 9.9

DISCUSSION

In this study, measurements were taken to try to determine the relationship between sound pressure 

and particle velocity in a very shallow and enclosed environment. The results show that the relationship 

between the two components is approximately linear, as theory suggests, but the recorded values of 

particle velocity are generally larger than expected, particularly for the z-axis velocity which is 

shown to have a magnitude of 1 to 10 times (average 3.5) that of the theoretical velocity for a plane 

wave at the same sound pressure (See Table 3). The horizontal (x and y) components of velocity were 

both between 0.6 and 4.8 (average 1.6) times the velocity predicted for a plane wave.

The large vertical velocities were predominantly at low frequencies (<400Hz) at which sound 

pressure was reduced due to low-frequency cut-off caused by the shallow depths. This might therefore 

be accounted for by the presence of ground roll waves as described by Hazelwood and Macey (2016). 

However, the instruments in the current study were not mounted on the bed, so we expected a less 

pronounced ground roll, although still present in the water column to some degree. Some of the 

additional vertical particle velocity could be caused by wind induced water waves or vibrations in 

the instrument cables. During the experiment, indeed, periods of strong wind showed significant 

increases in the z-component of velocity, making many of the measurements unusable. Although the 

noisiest data were removed from the analysis it cannot be ruled out that some of the particle velocity 

values are affected (increased) due to the presence of low level wind induced velocities.

Therefore, for understanding the relationship between sound pressure and particle motion we 
suggest the strong need to obtain noise-free measurements by isolating the pile driving component 

in order to verify the effect of its noise on the z-axis.

Table 3. Ratio of the measured particle velocity versus that of a theoretical plane wave
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DISCUSSION

In the last years, the soundscape ecology became useful instrument to study ecological process in 

terrestrial environment (Sueur et al. 2008, Pieretti et al. 2011, Farina 2014) and it revealed essential 

to study marine processes that, in other way, will remain hidden. The traditional marine ecological 

studies, indeed, are limited to single species once each, without a comprehensive understanding of 

the interaction between all components of the community. The use of sound as source of information, 

instead, leads not only to collect data by a non-invasive approach (without interfere with the dynamic 

of the system) but also allows to obtain a broad spectrum of information simultaneously from all the 

sonic components. The soundscape ecology uses the sound of the environment in its entirety to draw 

information about eco-acoustic events along space and time (Farina et al. 2016). 

The principal aim of my PhD thesis was to study the soundscape of Mediterranean shallow water 

system using an eco-acoustic approach. At the beginning of this thesis (Chapter 1) we explained why 

the Mediterranean system is so important from a cultural, socio-economic and biologic prospective 

and how the soundscape approach can help to understand the natural dynamics and changes of 

this environment. The Mediterranean sea is recognized as system of great values for the high level 

of biodiversity (Bianchi & Morri 2000), but the study of its acoustic environment is still at the 

beginning. From a bioacoustic point of view, identification and characterization of the Mediterranean 

fishes and crustaceans sounds is still uncertain and full of gaps, due to the difficult to manage specific 

experiment in controlled conditions and to obtain results comparable to the reality. Therefore the 

soundscape studies can be crucial to help us to understand the behaviour of the community and the 

effects of the human impact.

To begin the study of Mediterranean shallow water soundscape, we have considered as a good example  

the waters of Capo Grecale, within the Marine Protected Area (MPA) of the Pelagie Island, in the 

middle of the Sicilian Channel (Chapter 2). Here, all human activities have been prohibited (no-

entry zone) since 2002. The Sicilian Channel is considered an area of high biogeographical (Bianchi 

2007) and hydrodynamic importance (Béranger et al. 2004), and it can be regarded as a privileged 

observatory for biodiversity monitoring (Azzurro et al. 2013). During this study, we collected 
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data for one year-long describing seasonal and daily patterns of the biological component of the 

soundscape. We found that fishes and crustaceans produce summer choruses that, during dusk and 

down, totally saturate the acoustic frequency spectrum (from few Hz to thousands Hz). 

If the sonic communities in the Mediterranean Sea present an acoustic activity extremely periodic 

and highly foreseeable from a temporal point of view, in the spatial scale they changed locally - in 

a range of few hundred meters - in relation to the changing of the bottom substrate. This topic has 

been analyzed during another dedicated work (Chapter 4). In order to study the soundscape of 

different Mediterranean habitats, we collected data along the southwestern coasts of Sicily, in an 

area comprised between Capo Granitola and Tre Fontane villages. Here the seascape is characterized 

by an alternation of patches of sand and Posidonia oceanica meadows and the soundscape of these 

has been compared. We found that the two habitats, moving between one patch and the other. are 

distinguishable considering all components of their acoustic environment. This different degree 

of soundscape variability (temporally and spatially) could be a source of information for different 

marine species that could extrapolate two-dimensional information from different seascapes. 

Furthermore, a strength relation between the geo-physical conditions of the environment and the 

acoustic activity of the community was demonstrated (Chapter 2 and 4). Changing of water 

temperature, light conditions and the physical structure of a habitat determines different consequences 

on the behaviour of the community (Connaughton et al. 1997, 2000, Watanabe et al. 2002, Radford 

et al. 2010, Bohnenstiehl et al. 2016). This is an important element to consider, when we evaluate 

the effect of global changes driven by human activity.

Within this framework, the human pressure acts intensively on the Mediterranean soundscape. The 

rate of vessel passages near the coast achieves 30% of the recording during all daylong (Chapter 2 

and 4). It means that, considering the general diurnal vessel activity, it can reach the 60% during 

the daylight summer days. When boat passages overlaps the chorus fish activity, the produced noise 

interferes with the frequency range of the fish, with a possible decrease of information exchange for 

the species (Chapter 2). If we consider that the actual systems of protection (Marine Protected 

Area) do not take into account the transmission property of sound in water, they resulted to be 
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inadequate to reduce the impact of vessel noise (Chapter 2). This is extremely alarming, in the light 

of the effects of noise pollution on marine animals (Croll et al. 2001, Thomsen et al. 2006, Celi et al. 

2015, Papale et al. 2015, Filiciotto et al. 2016). 

Finally, considering that mostly marine species perceive the acoustic stimuli through particle motion 

(Offutt 1974, Popper et al. 2001, Radford et al. 2012), the results obtained in the last chapter 

(Chapter 5), deal the use of pressure as measurement of noise pollution in a shallow water enclosed 

environment. We demonstrated that, in an enclosed environment, there is a non-linear relationship 

between these two metrics at low frequency, posing the problem of a possible underestimation of the 

effects of human generated sounds on the marine animals during experimental setting. Using particle 

motions as meter of measure of the noise effects, make us closer to the understanding of the real 

dimension of our actions on the marine animal life. 

During all these studies, the tools used by soundscape ecology to extrapolate information from the 

acoustic recordings, revealed to be essential for the analysis and interpretation of huge quantity of 

data. Despite of, the need of adapting them to the Mediterranean marine acoustic variability resulted 

evident. The use of the Acoustic Complexity Index as proxy of biophonical activity, needs a previous 

phase of testing in order to consider the correct setting and to avoid a misinterpretation of the results 

(Chapter 3). 

CONCLUSION AND FUTURE PROSPECTIVES

This thesis represents the base study for the future Mediterranean soundscape analysis, describing 

and characterizing the acoustic environment and their components. This first knowledge paves the 

way for new questions and studies through different approaches. 

From a bioacoustic perspective: during these studies a bioacoustic identification and description of 

biological sounds was carried out, helping to improve the knowledge in this field. Some of sounds 

of biological origin, have been described for the first time in the Mediterranean Sea. Future works 

could be direct to prove the correct association of these sounds to that species and help to understand 

the geographic presence of these species along a Mediterranean gradient. Other sounds recorded are 
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straightly related to Posidonia environment and process, but more studies are necessary to completely 

understand their production processes.

From a methodological perspective: the use of acoustic energy and ACI index as metrics, confirmed 

the importance to understand and describe the eco-acoustic events of Mediterranean shallow water 

soundscape. Despite of, the raw application of these metrics to Mediterranean data could determine 

incorrect results and big issue is still necessary to appropriately set their parameters before applying 

them to all dataset. Further efforts need to be considered to improve the use of the ACI to marine 

acoustic environment and to take into account the variability of the background noise that can 

influence results.

From a soundscape ecology perspective: which kind of sounds and how the animals use the acoustic 

information in the Mediterranean Sea is still unknown and nowadays, the human interference on 

this process is underestimated. The sound is an important resource for habitat discrimination and 

orientation in marine environment (Griffin 1955, Tolimieri et al. 2000, Jeffs et al. 2003, Slabbekoorn 

& Bouton 2008), and it is a new important field of study that need to be expanded in the Mediterranean 

system. 

Moreover, to date the connection between the health status of the habitat and its soundscape 

complexity is poorly analyzed (Piercy et al. 2014, Bertucci et al. 2015), and totally unknown in 

the Mediterranean system. The full comprehension of this relationship, mostly in key habitats as 

Posidonia oceanica meadows, could make the soundscape approach one of the most useful tool of 

monitoring of the habitat changes. 
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a b s t r a c t

This study examined the effects of boat noise on the behavioural and biochemical parameters of the
Mediterranean spiny lobster (Palinurus elephas).
The experiment was conducted in a tank equipped with a video and audio recording system. 18 exper-

imental trials, assigned to boat noise and control conditions, were performed using lobsters in single and
group of 4 specimens. After a 1 h habituation period, we audio- and video-recorded the lobsters for 1 h.
During the experimental phase, the animals assigned to the boat groups were exposed to boat noise
pollution (a random sequence of boat noises). Exposure to the noise produced significant variations in
locomotor behaviours and haemolymphatic parameters. Our results indicate that the lobsters exposed
to boat noises increased significantly their locomotor activities and haemolymphatic bioindicator of
stressful conditions such as glucose, total proteins, Hsp70 expression and THC when tested both singly
and in groups.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past 50 years, anthropogenic activities, in particular
shipping traffic, have produced increasing background sea noise
pollution (Ross, 2005; Hildebrand, 2009). Human activity can gen-
erate alterations and other significant changes in marine habitats
and animals (Myrberg, 1990; McIntyre, 1995; Popper et al.,
2004). In recent years, many studies have evaluated the effects of
anthropogenic acoustic disturbance on marine organisms
(Santulli et al., 1999; Scholik and Yan, 2001; Sarà et al., 2007).
These sounds, associated with shipping, seismic surveys, sonar,
and many other anthropogenic sources, induce several types of
effects in fish and marine mammals (Au et al., 1974; Myrberg,
1990; Thomas et al., 1990; Engås et al., 1996; Scholik and Yan,
2001; Sun et al., 2001; Amoser and Ladich, 2003; NRC, 2003;
Romano et al., 2004; Smith et al., 2004; NCR, 2005; Popper et al.,
2005; Sandström et al., 2005; Wysocki et al., 2006; Codarin et al.,

2009; Buscaino et al., 2010; Filiciotto et al., 2013). However, few
studies have evaluated the effects of acoustic stimuli on aquatic
crustaceans (Christian, 2003; Andriguetto-Filho et al., 2005; Celi
et al., 2013; Wale et al., 2013).

In aquatic crustaceans, the impact of environmental stress can
directly affect haematological parameters (Perazzolo et al., 2002;
Celi et al., 2013). THCs and DHCs have been used to assess crusta-
cean health and the effects of stressful conditions. Decreases in
the THC under stressful conditions have been reported for several
marine crustacean species (Le Moullac et al., 1998; Sánchez et al.,
2001). Moreover, although the response of the DHC to different
stressors is not well understood; it has been used as a stress indica-
tor in crustaceans (Jussila et al., 1997; Johansson et al., 2000).
Changes in the levels of other plasma components have been
described in shrimp under several conditions. Hyperglycaemia
and total proteins are typical stress responses to harmful physical
and chemical environmental changes, including hypoxia and expo-
sure to air during commercial transport (Le Moullac et al., 1998;
Durand et al., 2000; Speed et al., 2001). Hyperglycaemia has been
associated with increased circulating crustacean hyperglycaemic
hormone (CHH) titres (Stentiford et al., 2001; Lorenzon et al.,
2004) andhas beenused as an index to assess CHHactivity and envi-
ronmental stress. Blood protein levels fluctuate with changes in
environmental and physiological conditions and play fundamental

http://dx.doi.org/10.1016/j.marpolbul.2014.05.029
0025-326X/� 2014 Elsevier Ltd. All rights reserved.

Abbreviations: BOAT, Boat noise condition; CTRL, Control condition; BSA, bovine
serum albumin; CHH, crustacean hyperglycaemic hormone; DHC, differential
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protein concentration; SIM, Social Interaction Module; TBS, Tris-buffered saline;
THC, total haemocyte count.
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roles in the physiology of crustaceans, from O2 transport to repro-
duction to stress responses (Chang, 2005; Lorenzon et al., 2011).
These findings suggest that total protein concentration levels (PC)
can potentially function as a stress indicator that can be used to
monitor the health status of crustaceans (Lorenzon et al., 2011).
The bioindicators of stressful conditions in crustaceans include
Hsp70 expression (Snyder and Mulder, 2001; Liberge and
Barthélémy, 2007). Little is known about the effects of noise on
Hsp expression. Wu et al. (2001) showed that Hsp70 expression
increased after exposure to a stressful noise in humans, and
Hoekstra et al. (1998) reported that the expression of Hsp70 (but
not Hsp30, Hsp60 or Hsp90) is increased in birds after exposure to
a loud noise.

Behavioural observations, in combination with physiological
assessment, may provide a more complete understanding of the
homeostatic perturbations of an organism due to external or inter-
nal stress stimulus. For example, quantifiable behavioural changes
in an organism that are associated with stress and toxicant expo-
sure provide novel information that cannot be gained from tradi-
tional toxicological methods, including short-term and sub-lethal
exposure effects and the potential for mortality (Bridges, 1997;
Henry and Gary, 1986; Saglio and Trijasse, 1998).

A combination of behavioural and physiological approaches
may have significant relevance in crustaceans, for which the
behavioural patterns in response to stress conditions are not yet
well known.

For example, Payne et al., 2007 found that lobsters exposed to
very high as well as low sound levels experienced no effect on
delayed mortality or damage to the mechanosensory system asso-
ciated with animal equilibrium and posture. Celi et al. (2013)
observed that red swamp crayfish showed altered aggressive
behavioural patterns and changes in the components of the hae-
mato-immunological system, such as serum glucose concentra-
tion; protein concentration; agglutinating activity; and THC, DHC
and Hsp70 expression, when exposed to an acoustic stimulus in
a frequency band of 0.1–25 kHz, clearly reflecting a stress
condition.

The European spiny lobster Palinurus elephas is a common crus-
tacean species along the Mediterranean and northeastern Atlantic
coasts (Hunter 1999). This species, which is primarily active at
night for feeding and reproduction (Goni and Latrouite, 2005), rep-
resents one of the major targets of Mediterranean artisanal fisher-
ies, and while catches are now reduced and sporadic, this fishery
has a long history (Goni and Latrouite, 2005; Groeneveld et al.,
2006).

In mobile species such as the European spiny lobster, locomotor
movement is an important link between the behaviour of individ-
uals and ecological processes (Herrnkind, 1983; Spanier et al.,
1988; Lawton and Lavalli, 1995). Density-dependent mechanisms
underlying the structure and dynamics of populations and commu-
nities are often sensitive to short-term changes in the spatial
distribution of individuals due to movement (Milinski and
Parker, 1991).

Moreover, spiny lobsters, like other arthropods, produce acous-
tic signals (Patek, 2002; Patek and Oakley, 2003; Patek and Baio,
2007; Bouwma and Herrnkind 2009; Buscaino et al., 2011a,
2011b). Some authors have assumed that lobsters only produce
sounds in an antipredatory context (Patek 2001, 2002; Patek and
Oakley, 2003; Bouwma and Herrnkind, 2009), while others suggest
that sounds may be used in social context as well (Mercer, 1973).

Although the ability of lobsters to perceive acoustic signals has
not yet been documented and even the sensitivity of lobsters to
different frequencies remains unknown (Buscaino et al., 2011b),
the hypothesis that P. elephas is able to perceive boat noise appears
reasonable because of the wide bandwidth of acoustic signals gen-
erated by boats (from a few Hz to more than 20 kHz; Codarin et al.,

2009; Hildebrand, 2009), as Celi et al. (2013) have already
observed in crayfish exposed to a linear sweep with a frequency
range of 0.1–25 kHz.

In consideration of the concerns described above, the present
study investigated the behaviour (locomotor states and acoustic
emissions) and biochemical (haemolymphatic parameters)
responses of the European spiny lobster (P. elephas) after the expo-
sure to acoustic pollution consisting of boats noises. The locomotor
analysis automatically estimated the movement/position events of
lobsters, offering a novel, high-throughput method of measuring
the relationship of the lobster compared to traditional manual
analyses. The biochemical effect on the lobsters was evaluated by
estimating the serum glucose concentration; total protein concen-
tration; and THC, DHC and Hsp70 expression as stress indexes.

2. Materials and methods

2.1. Animal housing and experimental design

The present study was carried out at the Institute for the Marine
and Coastal Environment of the National Research Council (CNR-
IAMC) of Capo Granitola (SW Sicily, Italy). Approximately 80 spec-
imens of European spiny lobster (P. elephas) were captured in May
2013 at a depth of 20–25 m near Mazara del Vallo (SW Sicily, Italy)
by fishermen using a commercial trammel net (54-mm inner-panel
mesh size, 1200-m length). After capture, the lobsters were trans-
ferred to two indoor circular PVC tanks (2.35 m diameter and 1.5 m
depth) for a month-long acclimation period. Before the beginning
of the acclimation phase, males were marked using a non-toxic
water resistant paint (Markservice, Milan, Italy) that was spread
on the central portion of the lobsters’ carapace to distinguish them
from the females.

The lobsters were fed with frozen molluscs, shrimps and fish
ad libitum. After the acclimation period, 36 lobsters (18 males
and 18 females) of 301.96 ± 69.8 g in weight and 7.73 ± 0.69 cm
in carapace length (mean ± SD), individually or in groups of 4 indi-
viduals, were randomly collected from the holding tanks, were
assigned to the trials and were used in only one experiment to
meet the assumption of experimental independence. For the
experimental procedure, we used only lobsters that had not
recently molted. The lobsters were released into the centre of an
experimental tank that was identical in size, shape and water com-
position with the holding tanks. No shelter was present in the
experimental tank. The lobsters were deprived of food for 5 days
before the start of the experimental trials. All animals were kept
under natural photoperiods.

The holding and experimental tanks were equipped with an
independent flow-through seawater system from a common
source (25 ± 3.7 l min�1; mean ± SD). Salinity was 36.4 ± 0.81 ppt
(mean ± SD), and the temperature was 18.61 ± 0.39 �C (mean ± SD)
during the entire study period.

The experiment was performed during the month of June 2013.
During the experimental procedure, the lobsters were exposed to
two different acoustic conditions (Fig. 1):

� Boat noise condition (BOAT) – an underwater loudspeaker
reproduced the noise from a marine area with high anthropo-
genic acoustic pollution using a random sequence of boat
noises, including recreational boats, hydrofoils, fishing boats
and ferry boats;

� Control condition (CTRL) – lobsters were exposed only to the
low-level noise of the experimental tank’s background noise.
The loudspeaker, even if turned off, was not removed from
the tank during the control trials to maintain the same
landscape as the treatment trials.
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In total, 18 experimental trials were performed: six trials with
single animal for each condition (the trials had males and females
in equal ratio), and three trials with lobsters in groups of 4 animals
for each condition (for each group, 2 males and 2 females were
used).

After a 1 h habituation period, we audio- and video-recorded
the behaviour of the lobsters for 1 h (30 min = pre-experimental
phase; 30 min = experimental phase). In the experimental phase,
the animals assigned to the ‘‘Boat noise condition’’ were exposed
to the BOAT stimulus. Members assigned to the control group were
not exposed to any stimuli (only the low-level noise of the exper-
imental tank environment). At the end of the experimental phase,
both the control and exposed to boat noise animals were captured
with a net and placed on crushed ice for 15 min to induce torpor or
‘cold anaesthesia’ to allow sampling of the haemolymph. The sam-
ples were collected from the experimental animals, and the lob-
sters then were transferred into a post-experimental tank and
released after recovery.

This experimental procedure was repeated for each specimen in
both single and group conditions.

The protocols for animal husbandry and experimentation
were reviewed and approved in accordance with EEC Directive
86/609.

2.2. Acquisition and projection of acoustic stimuli

To obtain acoustic recordings of the noises from boats and in
the experimental tank, we used a calibrated hydrophone (model
8104, Bruel & Kjer) with a sensitivity of �205.6 dB re 1 V/lPa ±
4.0 dB in the 0.1-Hz to 80-kHz frequency band. The hydrophone
was used with a preamplifier (VP1000, Reson) with a 1-MHz
bandwidth single-ended voltage that had a high-pass filter set at
10 Hz and a 32-dB gain. The equipment was connected to a digital
acquisition card (USGH416HB, Avisoft Bioacoustics, set with no
gain) managed by the Avisoft Recorder USGH software (Avisoft
Bioacoustics). The signals were acquired at 300 kilosamples s�1 at
16 bits and were analysed by the Avisoft-SASLab Pro software
(Avisoft Bioacoustics). The format of file was .wav.

The marine traffic noise condition was obtained recording in an
area near a harbour, characterised by the alternating passages of
different types of boats.

The noise in the experimental tank was recorded to characterise
the baseline noise of the study environment. During the entire
experimental period, the seawater-recirculating flow was directly
deployed beyond the tank water surface to prevent any bubbles,
and no air pumps were used.

To project the acoustic stimulus of different boats inside the
experimental tank, a playlist with the acquired wave file was cre-
ated. The playlist was projected using the ‘‘loop mode’’ function of
the Avisoft-SASLab recorder software (Avisoft Bioacoustics)
through the stereo output of the PC connected to a Power Amplifier
(type 2713, Bruel & Kjer - Naerum, Danemark). The amplifier was,
in turn, connected to the underwater loudspeaker (Model UW30,
Lubell, Columbus, Ohio, USA).

2.3. Audio and video monitoring system and analysis

To avoid disturbing the animals inside the experimental tank, a
laboratory enclosure was placed 2 m from the tank, and the equip-
ment required for audio–video monitoring and recording installed
there. The acoustic signals emitted by the lobsters, the baseline
noise of the tank and the acoustic stimulus were recorded using
a calibrated hydrophone (model 8104, Bruel & Kjer, - Naerum,
Danemark) with a sensitivity of �205.6 dB re 1 V/lPa ± 4.0 dB in
the 0.1 Hz to 80 kHz frequency band. The hydrophone was placed
at 0.5 m depth and close to the tank wall. The equipment was con-
nected to a digital acquisition card (USGH416HB, Avisoft Bioacous-
tics, septate with 40 dB gain) managed by dedicated Avisoft
Recorder USGH software (Avisoft Bioacoustics). The signals were
acquired at 300 kilosamples s�1at 16 bits and analysed by the
Avisoft-SASLab Pro software (Avisoft Bioacoustics).

In Fig. 2, the experimental tank background noise (CTRL) is
compared to the mean power spectrum of boats stimulus (BOAT).

To count the acoustic emission by a lobster, a ‘‘Pulse Train Anal-
ysis’’ tool from SASLab Pro were used. Because in the experimental
tank noise at low frequencies is present, especially for the trial
with acoustic stimulus (see Fig. 2), the wave files were filtered
(High-Pass 30 kHz). Acoustic rasps emitted by lobster are, how-
ever, visible at frequencies higher than 30 kHz (Buscaino et al.,
2011b).

The video system was used to monitor the lobsters’ behaviour
and was synchronised with the system used to record the acoustic
signals.

Videos for behavioural monitoring were recorded with an ana-
logical camera (model 830, Skynet Italia s.r.l.) placed on the top of
the experimental tank. The camera was linked to a PC, and the files
were managed by Nero Vision 12.0 (Nero Development & Services
GmbH, Germany).

Initially, videos were observed with the aim to detect escape
behaviours, such as Tail Flip events. A visual continuous sampling
procedure (each observed event was annotated in a sampling
table) was applied only for Tail Flip and was performed because

Fig. 1. Spectrogram of the experimental tank background noise and of different boat noise stimuli: frequency (kHz) vs. time (s). The intensity is reflected by the colour scale
(dB re 1 lParms, 1024-sample FlatDown window, sampling frequency 92 kHz). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the automatic software was unable to identify and measure this
specific behavioural event, which is characterised by a rapid flex-
ion of the extended abdomen, one or more times, which results
in propelling the lobster to a new location (Lavalli and
Herrnkind, 2009; Buscaino et al., 2011a).

After this preliminary evaluation phase, the videos were ana-
lysed with EthoVision XT 9.0 software (Noldus Information Tech-
nology, Wageningen, Netherlands). The experimental arena was
calibrated across the bottom wall of the tanks, and the calibration
axes were placed to designate the origin (0, 0) at the tank centre.
The trials with a group of animal were analysed by adopting the
SIM (Social Interaction Module) that is an add-on to the EthoVision
XT program that enables the detection of multiple unmarked ani-
mals in a social context and is capable of assessing lobster shoaling
behaviour by simultaneously tracking all of the specimens and
recording dynamic changes in social behaviour between the sub-
jects. Because marking lobsters with unique colours makes this
methodologically difficult, centre-point detection of unmarked
animals (using the same algorithms as the marker-assisted track-
ing) was chosen as the default setting for the experimental group
trials, followed by averaging data for each group. The analysis
was performed on each frame to distinguish the object(s) from
the background on the basis of their grey scale/brightness values
and extracting the coordinates of the geometric centre and surface
area for each object per frame. Data were acquired at 25 frames per
second. In all of the experiments, the subject loss due to misdetec-
tion by video-tracking software was <2%. Behavioural data were
exported to Excel to generate total and per-minute plots for each
endpoint.

In the trials with single and grouped animals, the behavioural
states reported in Table 1 were evaluated.

2.4. Animal haemolymph sampling

Lobster haemolymph was collected into a syringe containing an
equal volume of anticoagulant (0.45 M NaCl, 30 mM sodium cit-
rate, 26 mM citric acid, 10 mM EDTA) and immediately placed on
ice to avoid clotting. Freshly collected haemocytes were examined
by light microscopy to perform THC and DHC measurements.

After the cell counts, the samples were centrifuged at 800 g for
10 min at 4 �C to obtain the plasma fraction and haemocyte pellets,
which were quickly frozen at –20 �C and stored for biochemical
analysis.

2.4.1. Characterisation of Palinurus elephas haemocytes
The total haemocyte count (THC) was performed to determine

the total number of haemocytes per millilitre of lobster haemo-
lymph using a Neubauer haemocytometer chamber. Haemocytes
were classified according to Li and Shields (2007) using the
presence or absence of cytoplasmic granules as simple criteria.
To perform the differential haemocyte count (DHC; %), a small drop
of haemolymph was smeared on a slide, fixed in 1% glutaraldehyde
in sea water and stained with May–Grünwald–Giemsa, dehydrated
with absolute ethanol and xylene and thenmounted in Eukitt med-
ium (Fluka). Cells were counted in random areas on each slide, and
the relative proportions of various classes were computed
(Mahmood and Yousaf, 1985). A total of 200 cells were counted
on each slide. DHCs were calculated using the following equation:

DHC ¼ number of different haemocyte cell types
total haemocyte cells counted

� 100

2.4.2. Glucose level in the haemolymph
Haemolymph glucose was determined by using a glucose assay

kit (Sigma, St. Louis, MO). Before measuring glucose, the haemo-
lymph was mixed with 300 ll of 95% ethanol and centrifuged at
12,000 g for 10 min at 4 �C. A free sample of 100 ll of protein
was used following the kit’s protocol.

2.4.3. Total protein analysis of haemolymph
The total protein concentration (PC) of the spiny lobster haemo-

lymph was estimated using a Quibit� 2.0 Fluorometer (Invitrogen).
The data were quantified with standards.

2.4.4. SDS–PAGE and Western Blot
Haemocytes pellets were crushed on ice for 1 h in 1 ml and

lysed in 500 ll of RIPA buffer, pH 7.5, supplemented with a cocktail
of protease inhibitors using a glass daunce homogeniser. Lysates
were centrifuged at 15000 g for 30 min at 4 �C. The supernatants
were collected and dialysed against 50 mM Tris–HCl (pH 7.5),
and the protein content was estimated with the Quibit� 2.0
Fluorometer (Invitrogen).

The equivalent of 25 lg of serum protein and 25 lg of total tis-
sues lysates were separated on 7.5% SDS–PAGE under reducing
conditions (Laemmli, 1970). SDS–polyacrylamide minigels were
transferred to nitrocellulose membranes using a semidry transfer
apparatus (BioRad) and blocked with 5% bovine serum albumin

Fig. 2. Mean power spectrum of the boat noise stimuli (black line) with the standard deviation (dashed line) and of the experimental tank background noise (blue line). Sound
Pressure Level expressed in dB re 1 lPa rms (wave files were undersampled to 96 kHz, FFT size 1024, bandwidth 121.9 Hz, Hamming window) vs. frequency expressed in
Hertz. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(BSA) in TBS-T (20 mM Trizma base, pH 7.5, 300mMNaCl,0.1% (v/v)
Tween-20 with 0.02% sodium azide) for 1 h at room temperature
(r.t.). The membranes were incubated over night at 4 �C with a
mouse monoclonal anti-heat shock protein 70 antibody (Sigma,
1:2500 dilution), washed with TBS-T (three times for 5 min each),
and incubated with an alkaline phosphatase-conjugated goat anti-
mouse IgG (1:10,000 for 1 h at r.t.). After washing with TBS-T
(three times for 5 min each), the membranes were incubated with
the 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
liquid substrate system (BCIP/NBT). Alpha Imager software was
used for densitometric analysis of the immunoblotted bands. 36
lobsters (18 males and 18 females) were examined, and each test
was repeated in triplicate.

2.5. Statistical analysis

Data were tested for goodness of fit to the normal distribution
using the chi-squared test. Because different distributions in
behavioural and haemolymphatic data were observed, nonpara-
metric and parametric tests were used to compare different values
among the trials.

In the first analysis, the differences between males and females
and single and group lobsters in pre-test conditions were evalu-
ated with the aim of characterising the baseline condition for each
behavioural state. To detect significant differences between males
and females and single and group lobsters assigned to pre-condi-
tion tests for behavioural parameters, the Mann–Whitney U-test
was adopted.

After the pre-test condition evaluation, the differences between
the values from the pre- and experimental phase were assessed,
both for behavioural and haemolymphatic responses. For behav-
iour, to avoid a subjectivity effect for tested animals, the statistical
analysis was applied to the algebraic differences of during- less
pre-condition in control and boat tests. The Mann–Whitney U-test
was used to evaluate differences between BOAT and CTRL condi-
tions for the following behavioural variables: acoustic rasps emit-
ted; distance moved; mobility state; velocity and movements of
the lobsters individually and in groups; and inter-lobster distance
and proximity (only for the specimens in the group).

For the haemolymphatic parameters, the t-test was used to
detect the significant differences between the values of BOAT and
CTRL.

p-Values of <0.05 were considered statistically significant. All
statistical analyses were performed using the STATISTICA 7.0
(StatSoft) software package.

3. Results

3.1. Behavioural responses

3.1.1. Pre-test (Baseline) condition
Nodifferences betweenmales and females in testswith both sin-

gle and grouped animals for all measured behavioural parameters
(except for the acoustic signals) were observed. In particular, speci-
mens tested alone showed significantly higher acoustic rasps in
comparison to grouped animals (Mann–Whitney U-test; p < 0.05).

3.1.2. Noise pollution effects
Significant differences in behavioural parameters were detected

both for single and grouped specimens, as reported in Fig. 3. In
particular, lobsters tested alone and exposed to BOAT conditions
showed significantly higher values of the mobility and moving
state with respect to lobsters in the CTRL condition (Mann–Whitney
U-test; p < 0.05).

Grouped lobsters showed significantly higher velocity, distance
moved, mobility and moving values in the BOAT condition in
comparison to control animals (Mann–Whitney U-test; p < 0.05).
The opposite conditions were observed for proximity results.

From the visual analysis, no Tail Flip events were observed from
the video recordings in both pre- and experimental phases.

3.2. Cellular and biochemical parameter evaluation

3.2.1. THC and DHC
Three major haemocyte types were identified in the European

spiny lobster: hyalinocytes, semigranulocytes, and granulocytes
(Fig. 4). Hyalinocytes (H) contained no or a few small granules that
appared dark blue after staining, and were often found as a spindle
shapes, ranging in size from 15 to 28 lm. Semigranulocytes (SG)
containedmany small and a few larger (>1 lm) granules, weremor-
phologically ovoid in shape, and ranged in size from 15 to 27 lm.
Granulocytes (G) contained many large (>1 lm) granules were
round in shape, and ranged from 12 to 22 lm. Semigranulocytes
and granulocytes showed principally pink eosinophilic granulations
after staining (Fig. 4). Acoustic stimuli, considering animals in single
and in group, significantly affected both THC and DHC (see Table 2).

The number of circulating haemocytes (total hemocyte count,
THC) in the spiny lobster for both single and grouped specimens
was approximately 10.8 � 106 cells ml�1. THC decreased by
approximately 30% following the acoustics stimulus relative to
the initial count (Table 2).

Table 1
Locomotor behavioural states and acoustic signals emitted by the lobsters in single and group tests.

Behaviour Description Unit Application test

Distance moved The cumulative distance travelled by the center point of the
subject from the previous sample to the current on

Centimetres Single/group

Mobility Calculates the cumulative duration for which the complete area
detected as animal is changing, even if the center point remains
the same

Seconds Single/group

Velocity Mean Distance moved by the center point of the subject per unit
time

Centimetres/seconds Single/group

Movement Moving if the subject running mean velocity exceeds the start
velocity of 1.80 cm/s, the state then becomes Not Moving if the
subject running average velocity reach the stop velocity set below
of 1.50 cm/s

Centimetres/seconds Single/group

Inter-lobster distance The mean distance between two subjects measured from the
center point of each lobster

Centimetres Group

Proximity/Not proximity The total amount of time that a subject spent close (within 5 cm)
to another subject

Seconds Group

Tail flip Rapid flexion of the extended abdomen, one or more times, which
results in propelling the lobster to a new location (Buscaino et al.,
2011a; Lavalli and Herrnkind, 2009)

Number of events Single/group

Acoustic signals Number of rasps emitted (Buscaino et al., 2011b) Number of acoustic events/s Single/group
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Fig. 3. Levels (Median ± 25th-75th percentiles; whiskers ± 1st-99th percentiles) of the behavioural parameter assessed in single and grouped lobsters of the CTRL and BOAT
conditions; asterisks represent significant differences (⁄ = p < 0.05).
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Hyalinocytes represented the cellular type that was more abun-
dant both for single and grouped specimens (control and boat). In
particular, after the acoustic stimulus, we observed a slight
increased hyalinocytes and a not significant slight decrease of
granulocytes and semigranulocytes for both.

No significant differences between single and grouped animals
were observed. Moreover, no differences between males and
females were observed.

3.2.2. Serological parameters
The haemolymph glucose level increased significantly (t-test;

p < 0.01), four times, in single and grouped specimens exposed to
acoustic stimulus. The total serum protein concentration signifi-
cantly increased approximately 1.7% (t-test; p < 0.01) after expo-
sure to acoustic stimulus in both single and grouped lobsters
(Fig. 5). No significant differences between males and females were
observed.

Fig. 4. Light microscopy of haemocytes of the spiny lobster P. elephas (A) no staining and (B) H: hyalinocytes; SG: semigranulocytes; G: granulocytes. Scale bars = 8 lm.

Fig. 5. Means (±Standard Error) of the total protein and glucose levels of lobsters exposed to the BOAT and CTRL conditions; asterisks represent significant differences
(⁄ = p < 0.01).

Table 2
Total haemocyte count (THC) and differential haemocyte count (DHC) in the haemolymph of the control and boat groups. The data represent the means ± SD (n = 18 control and
n = 18 test specimens). Significant differences between the control and test groups (BOAT noise condition) are expressed by asterisks.

CTRL BOAT

Group Single Group Single

THC 10.6 � 106 ± 6.5 � 105 11 � 106 ± 1.6 � 105 7.4 � 106 ± 7.1 � 105* 6.7 � 106 ± 9 � 105*

Hyalinocytes (%) 59 ± 16 62.5 ± 12.3 67.7 ± 7 71.2 ± 13.5
Semigranulocytes (%) 6.7 ± 2.2 4.3 ± 1.8 4.7 ± 1.6 3.9 ± 0.9
Granulocytes (%) 34.3 ± 11.3 33.2 ± 5.4 27.6 ± 7.9 24.9 ± 6.5

* p < 0.01.
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3.2.3. Hsp70 expression in haemocytes
To assess the Hsp70 protein production, assays were performed

by densitometry analysis of the immunoblotted bands. Fig. 6 A
shows the anti-mouse Hsp70 mAb cross-reacted with a 70 kDa
band in circulating haemocytes from both the control and stress
groups. A densitometric analysis of Hsp70 protein levels (Fig. 6B)
revealed a significant increase in expression in the haemocytes col-
lected from stressed animals (t-test; p < 0.01). Hsp70 expression
peaked (threefold higher than the untreated samples) after the
period of acoustic stimuli. No differences between single and
grouped animals were observed. No differences between males
and females were observed.

4. Discussion

4.1. Pre-test (baseline) condition

The pre-test condition analysis between male and female lob-
sters indicates that the behavioural parameters measured in the
present study are not influenced by sex. This result is in agreement
with the findings of Follesa et al. (2009), who did not observe any
statistical relationship between the movement patterns and sex of
tag-recaptured P. elephas inside an area of the central western
Mediterranean and its surrounding zone. Golet et al. (2006)
obtained the same results from American lobsters (Homarus
americanus).

Moreover, the only difference recorded between single and
grouped lobsters was the acoustic signals emitted. The higher rasps
emitted of single animals with respect to the grouped lobsters are
in accordance with the results observed by Buscaino et al. (2011a).
Although they explained the numerous instances of sound emis-
sions by the frequent use of anti-predator behaviours (tail flip,
lunge, parry, whip and point), actions that are coincident with
stridulation, other authors have hypothesised various functional
reasons as explanations for rasp production in lobsters, including
calling for help from conspecifics, alerting conspecifics to danger,
attracting another predator that might interfere with the attacker,
aposematism, and a reduction in the kinetic friction between the
antenna and the predator to facilitate escape (Bouwma and
Herrnkind, 2009; Staaterman et al., 2010). Our results obtained
in the basal condition (pre-test) and in the absence of external
stimuli suggest that these animals use acoustic signals, probably

in addition to chemical signals, to maintain contact with conspecif-
ics and to adopt clustering and aggregation strategies.

4.2. Behavioural and haemato-immunological responses to noise
pollution

There is a small body of literature on the impact of boats on
crustaceans. Wale et al. (2013) report that the boats noise is able
to modify the foraging and antipredator behaviour in the shore
crabs, increasing the risks of starvation and predation. Although
some authors described the disturbance effects of fishing activity
on the behaviour, distribution and abundance of spiny lobsters
(Davis and Dodrill, 1989; Blonder et al., 1992; Parsons and
Eggleston, 2005), no specific data are available regarding the
effects of boat noise on this species. This study, for the first time,
showed that boat noise pollution influences the behavioural activ-
ity and some haemolymphatic parameters of the Mediterranean
spiny lobster. Although no data on sensitivity to acoustic signals
are currently available for lobsters, our results indicate that
P. elephas may perceive all or part of the acoustic stimuli projected
within the wider bandwidth of their underwater audible rasps
characterized by signals with most of energy concentrated in the
2–75 kHz range, with the peak frequency of 19 kHz and peak
amplitude of 120 dB re 1 lPa (Buscaino et al., 2011b).

Lobsters are a mobile species, and their movements are highly
related to ecological and biological aspects. In particular, territori-
ality, nomadism and migration are locomotor behavioural states
that have implications for the survival, growth and reproduction
of decapod crustaceans (Herrnkind, 1983; Spanier et al., 1988;
Lawton and Lavalli, 1995). Our results indicate that the lobsters
exposed to boat noises increased their locomotor activities signifi-
cantly, such as their moving and mobile states when tested both
singly and in groups. Grouped animals increased the distance
moved and their velocity with respect to CTRL animals. Although
no studies have been conducted on the relationship between
acoustic stress conditions and the locomotor activity of lobsters,
Lavalli and Herrnkind (2009) described that the use of antennae
in combination with the rapid contraction of the abdomen muscu-
lature (Tail Flip, Rear Back) along with the movement of the walk-
ing legs (Pirouette, Walk) gives the spiny lobster useful tools
against predator attack during different life-history stages and in
several ecological conditions. Moreover, Newland and Chapman

Fig. 6. Effect of the acoustic stimuli on the expression levels of the protein Hsp70 in P. elephas; (A) Representative western blot of Hsp70 levels in single and grouped animals.
(B) Integrated density value (% IDV) of the Hsp70 protein bands. Data are the means ± standard error (N = 18 control and N = 18 test specimens). Asterisks represent significant
differences between CTRL and BOAT condition (⁄ = p < 0.01).

F. Filiciotto et al. /Marine Pollution Bulletin 84 (2014) 104–114 111



Appendix

140

Filiciotto, F.,..., Ceraulo, M.,... , Buscaino, G. (2014).Behavioural and biochemical stress responses of 
Palinurus elephas after exposure to boat noise pollution in tank. Marine pollution bulletin, 84 (1), 104-
114

(1989) observed increased escape behaviours of Nephros norvegicus,
such as swimming and tail flipping, in response to the ground gear
component of a trawl. In consideration of the previous research
and because no tail flip event was recorded in our study, the
high values of the locomotor activities of lobsters may indicate a
disturbance response, in this case, due to the increasing ambient
noise.

These results may be particularly relevant when considering the
potential effect of acoustic pollution on some ecological aspects of
this species. In fact, the increased swimming activity depletes a
large part of the lobster energy budget, as has already been
described in fish (Boisclair and Pascal, 1993), and the associated
metabolic costs may compromise other biological activities, such
as reproductive activities, predator–prey interactions, food acquisi-
tion, regulation due to environmental perturbation and migration.

The spiny lobster is a gregarious species (Hunter, 1999;
Childress and Herrnkind, 2001) that shares shelters (Childress
and Herrnkind, 1997, 2001), aggregates in complex coordinated
formations (Herrnkind et al., 2001) and senses olfactory alarm sig-
nals (Briones et al., 2008; Shabani et al., 2008). Gregariousness may
be evolutionarily favoured because of the benefits gained from
associating with conspecifics, such as cooperative predator vigi-
lance, cooperative group defence, cooperative hunting, cooperative
offspring care, defence of food patches, or increased reproductive
opportunities (Endler, 1991; Lavalli and Herrnkind, 2009). In these
cases, the benefits from being gregarious are mutual, even if shared
unequally among all members of a group (Vehrencamp, 1983).
However, gregariousness may also be a by-product of benefits
gained by individuals that use the presence of conspecifics to find
and/or evaluate microhabitat conditions (Reed and Dobson, 1993;
Stamps, 1994; Stephens and Sutherland, 1999). In the present
study, significant lower values of proximity in lobsters subjected
to BOAT conditions with respect to those subjected to CTRL condi-
tions were observed, clearly indicating that lobsters exposed to the
acoustic pollution tend to abandon the group formation. Buscaino
et al. (2011a) observed that when grouped, P. elephas were threa-
tened by different predators, and they left the group that they
joined during the control phase and individually sought a new
location. Grouped lobsters appeared to abandon the potential
anti-predatory benefits and cooperative defence advantages of
group formation, preferring to adopt individualistic strategies.
The no-cluster formation may be adopted to avoid focusing the
attention of predators on a specific place, leading to uncertainty
in the choice of target prey, as in many gregarious fish and crusta-
cean species (Brock and Riffenburgh, 1960; O’Brien, 1988;
Magurran, 1990), suggesting that this strategy may be adopted
by lobsters in response to an imminent threat. The very similar
behavioural responses of lobsters recorded in the present experi-
ment indicate that acoustic pollution from boats may represent a
danger and stress source for this species. In natural conditions,
the individualistic strategy adopted by lobsters (leaving the group
and its cooperation advantages) when exposed to a stressor may
reduce the foraging efficiency, migration activities and mating
chances and increase the risks of predation. For example, during
the migration of the Caribbean spiny lobster, queue members
spiral into tightly packed rosette (outward-facing pods described
in Kanciruk, 1980; Herrnkind et al., 2001) formations to rest in
the open; they also form such formations when attacked by preda-
tors such as triggerfish (Wainwright and Friel, 2000).

In crustaceans, the haemolymph reflects the physiological sta-
tus as well as environmental fluctuations through the regulation
of its components. Thus, the haemolymph composition of shrimps
indicates physiological modifications associated with molting
processes, developmental stages, defence mechanisms and
environmental stressors.

There are several prior studies on crustaceans that show
differences in tissue and haemolymphatic parameters between
males and females. However, these differences are generally given
in relation to seasonal changes, and each studied species responds
differently (Vinagre et al., 2007; Oliveira et al., 2007; Da
Silva-Castiglioni et al., 2007).

THCs and DHCs have been used to assess crustacean health and
the effects of stressful conditions (Jussila et al., 1997). Decreases in
the THC under stressful conditions have been reported for several
aquatic crustacean species (Le Moullac et al., 1998; Sánchez et al.,
2001; Laurence Mercier et al., 2006). Similarly, under acoustic
stimuli, the THCs of our P. elephas specimens were reduced, sug-
gesting the possibility of immune depletion as well as an increased
risk of infection. Moreover, acoustic stimuli also altered no signif-
icantly the DHC (relative proportions of H, SG and SG in the THC).
Although the response of the DHC to different stressors is not well
understood, it has been used as a stress indicator in crustaceans
(Jussila et al., 1997; Johansson et al., 2000). In this paper, we
described for the first time the cell types of P. elephas, classified
into hyalinocytes, semigranulocytes, and granulocytes according
to the number and size of granules they contain (Bauchau et al.,
1980; Li and Shields, 2007).

Hyperglycemia as a response to various types of stress has been
observed in decapod crustaceans exposed to harmful physical and
chemical environmental changes (Lorenzon et al., 2004). The regu-
lation of haemolymph glucose is mediated by the release of CHH,
which is synthesised in the eyestalk X-organ and stored prior to
release from the sinus gland. In this paper, the acoustic stimulus
led to a significant increase (p < 0.01) in haemolymph glucose lev-
els. These results show that the haemolymph glucose concentra-
tion can significantly change in specimens subjected to noise
probably due to the high values of locomotor activities of lobster
during disturbance response. Thus, under this type of stress, the
measurement of glucose haemolymphatic should be considered a
good parameter for describing the disturbance of the homeostatic
balance of this species.

Blood protein levels fluctuate with changes in environmental
and physiological conditions and play fundamental roles in the
physiology of crustaceans (Hagerman, 1983; Shafir et al., 1992;
Lin and Chen, 2001). The level of total protein in the haemolymph
is also dependent on the species, with the highest concentrations
observed in penaeids and lower concentrations observed in fresh-
water crayfish (Palacios et al., 2000; Da Silva-Castiglioni et al.,
2007; Buckup et al., 2008). Moreover, the protein level is reflective
of an animal’s adaptive characteristics and strategies for acclima-
tion (Buckup et al., 2008). Consequently, measuring the protein
concentration of a crustacean’s blood can provide valuable infor-
mation to identify its condition (Ozbay and Riley, 2002). Moulting,
reproduction, nutritional state, infection, stress response, hypoxia,
and salinity variations are some of the factors that affect the rela-
tive proportions and total quantities of the haemolymph proteins
(Depledge and Bjerregaard, 1989; Oliver and MacDiarmid, 2001;
Arcos et al., 2003; Pascual et al., 2006; Ocampo et al., 2003). In this
paper, we showed that the levels of protein in the haemolymph
were significantly increased in individuals subjected to boat noise.

Another response to environmental and physiological stress is
the production of stress or heat-shock proteins (HSPs). In crusta-
ceans, the expression of Hsp70 serves as a good bioindicator of
stressful conditions, including pesticide exposure and heat stress
(Snyder and Mulder, 2001; Liberge and Barthélémy, 2007;). Only
a few studies have examined the effects of noise on Hsp expression
(Hoekstra et al., 1998; Wu et al., 2001; Celi et al., 2013). Recently,
increased Hsp70 expression levels were detected in Chromis
chromis after exposure to sounds similar to those resulting from
human activities (Celi et al., unpublished). Moreover, in the present
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study, we show for the first time that acoustic stimuli induce
Hsp70 overexpression in P. elephas haemocytes.

5. Conclusion

Exposure to acoustic pollution altered certain locomotor behav-
ioural patterns and components of the haemato-immunological
system of P. elephas.

In this study, the variability of the cellular and biochemical
parameters in P. elephas was shown to be related to behavioural
changes. Investigations of the behavioural and biochemical param-
eters analysed may contribute to understanding the basic biology
and conservation of this species, in that the different patterns of
metabolic response can manifest themselves in physiological,
ecological, and behavioural changes. Moreover, quantification of
these different stress responses may serve as early indicators of
the degradation of environmental health.

In most natural marine environments, the soundscape has been
permanently altered as a result of anthropogenic activities, charac-
terised by impulsive and continuous noises, and the impact on
marine organisms should be investigated over short-, medium-
and long-term exposure periods. However, to increase the avail-
able information about the effects of noise on the behavioural
and physiological responses, further studies should also be
performed in an open natural environment where the acoustical
field is not influenced by walls as it is in the small tanks.
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Ecoacoustic techniques using multiple acoustic sensors and two metrics of the acoustic
community – the acoustic complexity index (ACI) and the chorus ratio (CR) – were
successfully used to describe and characterize the morning acoustic activity of birds
according to three equal temporal intervals during spring 2013: Dawn Chorus, Post
Chorus 1, and Post Chorus 2.The metrics were applied across five Italian
Mediterranean locations (Valenza, Madonna dei Colli, Monte Curto, Virolo, Croce
di Tergagliana) that differed by land-cover typologies. Results from the ACI metrics
showed a peak during the Dawn Chorus and a visible lull close to sunrise between
Dawn Chorus and Post Chorus 1.The lull was evident in all localities except Valenza,
where singing activity was relatively constant across the successive morning intervals.
Temperature and vegetation structure were confirmed as important factors associated
with morning acoustic activities. Vegetation evenness and temperature across the
season was negatively correlated with ACI, whereas CR was positively correlated with
temperature and vegetation diversity. Of the 33 species of birds identified during the
maximum dawn chorus activity, Blackcap, Blackbird, European Robin, and Great Tit
were acoustically dominant and their activity was significantly higher before sunrise
except for Blackcap, whose acoustic activity showed no significant differences across
time intervals. The dawn chorus is one of the most conspicuous behaviours of birds,
engendering much speculation but no definitive, univocal explanations. The
ecoacoustic approach opens a new perspective for investigating this complex
phenomenon.

Keywords: acoustic community; acoustic complexity index; acoustic signature; birds;
chorus ratio; dawn choruses

Introduction

Choruses are one of the most spectacular events of nature, generated by the

contemporaneous vocalization of several individuals and species in terrestrial, freshwater,

and marine habitats. The majority of research on choruses has focused on the origins,

patterns, and functions of chorusing activities produced by birds at dawn. For instance,

Staicer et al. (1996) reviewed major hypotheses to explain the chorusing behaviour of

individuals, populations, and communities by grouping the causal factors into three

categories: intrinsic, environmental, and social.

The intrinsic factors have been assigned to the circadian cycles of testosterone and

physiological needs of individuals (Cuthill and MacDonald 1990; Thomas 1999; Thomas
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and Cuthill 2002; Thomas et al. 2002; Barnett and Briskie 2007). Environmental factors

are mainly represented by light intensity (Kacelnik 1979; Berg et al. 2006), air motion

(Wiley and Richards 1978; Henwood and Fabric 1979; Wiley 1991; Dabelsteen and

Mathevon 2002), and habitat structure (Brown and Handford 2003). The social factors

influencing choruses are based on mate attraction, territory defence, and the resolution of

social dynamics (e.g. Morse 1989; Greenfield 1994; Hoi-Leitner et al. 1995; Burt and

Vehrencamp 2005; Tobias et al. 2014).

Despite consistent and robust literature based on observations and experimentation on

individual species’ behaviour, dawn choruses remain controversial because of the

complexity and uncertainty associated with studying acoustic communities and their

interactions with environmental factors that are heterogeneously distributed in space and

time (Staicer et al. 1996; Farina 2014). In particular, less research has been devoted to

understanding the influence of environmental conditions on spatial and temporal patterns

of choruses at the community level (e.g. Wright 1912, 1913; Allen 1913; Allard 1930;

Leopold and Eynon 1961). For this, many aspects of choruses, such as the relationship

between dawn acoustic activity and the successive morning singing routine in relation to

habitat typology and climatic conditions, remain insufficiently known. Even fewer studies

have specifically compared singing activities in the morning across different habitats,

along seasons, and the role of different species that contribute to choruses (Keast 1994;

Hasan 2011). Among these, Lindenmayer et al. (2004) observed in south-eastern Australia

the decline of bird song activity moving from eucalyptus forest to a pine plantation,

while Berg et al. (2006) analysed the temporal trend of the chorus for neo-tropical

passerines.

The complex investigative scenario that is required to address chorus phenomena is

currently facilitated by the new theoretical and methodological approaches offered by

ecoacoustics (Sueur and Farina, submitted), in conjunction with the availability of a new

generation of digital automatic acoustic sensors (Farina et al. 2014). Additionally, new

metrics derived from information gathered by passive remote sensing technologies have

been used to effectively evaluate the complexity of acoustic communities by numerically

describing their acoustic signature across different landscapes (e.g. Sueur et al. 2008;

Depraetere et al. 2012; Gage and Axel 2014). Specifically, the acoustic complexity index

(ACI: Pieretti et al. 2011) was tested in terrestrial (Farina et al. 2011; Farina 2014) and

marine environments (e.g. McWilliam and Hawkins 2013) and was suggested to be a very

effective index to describe spatio-temporal and spectral characteristics (acoustic

signature) of community activities (Towsey et al. 2014; Pieretti et al. 2015).

An additional metric called the chorus ratio (CR) was used for the first time in order to

evaluate the ratio between the ACI value before and after sunrise.

The purpose of this investigation was

. To test a sampling design of multi sensors to collect information on the activity of

acoustic communities of birds from selected locations, process acoustic information

using the ACI, and test the new CR metric.

. To compare the acoustic patterns that emerge during the dawn choruses and in the

successive morning singing routines.

. To describe acoustic patterns that emerge during the morning acoustic activity of

different communities during the breeding season within diversified locations across

the Mediterranean landscape.

. To better understand the acoustic contributions from different species during the

dawn chorus and during the successive morning singing routines by integrating

2 A. Farina et al.
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automated ecoacoustic methodologies with aural procedures of species identifi-

cation and counting.

Study area

Geographical locations

This investigation was performed at five different locations in the Northern Apennines

(Italy): Croce di Tergagliana (44814056.1900N, 10805033.3100E, 625m a.s.l.), Virolo

(44813059.9800N, 10806001.2900E, 349 m a.s.l.), Monte Curto (44814001.0200N,

10804003.6900E, 222m a.s.l.), Madonna dei Colli (44812037.8500N, 10803027.1200E, 217m
a.s.l.), and Valenza (44813001.9100N, 10800036.0400E, 129m a.s.l.). These locations were

selected for the investigation because they are representative of different land-use mosaic

configurations and vegetation structures (Figure 1).

Weather conditions

The temperature for the five locations was calculated by averaging the data collected at

three meteorological stations (Associazione Meteo Apuane – MeteoApuane.it q 2007–

2013) closest to the sampling areas: Aulla (4481204500N 0985800100E, 72m s.l.m.),

Moncigoli (4481303100N 1080504200E, 231m s.l.m.), and Fivizzano (4481304700N
1080701200E, 328m s.l.m.) (Figure 1). The temperature consistently fluctuated in May

with the lowest values recorded midway through the month and the greatest temperature at

the end (Table 1 suppl.). In this month, precipitation was recorded for 22 days. Another

consistent fluctuation of temperature was observed during the second half of June. The

wind speed was an average of 3.2 km/h for the entire period. It should be noted, however,

that the morphological complexity of the area recommends a cautious assessment of

weather data.

Figure 1. Study area with the distribution of the five investigated locations and the meteorological
stations. Histogram of locations’ altitude in meters above sea level.

Bioacoustics 3
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Vegetation

Patterns of land cover, ground vegetation richness, canopy density, and dispersion were

used to characterize the structure of the vegetation around each audio digital recorder by

using satellite images and ground transects. Details on the methods utilized are reported in

Appendix 1 of the Supplementary Materials. Data are summarized in Table 2 suppl. Fifty-

seven species of plants were found along line transects established on the ground across

each recording site. The most diverse vegetation cover was found in Croce di Tergagliana

(Table 1), where the high diversity was due to the effects of moderate livestock grazing.

An increase in vegetation diversity is a well-known effect when the grazing pressure is

modest (Fuhlendorf and Engle 2001).

Vegetation cover across all sites was classified using satellite images and was

generally dominated by broadleaf woodlands mixed with cultivation under a regime of

diffuse land abandonment. Ten types of land cover were observed in Valenza, Virolo,

Croce di Tergagliana, and Madonna dei Colli, all with dominant woodlands. The

woodland cover was approximately 50% of the land in Monte Curto. The landscape shape

index, which measures the complexity of the mosaic (MacGarigal et al. 2012), increased

with proximity to lowlands and the area of cultivated land. Areas defined as abandoned

land were more prevalent in Croce di Tergagliana than any of the other sites. The greatest

canopy density was quantified at Valenza and Virolo, which reflected the distribution of

tree cover. In Valenza, the woodland was dominated by cohorts of mature trees, whereas in

Virolo young trees prevailed, although both areas had a closed canopy. On the other hand,

Madonna dei Colli and Monte Curto had a greater amount of open spaces, while Croce di

Tergagliana had an intermediate level of tree cover (Table 2 suppl.).

Materials and methods

Methods for recording and processing acoustic data

Recording

Four digital recorders were deployed at a distance of 100m from each other in each

location in order to create a robust sampling design. Bird vocalizations were recorded

using Zoom H4 recorders (Zoom H4e, Zoom Inc., Chiyoda-Ku, Tokyo, Japan, System

2.40). The Zoom H4 is a commercial digital recorder with two built-in unidirectional

condenser microphones with good acoustic reliability, and has been successfully used in

other ecoacoustic studies (Farina et al. 2013, 2014). Sounds were recorded at a sampling

frequency of 44.1 kHz and at a resolution of 16 bits in stereo mode. The microphones were

set in outdoor recording mode with a gain of212 dB. The recorders were fixed at a height

of 1.50m on the trunk of the nearest tree.

The Zoom H4s were activated at the solar time of 3.30 a.m. (CET) using an external

timer (ZYT16G-2a/3a microcomputer timer switch, Toonew, Shanghai Zhuoyi Electronic

Co., Ltd., Shanghai, China) and powered by a 12-V, 2-A·h rechargeable battery (MKC,

Melchioni,Milano, Italy). Each ZoomH4 recorded for 3 h 23m in each of the seven sessions

conducted between May and July 2013: 9, 17, 31 May; 9, 12, 18 June; 2 July. Recording

sessions were made only in good weather; adverse weather conditions, especially in May,

prevented the selection of recording sessions with more favourable daily scheduling. The

data were synchronized with the solar time using ephemeris tables (http://www.eurometeo.

com/italian/ephem).

The Dawn Chorus was empirically comprised between the first song and the sunrise

moment, which varied according to the day of the season. The morning acoustic activity

4 A. Farina et al.
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was divided into three periods of equal length: Dawn Chorus (DC), Post Chorus 1 (PC1),

and Post Chorus 2 (PC2) (Figure 2). This unbiased distinction was used to effectively

study chorus phenomena based on the time of day, which was changing with the season,

and with the aim of evaluating the expected reduction in the singing activity of birds after

sunrise.

Automatic sound analysis

The morning acoustic activity was analysed using the ACI, which was based on the

measurement of the differences in amplitude between successive temporal steps along

each frequency bin (Pieretti et al. 2011).

ACI ¼
Pn

k¼1 Ik 2 Ikþ1j jPn
k¼1Ik

ð1Þ

where Ik and I(kþ1) are two adjacent values of spectral amplitude in a given frequency bin.

The ACI values were obtained by processing the acoustic recordings (wav files) using

SoundscapeMeter (Farina et al. 2012), which is a plug-in application to the WaveSurfer

software (Sjölander and Beskow 2000; Sjölander 2002). In order to eliminate instrumental

noise and guided by empirical evidence, a power spectral density of the minor digital

signal (less than 3000mV2/Hz) was adopted in order to filter most of the background noise

across the entire spectrogram. To calculate the ACI, we set the following parameters: FFT

512 points, Hamming window, no overlap, and clumping of 1 s. The lowest 100Hz were

excluded from the successive computation, producing 250 instead of 256 frequency bins.

The frequency evenness (J0f) of the distribution of the ACI values along the frequency
bins were calculated according to the following equation:

J 0f ¼ H 0

H 0
max

ðHill 1973Þ ð2Þ

This index has been extensively used by ecologists to measure the distribution of

individuals in a collection of species (Pielou 1966; Peet 1975). We replaced the number of

species with the number of frequency bins where there could be a maximum of 250.

Figure 2. Model of the temporal repartition of the morning acoustic activity. The Dawn Chorus
(DC), Post Chorus 1 (PC1), and Post Chorus 2 (PC2) are the intervals at which the morning acoustic
activity was investigated.

6 A. Farina et al.
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Therefore, H0 is the Shannon function (Shannon and Weaver 1949) calculated as

H0 ¼ 2
X250
1

pi ln pi ð3Þ

where pi is the abundance of each frequency bins. Additionally,H
0
max used in Equation (2)

is defined as the maximum diversity when all of the frequency bins (S ¼ 250) are present

in the same abundance. H 0
max was calculated using Equation (4):

H 0
max ¼ ln S ð4Þ

The frequency evenness (J0f) distribution was considered as a good indicator of the degree
of occupancy of frequency bins and, consequently, of the complexity of the vocalizations.

To determine the effect of sunrise on acoustic performance, which was represented by

an abrupt reduction of the Dawn Chorus, we selected a temporal window of 17.5min

before and after sunrise. This temporal window was subdivided into 5min steps (three for

each “side” of sunrise and one centred on sunrise moments: 215, 210, 25,

0, þ 5, þ 10, þ 15) in order to observe where and how many times the minimum acoustic

activity occurred.

Chorus ratio

To evaluate the variation of the singing activity before and after sunrise, we calculated a

chorus ratio (CR) between the averaged ACI at Dawn Chorus and the averaged ACI at Post

Chorus 1 and Post Chorus 2 intervals for each recorder during each day of sampling

according the equation

CR ¼ 2*DC

PC1þ PC2
ð5Þ

CR values approaching unity indicate similar distributions of singing activities along DC,

PC1, and PC2; greater than unity when Dawn Chorus prevails; and less than unity when

Post Chorus 1 and Post Chorus 2 are more important.

Aural sound analysis

With the aim of empirically verifying whether the singing community during Dawn

Chorus and Post Chorus 1 and 2 was composed of the same species, we selected two 10-

min periods before and after sunrise where the highest ACI value occurred. Successively,

each of these two temporal periods were sub-sampled in 10 one-minute files, and the 2nd,

4th, and 8th min were aurally checked in order to identify the vocalizing bird species by

annotating the number of singing events per species every 6 s.

Statistical analysis

The ACI, J0f, and CR values were averaged for each recorder across all days and averages

were also computed for each locality based on the three periods of morning. In order to test

our sampling design, a linear mixed model (LMM; Bates et al. 2014) was performed to

evaluate the conditional mean of the chorus phenomenon by understanding the differences

in the ACI across the recorders during the entire morning period. The recorders were used

Bioacoustics 7
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in the LMM as fixed effects while location and date were used as the random-effect term.

An analysis of variance (ANOVA) and post-hoc Tukey test (Tukey 1949) was performed

for different levels of random effects.

An additional LMM was applied in order to test the differences between the mean of

the ACI and the mean of frequency evenness of the ACI (J0f) among Dawn Chorus, Post

Chorus 1, and Post Chorus 2. Location and date were also included as random factors.

A linear model was also applied on ACI and CR values to determine if vegetation

characteristics (H0, evenness, canopy density, and Morisita index), date, and temperature

affect the vocalizations of the community. The best-fit model was selected by means of

model averaging based on the information criterion and performed on a subset of the full

model, excluding collinear variables from a Pearson correlation matrix with coefficients

larger than r ¼ 0.5. Validation graphs (e.g. residuals versus fitted values, Q–Q plots, and

residuals versus the original explanatory variables) were then analysed in order to control

possible model misspecification and the presence of outliers. The morning periods were

included in the final model to assess if time could contribute significantly in explaining the

variability of the ACI. Finally, the same procedure was applied in order to test possible

effects of vegetation features in the locations on the CR.

A general linear mixed model (GLMM: Breslow and Clayton 1993) was used to

determine if the composition of the singing community was different between DC, PC1,

and PC2. The GLMM of the Dawn Chorus, Post Chorus 1, and Post Chorus 2 was applied

to the number of singing species and morning periods using a Poisson distribution and

log–link function. The random intercept in the model was adjusted for different locations

and different data. The same model was performed on the total number of singing events

by each species in order to test the differences between Dawn Chorus and Post Chorus 1 &

2 activity, including the location and data terms as random effect.

Results

Acoustic information

Intra-location acoustic information

The validity of the sampling design was confirmed based on the different ACI values that

emerged from the use of four recorders in the same location, which ultimately did not

influence the comparisons among locations. In fact, the LMM showed that the ACI results

were not significantly different among recorders or same location and dates

(F(19,357) ¼ 0.086, p-value . 0.05 and F(19,357) ¼ 0.40, p-value . 0.05). Instead the

random effect of location significantly affected acoustic information (location:

x2ð1Þ ¼ 18:5, p-value , 0.05) while the random effect of dates did not (dates:

x2ð1Þ ¼ 0:949, p-value . 0.05).

Inter-location acoustic information

The five locations were significantly different in ACI values along the morning acoustic

activity (ANOVA: F(4376) ¼ 7.90; p-value , 0.05) (Figure 3). The results of the Tukey

HSD post-hoc test are reported in Table 2. The average ACI for all recorders and temporal

sessions at each location illustrated a distinct peak during Dawn Chorus (Figure 4(a)).

After sunrise, however, ACI steadily decreased in all locations except Valenza, where

peaks in chorus activity persisted (Table 3). The Dawn Chorus was separated from the Post

Chorus 1 by a visible lull in song emission, which more frequently occurred around

sunrise; specifically, 5min before sunrise and^2.5min around sunrise (Figure 4(b)). The

8 A. Farina et al.
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average Dawn Chorus length was 53.4min for all of the localities and temporal sessions

(Table 3). The LMM of ACI and J0f during DC, PC1, and PC2, with the aforementioned

fixed and random variables, showed significant differences in ACI J0f values among the

three periods (F(2371) ¼ 9.15, p , 0.05; F(2374) ¼ 9.41, p , 0.01). The estimated

reduction of ACI and J0f during Post Chorus 1 and Post Chorus 2 compared to Dawn

Chorus is reported in Table 4.

Seasonal and environmental effects on morning acoustic activity

Seasonally, the ACI of the acoustic morning activity peaked on 17 May and then had an

abrupt fall on 31 May. A second minor peak was observed on 2 July (Figure 5). The

Figure 3. Morning acoustic activity (median ^ 25th–75th percentiles; whiskers minimum and
maximum values) at the different locations that resulted in significantly different ACI values.

Table 2. Tukey HSD post-hoc test of ACI among different locations.

Croce di
Tergagliana Virolo Monte Curto

Madonna dei
Colli Valenza

Croce di
Tergagliana
Virolo 7.67

(p-value ¼ 0.91)
Monte
Curto

2.23
(p-value ¼ 0.99)

5.44
(p-value ¼ 0.97)

Madonna
dei Colli

39.93
(p-value , 0.01)

232.26
(p-value , 0.01)

237.69
(p-value , 0.01)

Valenza 27.048
(p-value , 0.01)

220.37
(p-value ¼ 0.19)

25.81
(p-value , 0.01)

211.88
(p-value ¼ 0.69)

Bioacoustics 9
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acoustic signature (all localities plotted together), namely the result of the abundance of

the different frequency bins, exhibited a more complex shape represented by the presence

of distinct peaks on 17 May and 18 June. A simplified shape of the morning acoustic

activity was apparent on 2 July close to the end of the breeding season (Figure 6). The

evenness of vegetation and temperature of the recording session improved the LMM for

ACI (Table 5), where the ACI was significantly higher at lower temperatures and

vegetation evenness (Figure 7(a),(c)).

Seasonal and environmental effects on Chorus ratio

The LMM applied to CR included significant explicative variables H0, canopy parameters,

and temperature (Table 5). Greater CR values were correlated with increasing

temperatures and vegetation richness (Figure 7(b),(d)).

Figure 4. (a) The ACI value along the localities when all the temporal sessions are plotted together,
which makes it possible to distinguish a lull around sunrise (0). (b) Mean value of occurrences of a
lull in intervals of 5min (17.5min before and 17.5min after sunrise) considering all localities and
sessions. The zero point represents sunrise.

Table 3. Mean duration of the dawn chorus from the aural count in each locality and the mean
amount of the ACI for each temporal period (DC, PC1, PC2).

DC duration (min) ACIDC ACIPC1 ACIPC2

Croce di Tergagliana 51.7 (6.34) 15.9 (4.71) 6.8 (6.28) 3.7 (1.93)
Virolo 50.3 (5.59) 27 (20.57) 12.5 (8.38) 14.2 (11.25)
Monte Curto 52.9 (11.29) 14.5 (5.19) 8.9 (4.12) 7.9 (3.65)
Madonna dei Colli 62.3 (16.38) 65.9 (44.46) 56.6 (74) 33.4 (37.51)
Valenza 49.9 (5.49) 35.5 (36.28) 29.5 (33.25) 30.4 (37.99)
Tot mean duration (min) 53.4 (10.45)

Note: The standard deviation is in brackets.

10 A. Farina et al.
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Species richness and dominance

Thirty-three species were identified inside the temporal interval posed between the two

max-peaks of the ACI before and after sunrise (Table 2 suppl). The acoustically dominant

species (.5%) included the Blackcap (Sylvia atricapilla), Blackbird (Turdus merula),

European Robin (Erithacus rubecula), and Great Tit (Parus major). The Chaffinch

(Fringilla coelebs), Nightingale (Luscinia megarhynchos), Song Thrush (Turdus

philomelos), and the Subalpine Warbler (Sylvia cantillans) were considered to be sub-

dominant (.1% and ,5%) (Table 6).

There were significant differences in the number of songs before and after sunrise

(t(240) ¼ 8.82, p , 0.01) at every locality, even when the number of singing species did

not show significant changes (Z ¼ 1.36, p ¼ 0.17). The analysis applied on species

resulted in differences in acoustic behaviours related to sunrise in T. merula

Table 4. Results of linear mixed model on ACI and ACI frequency evenness (J0f) among Dawn
Chorus (DC), Post Chorus 1 (PC1), and Post Chorus 2 (PC2) periods, including the location term as
random effect.

Estimate StD. Error df T value Pr (. jtj)
ACI (Intercept) 32.747 8.612 4 3.80 ,0.05

Period PC1 28.84 1.25 199,974 27.08 ,0.01
Period PC2 214.39 1.27 199,974 211.31 ,0.01

J0f (Intercept) 0.365 0.04 4 8.91 ,0.01
Period PC1 20.069 0.0038 20,290 218.28 ,0.01
Period PC2 20.053 0.0037 20,290 214.21 ,0.01

Figure 5. Morning acoustic activity along the season (ACI ^ SE) when the data of all the localities
are plotted together.
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Figure 6. Acoustic signature of the morning acoustic activity when all the localities are plotted
together along the season. The higher level and the more complex pattern of the acoustic signature
occurred on 17 May and 18 June.

12 A. Farina et al.
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(Estimate ¼ 25.006, t(240) ¼ 29.26, p , 0.01), E. rubecula (Estimate ¼ 20.9,

t(240) ¼ 22.92, p , 0.01), and P. major (Estimate ¼ 20.83, t(240) ¼ 23.53, p , 0.01)

controlled by location.

Discussion

This research demonstrated the efficacy of using ecoacoustic metrics (ACI and CR) with a

multi-sensor sampling design to investigate patterns and dynamics of dawn choruses and

successive morning singing routines. Our results confirm that different acoustic

communities exist within the selected locations and reflect specific habitat typologies.

This is primarily based on the fact that there was no direct effect of recorder factor on ACI

variability. The absence of significant differences between the recorders, positioned every

100m in every location, confirms the intralocality replication of the sampling design. This

result, however, was not in accordance with a prior study carried out in an evergreen

Mediterranean maqui by Farina and Pieretti (2014). In that environment, a change in

acoustic communities was already observed at a distance of 25–30m; albeit this was

explained by an increase in vegetation density that enhanced the heterogeneity of habitat,

which ultimately favoured a more diversified acoustic community at a finer spatial scale.

The temporal model comprised three periods of identical length (Dawn Chorus, Post

Chorus 1, and Post Chorus 2), with which the early morning song activity had been

analysed, that accurately described the dynamics of acoustic communities within the

region. According to this model, the behaviour of birds after the Dawn Chorus was

expected to be quite different based on the assumption that the energy spent to

continuously sing during Dawn Chorus time would be reintegrated in the same time lag

by a more intense search for food; consequentially reducing acoustic activity during the

Post Chorus 1. The acoustic activity of Post Chorus 2 was then expected to be generally

lower than Post Chorus 1 because of a reduction in social activity (territory defence,

etc.) as described in previous literature (e.g. Keast 1994; Hutchinson 2002). This

reduction was followed by a resurgence in singing activity when the resources were

replenished. Thereafter, foraging and singing were alternated and our results support

this hypothesis.

Table 5. Results of Linear Model on ACI and chorus ratio and environmental variables.

ACI Estimate StD Error T value Pr (. jtj)
(Intercept) 363.84 48.5 7.50 ,0.01
Evenness of vegetation 2356.11 57.07 26.24 ,0.01
Temperature 22.56 0.71 23.61 ,0.01

R 2 ¼ 0.338

Chorus ratio Estimate StD. Error T value Pr (. jtj)
(Intercept) 223.92 8.63 22.77 ,0.01
H0 8.3 3.24 2.56 ,0.05
Temperature 0.3 0.15 2.03 0.05

R 2 ¼ 0.25

Notes: ACI, Residual standard error: 25.98 on 102 df; Chorus ratio, Residual standard error: 3.105 on 32 df.
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Furthermore, a sudden fall of the singing activity was observed around sunrise, which

was a common pattern in all the locations. This interruption in singing activity has been

well described by Keast (1994) in eucalyptus forests of Australia, later discussed by Burt

and Vehrencamp (2005), and was confirmed by our aural analysis. The greater frequency

evenness (J0f) observed during the Dawn Chorus period signified a major saturation in the

acoustic space (or acoustic niche sensu Krause 1993), which indicated that more signals

were emitted at different frequencies during the Dawn Chorus. This could be due to more

species singing at dawn and/or a more varied repertoire from species, such as the

Blackbird, European Robin, and Great Tit, which have been known to sing significantly

more before sunrise.

The acoustic signature depicted by the ACI indicated a range in variability related to

seasonal weather trends. During the first half of May, the acoustic signature exhibited

complex patterns, which could have been a function of the presence of early breeders

(e.g. Blackcap, Blackbird, Great Tit). Whereas in June, more complex patterns in

acoustic signatures may have been due to the addition of late migrant species, such as

the Golden Oriole (Oriolus oriolus), Turtle Dove (Streptopelia turtur), and Subalpine

Warbler (S. cantillans), to the acoustic community. The seasonal variation observed in

ACI values seemed to be driven by temperature. The morning acoustic activity was

mostly expressed before sunrise (higher values of chorus ratio) when temperatures were

higher. In May, where temperatures were lower than expected, there was high acoustic

activity along all morning periods. Moreover, an alternation of low and high

temperatures and several rainy and windy days (especially in the second half of May)

and a decrease of temperature during the second half of June, could have negatively

Figure 7. (a,b) Distribution of the average of ACI values and chorus ratio related to temperature.
(c,d) Scatterplot of ACI and CR, respectively, with evenness and H0 of vegetation for all the
localities.
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influenced the breeding dynamics as argued for other bird communities by Robbins

(1981) and Bruni et al. (2014).

The morning acoustic activity phenomenon was unexpectedly more intense where

vegetation was less complex (e.g. low vegetation evenness within Madonna dei Colli), as

explained by the analysis of the vegetation at medium (a radius of 500m for each locality)

and small scales (ground vegetation, canopy density, and dispersion). This intensity of

morning acoustic activities could be explained by the fact that the species that sing more

contribute greatly to the acoustic community. This includes species such as Blackbird,

Blackcap and European Robin, which prefer habitats with dense vegetation cover and are

characterized by few dominant species that produce a low evenness in plant communities,

especially within wet Mediterranean areas. This may also be in accordance with the

presence of resources (food, shelter, and nesting places) that are more readily available

within dense vegetation cover (Tucker et al. 2014). Furthermore, local variations in

singing activities are also related to the number of species or interacting individuals

(Timeester et al. 2010), environmental conditions (Lindenmayer et al. 2004), and food

resources (Davies and Lundberg 1984).

The dynamics of morning acoustic activities, as expressed by CR, may be directly

dependent on the distribution and abundance of resources, which decreases from Valenza

– where vegetation evenness is low – to Croce di Tergagliana – where vegetation

evenness is higher. These two locations, posed at 72–625m, respectively, have

environmental conditions sufficiently distinct in terms of either fruit or animal prey

(Farina 1995, 1997).

The landscape parameters derived from satellite images were not able to explain any

significant relationships with the acoustic communities. The aural analysis also did not

reveal any significant differences in the composition of the acoustic community between

localities during peaks in acoustic activity. Only differences in acoustic activity were

noted. The consistent presence of core species (the Blackcap, Blackbird, Great Tit,

European Robin, and Song Thrush were common to all the localities) at the regional scale

suggests that habitat differences do not have a major effect on species richness; rather,

only species abundance and behaviour are affected. In fact, woodland cover was a

consistent land-cover type in all localities and was an important habitat resource for

species. Woodlands are especially important in regions that are plagued with intense land

abandonment (e.g. Northern Apennines) (Farina 1991; Vos and Stortelder 1992). Land

abandonment has a strong effect on bird communities because of the “homogenization” of

the land-use mosaic, thus producing less differentiated communities when compared to the

recent past (Farina 1989). Moreover, the region is too small to account for climatic

differences (9 km between the two most distant localities: Valenza and Croce di

Tergagliana) to justify a high Beta diversity (sensu Whittaker 1960).

A relationship between the morning acoustic activity and vegetation parameters exists;

however, further analysis is required. For instance, collecting information on the

productivity of each locality, which was not made in this study, would provide further

information to support the link between resource availability, morning acoustic activities,

and ACI dynamics. Further, we observed that some species were singing more intensely at

dawn (e.g. Blackbird, European Robin, Great Tit) than after sunrise. Other species, such as

the Blackcap, sing without significant differences before and after sunrise along all

localities. This difference was a relevant outcome to this research but still remains largely

unexplained in the literature and confirms how the chorus phenomenon has many unsolved

aspects that deserve further investigation.
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Conclusions

The morning singing routine of birds was investigated using ecoacoustic approaches that

included multi-sensor acoustic sampling, temporal characterization of morning acoustic

activities (Dawn Chorus, Post Chorus 1, and Post Chorus 2), and the use of acoustic

metrics (ACI and CR). Specifically, CR (derived from ACI measurements) was

established as an important metric to discriminate the behaviour of different acoustic

communities in the Mediterranean. Vegetation structure was an important factor in

describing chorusing activities, although social interactions and weather conditions also

played a major role. Vegetation parameters (canopy cover, land cover, and plant diversity)

did not fully capture the complexity of morning acoustic activity and, in particular, the

Dawn Chorus phenomenon. A more detailed measure of local productivity could help

differentiate complex relationships between acoustic activity, species abundance, and

distribution.

A distinct pattern in the morning acoustic activity emerged based on variations in ACI

calculations as a function of temporal seasonality. The decreasing trend of ACI along the

season was expected during the second half of the breeding season and was inversely

related with the temperature. The aural identification of the acoustic communities was an

important ancillary method to better interpret results obtained by the automatic acoustic

processing. In conclusion, we hope that this investigation represents an example of how to

apply automatic sound monitoring methods to ecoacoustic investigations and provide

evidence that supports the advancement of our understanding of the dawn chorus

phenomenon that has perplexed scientists for decades.
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Biphonic signals are nonlinear phenomena (NLPs) occurring in the repertoire of
several animal groups and widespread across mammalian species. Although the
mechanism of production is unclear, an adaptive meaning was suggested by their
communication function, such as group or individual recognition. We document the
rare recording event of a biphonic whistle emitted within a free-ranging population of
bottlenose dolphins in the waters of south-western Sicily, Italy. The whistle was
recorded in 2 different years, always when a photo-identified individual was present.
A quantitative description of the signal is provided. The signal presents some unique
characteristics in its frequency modulation pattern which is stable for a long period.
Furthermore, the synchronized beginning of the two fundamental frequencies, the
signal repetition within few seconds and its emission in freely interacting contexts
suggest that biphonation is neither temporary nor involuntary. Also, we propose that
biphonation can be produced via multiple mechanisms in bottlenose dolphins and that
NLPs could represent natural recognizing marks that play a role in communication
between bottlenose dolphins.

Keywords: Biphonation; nonlinear phenomenon; signature whistle; bottlenose
dolphin; Tursiops truncatus; Sicily Channel

Introduction

Biphonation is a nonlinear phenomenon (NLP) consisting of the simultaneous occurrence

of two independent fundamental frequencies (Wilden et al. 1998; Fitch et al. 2002; Tokuda

et al. 2002; Volodina et al. 2006). Biphonation events in animal vocalizations are

relatively common and have been described for fishes (Rice et al. 2011), frogs (Feng et al.

2009) and birds (Fee et al. 1998; Fletcher 2000, 2010; Digby et al. 2014). They are also

widespread across mammalian taxa such as primates (Owren & Rendall 2001; Riede et al.

2004, 2007), dogs (Wilden et al. 1998; Volodin & Volodina 2002; Volodina et al. 2006),

deer (Facchini et al. 2003), cetaceans (Tyson et al. 2007; Filatova et al. 2009; Nemiroff &

Whitehead 2009) and manatees (Mann et al. 2006).

Nevertheless, the mechanisms by which biphonation is produced are still poorly

understood.

Across species, vocalizations may involve different sound production mechanisms;

thus, we can assume that biphonation events are the result of various nonlinear self-

oscillating systems (Mergell & Herzel 1997; Wilden et al. 1998; Volodin & Volodina
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2002). Desynchronization of vocal folds that are not harmonically related (Berry et al.

1994) is generally thought to produce biphonic vocal patterns. For birds, in particular, the

definition of this phenomenon was split into two different events in relation to syrinx

oscillation due to air flow (Zollinger 2007):

. Biphonation: the air flows in only one side of the organ involved, but produces two

independent fundamental frequencies.

. Two-voice phenomenon: each side of the organ involved produces a distinct and

unrelated fundamental frequency.

Anatomical structures could also influence the generation of a second frequency through

independent vibrations of the vocal lips, as described for non-human primate phonation

(Brown & Cannito 1995). In some cases, animals capable of producing biphonic signals

use the larynx and/or phonic lips (Tyson et al. 2007).

According to previous studies, biphonation events during vocal production are

essentially peripheral and therefore not under the control of the central nervous system

(Fitch et al. 2002). Because biphonation frequently appears in infants and in pathological

individuals (including humans, Herzel et al. 1995), it is still uncertain whether it could

play a role in mammalian communication (Wilden et al. 1998).

However, an adaptive meaning is apparent because of the communication function

described for a number of species. In social species, such as dholes and killer whales,

which present complex vocal communication systems, it has been proposed that biphonic

signals enhance the potential for recognition of individuals or pods because their two

fundamental frequencies may increase the probability of identification (Volodina et al.

2006; Filatova et al. 2009, 2012). Filatova et al. (2009) also hypothesized their function as

signals to discern group members because biphonic calls could be employed as markers of

pod and a matriline affiliation. Therefore, nonlinear events may play a role in providing

conspecifics with individual identity cues.

In dolphins, particularly bottlenose dolphins (Tursiops sp.), individual recognition can

be determined using signature whistles (Caldwell et al. 1990; Janik et al. 2006; Janik

2009). Signature whistles have been studied extensively both in captivity (Tyack 1986;

Miksis et al. 2002) during temporary capture–release efforts (Sayigh et al. 1990; Sayigh

et al. 1999; Fripp et al. 2005) and in wild free-ranging populations (Cook et al. 2004;

Watwood et al. 2005; Quick & Janik 2012; Gridley et al. 2014; Janik et al. 2013). In 1965,

a signature whistle was defined as an individually distinctive and stereotyped signal that is

the predominant whistle type produced by an isolated bottlenose dolphin (Caldwell &

Caldwell 1965). Furthermore, dolphins were reported to use signature whistles as a

recognition system for maintaining contact between individuals (Smolker et al. 1993;

Janik & Slater 1998; Nakahara &Miyazaki 2011). The acoustic plasticity of these animals

(May-Collado & Wartzok 2008) has been revealed in their ability to imitate vocalizations

of conspecifics (Janik 2000), modify signals in relation to environmental and

anthropogenic noise (Morisaka et al. 2005; May-Collado & Wartzok 2008; La Manna

et al. 2013) and emit different signals in relation to behavioural (Hawkins 2010),

ecological and genetic factors (Papale et al. 2014). Therefore, if biphonation signals could

be produced by the anatomical structure of bottlenose dolphins, as well as by killer and

pilot whales, and if they have identification function, we can suspect they could be found

during signature whistles events.

The first evidence of the acquisition of a biphonic whistle was documented for a

captive calf during the development of its signature whistle (Bojanowski 2000). Recently,

Kriesell et al. (2014) reported evidence of a similar phenomenon in signature whistle

2 E. Papale et al.
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production by bottlenose dolphins recorded in Namibia. In that case, the independent

production of a high ascending and a lower descending fundamental frequency was

attributed to the two-voice phenomenon, as described for birds and was suggested that

biphonic whistles are produced by the oscillation of both sets of phonic lips. The

mechanism of sound production in dolphins remains unclear (Tyack & Miller 2002), but

the most reliable hypothesis, supported by physiological experiments, identify the phonic

lips as source of sound production with both the right and left lips capable of producing

whistles by tissue vibration (Madsen et al. 2011). Madsen et al. (2011) suggest that the

fundamental frequency is the result of the tension and mass of the source in addition to the

passing air pressure. Also, the vibrating organ acts as the vocal folds of terrestrial

mammals and the syrinx of birds, and some of the air sacs of the phonic lips could effect

timbre. Nevertheless, NLP could be potentially produced also by laryngeal folds. In this

framework, we can suppose that different processes of biphonation are possible and may

result in different biphonic signal structures.

In this work we document the features of a distinct biphonic event recorded in a whistle

type of a wild bottlenose dolphin in the Mediterranean Sea. We discuss its acoustic

structure and phonation mechanism, its occurrence and individual recognition function.

Material and methods

Data collection

We acoustically recorded and collected behavioural contexts (by focal group follows,

Altmann 1974) during 32 sightings of wild bottlenose dolphins (Tursiops truncatus) in

Figure 1. Three biphonic signature whistles of a bottlenose dolphin, identified in the same
recordings collected in the Sicily Channel, Italy in 2011 and 2012. The three whistles were repeated
within 10 s from each other. In the last spectrogram the high-frequency component and low-
frequency component are squared.

Bioacoustics 3
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2011, 2012 and 2014. Whistles were present only in 16 recordings (each corresponding to

a separate sighting).

The study area was located in south-western Sicily (Sicily Channel) in the vicinity of

Capo Feto (37838041.8600N 2 12831018.9000E) and Capo San Marco (37839033.4100N 2
12830053.8100E), up to 20 nm from the coast. We recorded for about 13 h using a calibrated

hydrophone (model 8104, Bruel and Kjaer, Nærum, Denmark) with a sensitivity of

2205.6 dB re 1 V/lmPa ^ 4.0 dB in the 0.1–80-kHz frequency band (þ4 and212 dB in

the frequency range of 0.1–120 kHz). The hydrophone was connected to a digital

acquisition card (USGH 416HB, Avisoft Bioacoustics, Berlin, Germany, set at 40 dB gain)

managed by dedicated Avisoft Recorder USGH software (Avisoft Bioacoustics). The

signals were acquired at 300 kg samples/s at 16 bits.

During the 16 sightings the mean group size was 6.93 [standard deviation

(SD) ¼ 3.37]. Individuals were recognized through photographic identification methods

(see Boldrocchi et al. 2013, for details) and 94 specimens were identified since 2004, while

the population was estimated at 135 individuals.

Acoustic analyses

Recordings were analysed using the spectrogram (time vs. frequency graph) view in Raven

Pro 1.4 (Cornell Laboratory of Ornithology, Ithaca, NY, USA) with resolutions of 256–512

bands, 256 fast fourier transform size and a Hanning window.We analysed all whistles with

good signal-to-noise ratio (for details, see Papale et al. 2013). We measured the same

parameters described in Papale et al. (2013) to quantify the contour of each whistle.

We defined as biphonic whistles the signals made up of two simultaneous, but not

obviously interacting, fundamental frequencies (Digby et al. 2014). We considered as

separate types of signature whistles those that shared similar modulation contours and

were repeated in bouts within 1–10 s of each other (Janik et al. 2013).

For each biphonic signal, we evaluated if they were emitted in bouts and if the

beginning of the two frequency components was synchronized (Table 1). We also

evaluated the coefficients of variation (SD/mean value £ 100) of both components for

each spectral and temporal parameter, to assess variability among signals.

Table 1. Details of the recordings in which the biphonic whistles occurred; synchronized beginning
of the two components and the presence of emission in bouts (occurring within the 1–10 s of each
other as specified in Janik et al. 2013).

Number of
signal

Number of recording
(sighting) Year

Synchronized
beginning In bout

1 1 2011 Y N
2 1 2011 Y Y
3 1 2011 Y Y
4 1 2011 N Y
5 2 2012 Y N
6 3 2012 Y Y
7 3 2012 Y Y
8 3 2012 Y Y
9 3 2012 Y Y
10 3 2012 Y Y
11 3 2012 N Y
12 3 2012 Y Y
13 3 2012 N N

4 E. Papale et al.
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Results and discussion

Over 630 whistles were recorded in the free-ranging population, and approximately 60

whistle types were identified. We found that 42 of these types were repeated in the specific

1–10-s window of each other in at least 75% of cases. One of these 42 types presented the

simultaneous occurrence of two independent fundamental frequencies with different

contours of frequency modulation in the spectrum, i.e. it was a biphonic signal (Figure 1).

The biphonic signal was identified 13 times in three recordings (three separate sightings),

once in 2011 and twice in 2012. None of the components of the signal was recorded alone

and each one presented harmonics.

Details of the two fundamental frequencies are shown in Table 2 (the mean values and

SDs of each of 10 parameters are considered). The signals we recorded had a repeated

structure and low variability among the frequency parameters (beginning, end, minimum

and maximum frequency). Although the coefficient of variation for the number of

inflection points may suggest high variability at the modulation level, this is due to the low

mean value for these parameters, which fluctuated around zero and one.

Because this particular tonal signal was recorded in different years with the same

characteristics, its stereotypy suggests that, in this case, biphonation is neither temporary

nor randomly exhibited.

We found that biphonic whistles were emitted in different contexts. Twice the animals

were found following a trawler, while in another case, dolphins were involved in social

activity and a calf was present in the group. Even if the research boat could be a source of

stress for an individual and small changes in diving patterns can affect energy gain

(Symons et al. 2014), the behavioural activities of the animals were never disrupted by the

presence of our vessel.

Exactly as reported by Kriesell et al. (2014), we found only one example of a biphonic

whistle recorded over multiple years. Nevertheless, we recorded that both fundamentals

match temporally, which means that this signal could differ in the production mechanism

from the biphonic whistle documented in Kriesell et al. (2014). Because, as suggested for

songbirds (Zollinger 2007), dolphins also have two independent sound sources, these

nonlinear events could be either unilaterally or two-voice-produced. Even if for cetaceans

these phenomena were not yet related with fluctuations in air sac pressure, we can suppose

that vocalizations are produced by unilateral or bilateral airflow and are therefore resulting

in signals characterized by spectrographically different fundamental frequencies,

modulated more or less independently.

Table 2. Mean values and SDs of the acoustic measurements considered from the two components.

Signal parameters

Mean value
of high-frequency
component (SD) CV

Mean value
of low-frequency
component (SD) CV

Duration (s) 1.21 (0.33) 27.29 1.29 (0.36) 28.07
Beginning frequency (Hz) 11,619 (336.08) 2.89 8050 (410.01) 5.09
End frequency (Hz) 11,948 (269.14) 2.25 6994 (899.37) 12.86
Maximum frequency (Hz) 12,327 (277.61) 2.25 9189 (191.55) 2.08
Minimum frequency (Hz) 11,255 (254.45) 2.26 6347 (615.97) 9.70
Frequency range (Hz) 1071 (227.48) 21.22 2841 (756.91) 26.64
Number of inflection points 0.31 (0.48) 156.12 0.38 (0.51) 131.66
Number of steps 0.00 (0.00) 0.00 0.00 (0.00) 0.00

Notes: The coefficients of variation of both components for each parameter are also shown in the table. CV,
Coefficient of variation.

Bioacoustics 5

D
ow

nl
oa

de
d 

by
 [

C
on

si
gl

io
 N

az
io

na
le

 d
el

le
 R

ic
er

ch
e]

 a
t 0

1:
59

 2
6 

Ju
ne

 2
01

5 



Appendix

170

Papale, E., ..., Ceraulo, M., ..., Buscaino, G. (2015). Biphonic calls as signature whistles 
in a free-ranging bottlenose dolphin. Bioacoustics, 24(3), 223-231

Nevertheless, we cannot exclude the presence of internal deformities and, therefore, that

this whistle may be the result of some aberrance in the sound production system of a

particular animal. However, we never found biphonation in otherwhistles, either variable or

showing the signature pattern. The hypothesis that the signal could be an indication of poor

physical condition or of stress is weakened by the absence of any observation of external

signs of illness in any dolphin within the population, either in 2011, 2012 or in 2014.

A number of characteristics suggest that biphonation may play a role in

communication among bottlenose dolphins, as it does in several social species. First of

all, nonlinearity is a trait of a signature whistle emitted in freely interacting contexts and is

characterized by a high degree of stereotypy and stability of the frequency modulation

pattern. Furthermore, these signals were emitted in the typical signature whistle pattern

(i.e. emitted in bouts containing repetition within 1–10 s of each other).

During our observation, the pods, composed by 10.33 (SD ¼ 1.15) adult dolphins on

average (calves were recorded only once) were always different except for one individual.

Therefore, the emission of this signal is not related to group membership and is more likely

to represent an individual identification signal rather than a group recognition signal, as was

described for killer whales (Filatova et al. 2009). In the three sightings involved, we photo-

identified more than 93% of the individuals. The only animal in common for all three

sightings was seen only during those sightings when a biphonic whistle was recorded and

this signal was never collected in the absence of this animal. Nevertheless, since whistles

can be transmitted underwater over several kilometres and it is possible that the signal was

produced by an animal not photo-identified, the allocation to a given individual needs

further studies. However, in contrast to previous studies, its possible assignment shows that

the individual could (potentially) be tracked and monitored.

This supports not only the individual recognition hypothesis, but also that biphonation

could be a component of signature whistles concurring to the distinctiveness of signals.

Even if bottlenose dolphin calves model their signature whistles on whistles of community

members they rarely interact with (Fripp et al. 2005) in order to ensure individual

distinctiveness, biphonation could be a characteristic strengthening individual identifi-

cation, since it includes a larger amount of information compared to a monophonic signal.

The biphonic signal could improve correct identification as hypothesized for a captive calf

by Bojanowski (2000).

Similar phenomena have been described for penguins and dhole (Aubin et al. 2000;

Lengagne et al. 2001; Aubin & Jouventin 2002; Volodina et al. 2006). In these cases,

biphonation was suggested to provide additional cues for mate–mate and/or parent–chick

recognition.

In a coastal bottlenose dolphin population with resident and transient (Boldrocchi et al.

2013) individuals, a clear distinction from similar signature whistles could be useful and

could make this signal more suitable to individually recognize the emitter.

Conclusions

We provide the second description of the occurrence of a biphonic event in wild adult

bottlenose dolphins. Our results strengthen the hypothesis that biphonic whistles are not

only producedwithin the first year of life, as described byBojanowski (2000), or by atypical

individuals, but also during adulthood and by healthy individuals in a natural context.

These results support the possibility that NLPs play a communicative role, that they

are produced by more than one mechanism and suggest that their rarity may be partially a

consequence of a lack of attention. We suggest that NLPs are worth of more consideration

6 E. Papale et al.
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because they could potentially represent natural recognizing marks and convey relevant

information to conspecifics.
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This study examined the effects of recorded boat noises on the behaviour and biochemistry of the common
prawn (Palaemon serratus) in laboratory settings. The experiment was carried out in a tank equipped with a
video-recording system using six groups (three control and three tested) of eight common prawns (48 animals
in total). After habituation for 1 h, the behaviour of the prawnswasmonitored for 1 h. During the last 30min, the
animals in the test groups were exposed to noise resembling a marine area with high anthropogenic acoustic
pollution.
The exposure to noise produced significant changes in locomotor patterns, presence inside or outside a shelter,
total protein concentrations in the haemolymph and brain, DNA integrity, and the expression protein levels of
HSP 27 and 70 in brain tissues, revealing a stressful effect of noise on this crustacean species. This study clearly
reveals that invertebrates are likely to be susceptible to acoustic stimuli from boat's noise and that they are
potential valuable targets for further and detailed investigations into the effects of the anthropogenic noise
pollution.

© 2016 Published by Elsevier B.V.
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1. Introduction

Sound is a widely available cue in aquatic environments and is used
by many animals to enact key biological activities.

In recent decades, anthropogenic activities, in particular shipping
traffic, have led to increased sea noise pollution, causing background
sea noise levels to change on a large scale (Ross, 2005; Hildebrand,
2009). Noise, can lead to alterations and other significant changes in
marine habitats and animals, causing stress (Buscaino et al., 2010; Celi
et al., 2013; Filiciotto et al., 2013, 2014; McIntyre, 1995; Myrberg,
1990; Popper et al., 2004; Sarà et al., 2007; Wright et al., 2007;
Wysocki et al., 2006), distractions (Hockey, 1970) and the masking of
important sounds (Brumm and Slabbekoorn, 2005; Siemers and
Schaub, 2011). In view of this, anthropogenic noise is now recognized
as a major 21st century pollutant, appearing in the United Nations Con-
vention on the Law of the Sea (UNCLOS) both in European legislation
like the Marine Strategy Framework Directive 56/2008 CE.

Despite their ecological and economic importance, or their value in
terms of new natural products, the effects of noise on crustaceans
have only recently been proposed (André et al., 2011; Celi et al., 2013;
Filiciotto et al., 2013; Wale et al., 2013).

The common prawn (Palaemon serratus) is essentially a sublittoral
species of shrimp with a wide distribution, occurring along the north-
western Atlantic coast to the Mediterranean, Black Sea and Mauritian
coast (Frasco et al., 2006). Even though this species provides an impor-
tant link between trophic levels (Kelly et al., 2012), its bio-ecological re-
sponses to stress stimuli are still poorly understood. This decapod uses
specialized receptor mechanisms and is capable of both hearing and
responding to the particle displacement of sound (Lovell et al., 2005).
In particularly, the statocyst is located either at the anterior end of the
animal in the basal segment of each antennule, or posteriorly within
the uropods, abdomen or telson (Cohen and Dijkgraaf, 1961; Finley
and Macmillan, 2000). Mechanical disturbances, such as acceleration,
velocity and hydrodynamicflow, can result in stimulation of the sensory
cells (Vedel and Clarac, 1976; Wiese, 1976). The hearing abilities of the
common prawn have clearly been demonstrated in the work of Lovell
et al. (Lovell et al., 2005) which, using ABR audiometry, has provided
conclusive evidence of the sound detection of frequencies ranging

Journal of Experimental Marine Biology and Ecology 478 (2016) 24–33

⁎ Corresponding author.
E-mail address: monica.celi@cnr.it (M. Celi).

http://dx.doi.org/10.1016/j.jembe.2016.01.014
0022-0981/© 2016 Published by Elsevier B.V.

Contents lists available at ScienceDirect

Journal of Experimental Marine Biology and Ecology

j ourna l homepage: www.e lsev ie r .com/ locate / jembe



Appendix
Filiciotto, F., ..., Ceraulo, M.,  ... ,Buscaino, G. (2016). Underwater noise from boats: 
Measurement of its influence on the behaviour and biochemistry of the common prawn 

(Palaemon serratus, Pennant 1777). Journal of Experimental Marine Biology and Ecology, 478, 24-33

175

from 100 to 3000 Hz in this invertebrate. Shipping traffic produces an
increase in noise in this lower frequency range.

Understanding the sound levels that generate behavioural responses
in prawn and the physiological consequences of these responses would
help us to evaluate the effects of boat noises on this species.

Crustaceans can experience pain and stress in ways that are analo-
gous to the experience in vertebrates (Elwood et al., 2009). Potentially
painful stimuli, as aversive sensations and feelings associatedwith actu-
al or potential tissue damage (Broom, 2001), applied to vertebrates typ-
ically produce physiological responses (behavioural changes such as an
avoidance reaction), as well as changes in blood flow, respiratory pat-
terns, and biochemical and endocrine processes (Elwood et al., 2009).
There are, however, very limited examinations of similar responses in
crustaceans. Behavioural observations in combination with physiologi-
cal assessments could provide a more complete understanding of the
impact of an external stimulus on an organism, population or species.
In particular, this combination of methods could have significant rele-
vance in crustaceans, where the behavioural patterns in response to
stress conditions are not yet well understood (Celi et al., 2013).There
is a small body of literature on the impact of boat noise on the behaviour
of crustaceans. Filiciotto et al. (2014) showed that this form of exposure
influences locomotor behaviour such as walking and resting states in
Palinurus elephas specimens. Furthermore, Celi et al. (2013) have re-
ported that specimens of Procambarus clarkii reduced the number of
their encounters if exposed to acoustic stimuli. Despite of noise expo-
sure changes the basal behaviour of many crustacean species, no specif-
ic data are available regarding the effects of boat noise on P. serratus.

Several studies have demonstrated that measurements of haemato-
logical parameters such as total protein concentrations, heat shock pro-
tein (HSP) expression levels, and DNA integrity are useful when the
stress-induced immuno-suppression is evaluated in crustaceans. In re-
cent years, blood metabolites have been investigated as a tool for mon-
itoring physiological conditions inwild or cultured crustaceans exposed
to different environmental scenarios. Blood protein levels play funda-
mental roles in the physiology of crustaceans ranging from O2 transport
to reproduction and stress responses. They have been found to fluctuate
with changes in environmental and physiological conditions. Moulting,
reproduction, nutritional states, infections, stress responses, hypoxia,
salinity variations, and noise pollution are some of the factors affecting
the relative proportions and total quantities of haemolymph proteins
(Arcos et al., 2003; Depledge and Bjerregaard, 1989; Filiciotto et al.,
2014; Ocampo et al., 2003; Oliver and MacDiarmid, 2001). The level of
total protein in the haemolymph also depends on the species, with the
highest concentrations observed in penaeids and lower ones in
freshwater crayfish (Buckup et al., 2008; Da Silva-Castiglioni et al.,
2007; Palacios et al., 2000; Shafir et al., 1992). In addiction, the
level of proteins is the expression of an animal adaptive characteris-
tics and strategies for acclimatization (Da Silva-Castiglioni et al.,
2007). Consequently, measuring the protein concentrations in the
crustacean blood can provide valuable information for identifying
its condition (Ozbay and Riley, 2002). Furthermore, the immune sys-
tem response of the shrimp is largely based on proteins. They are, for
example, involved in recognizing foreign particles (Vargas-Albores
and Yepiz-Plascencia, 2000), trapping foreign invading organisms
and preventing blood loss upon wounding (Hall et al., 1999;
Montaño-Pèrez et al., 1999).

Changes in environmental and physiological conditions result in the
activation of HSPs,which are classified into several families according to
their molecular mass. These proteins perform essential biological func-
tions under both normal and stressful conditions (Gupta et al., 2010;
Nicosia et al., 2014).

Prolonged exposure to stress, such as acoustic noise, induces the
synthesis of HSPs mammalians (Wu et al., 2001). The up-regulation of
HSP 70 and HSP 27 expression in P. elephas and P. clarki after the acous-
tic stimulation has been demonstrated (Celi et al., 2013; Filiciotto et al.,
2014).

In this study, the behaviours and the changes of biochemical indexes
of stress in the common prawn (Palaemon serratus, Pennant 1777) after
the short-term exposure to boat noises were investigated. Prawn spec-
imens in control tank-based experimentswere exposed to a random se-
quence of boat noises, and their locomotor patterns, presence inside or
outside a shelter, total protein concentrations in the haemolymph and
the brain, DNA integrity, and the expression of HSP 27, 60, 70 and 90
levels in the brain were all analysed.

2. Material and methods

2.1. Collection and housing of the animals

The present study was conducted between July and August 2013 at
the Institute for theMarine and Coastal Environment of theNational Re-
search Council (CNR-IAMC) of Capo Granitola (SW Sicily, Italy). In total,
48 specimens of which 20 males and 28 females of common prawns
(Palaemon serratus) of 3.84 ± 1.48 g in weight and 3.15 ± 0.45 cm in
carapace length (mean ± SD) were used. The prawns were captured
along the coast of Capo Granitola using 600 mm-long traps with a
10 mm mesh and two opposing funnels of 50 mm in diameter
(Demers and Reynolds, 2002; Scalici and Gibertini, 2005) baited with
pieces of fish and shellfish. After capture, the prawns were transferred
to a circular PVC tank (diameter: 2.35 m, depth: 1.5 m) for a month-
long acclimation period. The animals were fed defrosted fish and mol-
luscs once a day during this housing period.

2.2. Experimental set-up and protocol

The experimental trials took place in a squarefibre-glass tank (diam-
eter: 1.0 m, depth: 1.5 m). Both the holding and experimental tanks
were equipped with an independent flow-through seawater system
from a common source (25 ± 3.7 l min − 1; mean ± SD). The salinity
was 36.4 ± 0.81 ppt (mean ± SD) and the temperature 18.61 ±
0.39 °C (mean ± SD) during the entire study period.

The experimental tank was also isolated from the floor by adding
two sheets of open-cell neoprene between the floor and the tank. A
shelter (a calcarenitic blockwith circular shapes)was placed on the bot-
tom of the tank, as shown in Fig. 1.

To avoid disturbing the animals inside the experimental tank, a lab-
oratory enclosure was placed 2m from away from it and the equipment
required for audio–video recording and projection was installed there.

The same basic experimental set-up (Fig. 1) was used for all the
tests. The prawns were deprived of food for two days before the start
of the trials. All the animals were kept under natural photo-periods.

Fig. 1. Experimental configuration. Set up of the control tank-based experiments adopted
during all the tests. 1) GoPro camera; 2) underwater loudspeaker; 3) hydrophone; and
4) calcarenitic shelter.
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Prior to starting the trials, the specimens were gently moved from the
housing tank to the test tank using a net. The order inwhich the shrimps
were tested was randomized every day and used in only one experi-
ment in order to meet the assumption of experimental independence.
After a 1 h habituation period, the trials consisted of 30 min of silence
before 30 min of sound exposure for only the animals treated with the
boat noise condition. The sound exposure consisted of the projection
of noise resembling a marine area with high shipping traffic condition.
This was achieved using a random sequence of boat noises, including
recreational boats, hydrofoils, fishing boats and ferries.

Specimens assigned to the control group were not exposed to any
stimuli other than the low-level noise of the experimental tank environ-
ment (control condition). In total, three trials in the boat noise condition
and three in the control condition were performed. Eight specimens of
P. serratus, represented by both females and males, were used in each
trial.

2.3. Acquisition and projection of the acoustic stimuli

To obtain acoustic recordings of boat noises, a calibrated hydro-
phone (model 8104, Bruel & Kjer, Nærum, Denmark) with a sensitivity
of −205.6 dB re 1 V/μPa ± 4.0 dB in the 0.1-Hz to 80-kHz frequency
band was used. The hydrophone was used with a preamplifier
(VP1000, Reson, Slangerup, Denmark) with a 1-MHz bandwidth
single-ended voltage that had a high-pass filter set at 10 Hz and a 32-
dB gain. The equipment was connected to a digital acquisition card
(USGH416HB, Avisoft Bioacoustics, Berlin, Germany; set with no gain)
managed by the Avisoft Recorder USGH software (Avisoft Bioacoustics).
The signals were acquired at 300 k-samples s−1 at 16 bits and were
analysed by the Avisoft-SASLab Pro software (Avisoft Bioacoustics, Ber-
lin, Germany). The format of the files was.Wav. Themarine traffic noise
condition was obtained by 9 recordings of different kinds of boats (rec-
reational boats, fishing boat, ferries and hydrofoils) recorded in an area
near a harbour. Nine different tracks were selected using as criteria the
equal distance between hydrophone and boats (about 300 m) and in
absence of saturation of the recording system.

The Sound Pressure Level (rms SPL, dB re 1 μPa) in the frequency
band of 0.1–3 kHz of boat stimuli recorded in field is showed in Fig. 2.

The noise from the experimental tank was also recorded to cha-
racterize the baseline noise of the study environment. During the entire
experimental period, the seawater-recirculating flow was directly
deployed beyond the tank water surface to prevent any bubbles, and
no air pumps were used. As shown in Fig. 2, the experimental tank

background noise had a lower intensity compared to the mean of the
noise of the boats. Themaximum rms SPL (dB re 1 μPa) in the frequency
band of 0.1–3 kHz recorded was 86.

An underwater speaker (Model UW30, Lubell, Columbus, Ohio, USA)
was used to project the acoustic stimuli of the different boats inside the
experimental tank. A playlist with the 9 selectedwave files was created.
The playlist was projected using the “loop mode” and random function
of the Avisoft-SASLab recorder software (Avisoft Bioacoustics) through
the stereo output of a PC connected to a power amplifier (type 2713,
Bruel & Kjer — Naerum, Denmark).

2.4. Audio and video monitoring system and analysis

The acoustic stimuli projected inside the tank were recorded using
the same acoustic equipment and set-up employed for the acquisition
phase described in the previous paragraph. The hydrophonewas placed
at a 0.5 m depth in the centre of the tank.

The particle velocity was quantified by using the velocity levels in
decibel, according to the following formula:

Lv ¼ 20 log10
vrms

vo
; v0 ¼ 1∙10�9 m=s

The calculation was carried out taking into account the different
conditions existing in the acquisition and emission phases.

For the acquisition phase, obtained in the open sea at a distance from
the source greater than 300 m, the following relation was used for the
estimation of the velocity level (Picciulin et al., 2010):

Lv ¼ SPL� 63:5;dB ref
nm
s:

Instead, within the tank, where the distance from the transmitter is
0.5 m, the following relation was used (Picciulin et al., 2010):

Lv ¼ SPL� 63:5þ 10 log10 1þ c
2πfr

� �2
" #

;dB ref
nm
s

Where c is the speed of sound (m/s), f is the frequency emitted (Hz)
by the source and r is the distance from the source, estimated at 0.5 m.

Fig. 2. Acoustic stimuli characteristics. Power spectrum of the boat stimuli and experimental tank background noise (each stimulus is represented by different coloured lines). Sound
pressure level (rms SPL) expressed in dB re 1 μPa (wave files were under-sampled to 96 kHz, FFT size 4096, bandwidth 30.47 Hz, resolution 23.44, Hamming window) versus
frequency expressed in Hertz.
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The speed of soundwas calculated by the following empirical formu-
la (Brekhovskikh and Lysanov, 1991):

c ¼ 1449:2þ 4:6 T � 0:055 T2 þ 0:00029 T3 þ 1:34� 0:010 Tð Þ
� S� 35ð Þ þ 0:016 D

Where the Temperature T (°C), Salinity S (ppt) and mean depth D
(m), all estimated in the tank as previously described.

In addition, in order to investigate the presence of an acoustic re-
sound shelter inside the experimental tank, the marine traffic noise
stimuli was recorded both inside and outside the shelter. The hydro-
phone was placed inside the central shape of the shelter with a foam
support to prevent contact between the sensor and the shelter wall.
The same supportwas retained during the recording outside the shelter.

The video systemwas used to monitor the behaviour of prawns and
was synchronized with the system used to record the acoustic signals.
Videos for behavioural monitoring were recorded with a camera with
housing (model Hero 2, GoPro Inc., USA) placed on top of the experi-
mental tank. The camera was linked to a Personal Computer and the
files were managed by Adobe Premiere Pro CC (Adobe Systems Inc.,
USA). In order to detect the behavioural states and events of the prawns,
the videos were analysed using a visual continuous sampling procedure
(each observed event from each animal was annotated in a sampling
table). Startle responses, encounters between subjects, tail flipping
events, time spent in and outside the shelter, and time spent walking
and resting, as described in Table 1, were considered. A focal animal
sampling technique modified from Altmann (Altmann, 1974) was
used to analyse the images in slowmotion. For each 10min of sampling,
a value as the sum of the events for each specimen was recorded.

At the end of the experimental phase, the animals from the boat
noise and control conditions were captured with a net, scarified and
placed on crushed ice until death and sampling for the brain extraction.

The protocols for animal husbandry and experimentation were
reviewed and approved in accordance with Directive 86/609/EEC of
the Council of European Communities regarding the treatment of ani-
mals used for scientific purposes.

2.5. Biochemical analysis

2.5.1. Bleeding procedure
Haemolymph was collected from each animal. The specimens

were anaesthetized by placing them at −20 °C for 10 min before the

haemolymphwaswithdrawn from the dorsal blood vessel with a sterile
glass Pasteur pipette. About 50 μl of haemolymph from each animal was
collected in a sterile Eppendorf tube in the presence (v/v) of an antico-
agulant solution (0.45MNaCl, 30mMsodium citrate, 26mMcitric acid,
and 10 mM EDTA). The haemolymph was centrifuged at 1000 g for
10 min at 4 °C, and the plasma was obtained.

2.5.2. Brain Homogenate Supernatant preparation (BHS)
The brain was explanted and homogenized on ice in 0.5 ml of a lysis

buffer (RIPA: 0.5% sodiumdeoxycholate, 1% NP40; 0.1% SDSwith PBS-T;
1 M Na2HPO4, 1 M NaH2PO4, 1.5 M NaCl and 0.1% Tween-20, pH 7.5,
supplemented with a cocktail of protease inhibitors: 2.0 μg/μl antipain,
leupeptin and bestatin, 1.0 μg/μl aprotinin and pepstatin, 1 mM
benzamidine, and 0.1 mM AEBSF).

The supernatants were collected and dialyzed against 50 mM Tris–
HCl (pH 7.5). The samples were stored at−80 °C.

2.5.3. Total protein concentrations (PC) in plasma and brain
PC in the plasma and brain were determined using a Quibit® 2.0

Fluorometer (Invitrogen). The data were quantified with standards.

2.5.4. HSP expression
Equal amounts of BHS samples (20 μg) were analysed by SDS-PAGE

(10%) under reducing conditions. SDS-polyacrylamide mini-gels were
transferred to nitrocellulose membranes using a semi-dry transfer ap-
paratus (BioRad) and blocked with 5% bovine serum albumin (BSA) in
Tris-buffered saline (TBS-T) (20 mM Trizma base, pH 7.5, 300 mM
NaCl, 0.1% v/v, Tween-20with 0.02% sodium azide) for 1 h at room tem-
perature (RT). The membranes were incubated overnight at 4 °C with
the following specific antibodies: anti-HSP 90 (bovine), anti-HSP 70
(sheep), anti-HSP 60 (bovine), and anti-HSP 27 (rabbit) mouse mono-
clonal (Sigma) diluted to 1:800, 1:2500, 1:1000 and 1:1000 respectively
in the TBS-T. After removing non-specific complexes with three washes
in TBS-T, the filters were incubated for 2 h with alkaline phosphatase-
conjugated goat anti-mouse IgG (1:10,000 for 2 h at RT) in TBS. A
monoclonal mouse anti-β-actin antibody (Sigma)was used as a loading
control for Western blot analysis purposes. After washing with TBS-T
(three times for 5 min each), the membranes were incubated with the
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium liquid
substrate system (BCIP/NBT). The Alpha Imager software was used for
the densitometric analysis of the immuno-blotted bands. The integrated
optical density value (IDV) of the relevant bands was normalized to the
IDV of the β-actin bands. Eight specimens from each experimental
group were examined.

2.5.5. DNA apoptotic fragment
DNA was extracted using the Sigma–Aldrich geneluite mammalian

genomic mini-prep kit based on a silica-based membrane, specially
selected for genomic DNA purification, in a convenient spin column
format according to the manufacturer instructions.

Briefly, 10 mg of brain tissue was lysed with 20 μl of proteinase K,
and 20 μl of RNase and 200 μl of lysis buffer (supplied by the kit) were
added. After incubation at 70 °C for 10 min, 200 μl of 100% ethanol
were added to the suspension and layered at the top of the column
(supplied by the kit), before being centrifuged at 6500 x g (8000 rpm)
for 1 min to remove the medium. The column was washed twice with
washing buffer (supplied by the kit) at 12,000 x g for 3 min. To elute
the DNA, the column was treated with eluting buffer (supplied by the
kit), incubated for 5 min at 20 °C and then centrifuged at 6500 ×g.
Each eluted sample was analysed through standard 1% agarose gel elec-
trophoresis and visualized with an ethidium bromide (5 μg ml−1) re-
action. The DNA fragmentation was analysed after electrophoresis at
180-bp intervals to check for a “ladder” pattern due to apoptosis.

Table 1
Description of behavioural actions by common prawn (Palemon serratus) collected during
the experimental tests, based on videotapes visualizations.

Behaviour Description

Startle response Abrupt response to a sudden stimulus that is
unexpected and alarming. The movement
may translate the whole body or move
only limited parts (Bullock, 1984)

Encounters Two or more individuals walk towards each
other until they encounter each other or
make contact with some part of the body
without a thread display.
Considering that animals are recorded
simultaneously, when two animals
approached each other, although a total
of 2 events are occurred, the score is
considered as one encounter

Outside shelter Time spent by the prawn outside the shelter
Inside shelter Time spent by the prawn inside the shelter
Walking The prawn uses its legs to move itself to

another location
Resting The prawn maintains its position
Tail flip Rapid flexion of the extended abdomen,

one or more times, which results in
propelling the prawn to a new location
(Buscaino et al., 2011; Lavalli and Herrnkind, 2009)
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2.6. Statistical analysis

The behavioural and biochemical datawere tested for goodness of fit
to the normal distribution using the Chi-squared test. Since different
distributions in the behavioural data were observed, non-parametric
tests were used to compare the different values among the trials.
Kruskal–Wallis test was employed to compare animal groups for each
behavioural parameter in order to test whether short-term exposure
to boat noises contributes to behavioural changes, and whether it was
a potential gender biases in response to sound.

The data fitted the assumptions of normality and homoscedasticity
for the biochemical parametric testing. A MANOVA was performed to
detect significant differences between animals in the control and boat
noise conditions for immunological parameters.

Finally, theMann–Whitney U-test was used in order to compare the
sound pressure level of the boat noise recorded inside and outside the
shelter.

Statistical analyses were conducted using the STATISTICA 7.0
(StatSoft) software package. P-values of b0.05 were considered to be
statistically significant.

3. Results

3.1. Acoustic data analysis

3.1.1. SPL and particle velocity levels analysis
Generally, the mean sound pressure levels (rms SPL, dB re 1 μPa)

measured infieldwas higher than the values recorded in tank as report-
ed in Fig. 3A and B, respectively. Despite the high energies at frequencies
lower than 300 Hz in tank due to the electronic interferences, it is pos-
sible to recognize similar SPL characteristics between the two acoustic
conditions. In particular, the two signals structures are similar in
terms of peak energy at the frequencies of 500, and 2000 Hz and a
show an analogous trend in the frequency range of 300–3000 Hz. In
consideration of this, the signals recorded in open sea seem to keep a
similar acoustic structure when played in tank.

The mean velocity levels of the acoustic stimuli calculated in field
and in tank are presented in Fig. 3A and B, respectively. The comparison

between the velocity levels of boat noises in both the acoustic condi-
tions can be overlapped to the considerations about the SPL analysis.

3.1.2. Acoustic recordings inside and outside the shelter
The power spectrum averaged for boat noises inside and outside the

shelter is shown in Fig. 4.
The sound pressure level of the boat noises measured inside the

shelter was significantly higher (Mann–Whitney U-test; p b 0.05;
U = 6345) than outside the shelter in a frequency range between 0.73
and 3 kHz. Above this range, the intensity of the noise was not signifi-
cantly different inside and outside the shelter.

3.2. Behavioural responses

No differences in behavioural events and states were observed
among the prawn groups of control condition during the video record-
ing. Moreover, in the boat noise condition, before the exposure to the
sounds, no behavioural differences among prawn groupswere revealed.
Furthermore, no significant differences in behavioural parameters
between males and females were observed both in the control and
boat noise conditions.

The animals in the boat noise condition had clear behavioural
responses to acoustic stimuli exposure. In particular, those exposed to
sounds had significantly lower values of encounters between subjects
(Kruskal Wallis test; p b 0.05; KW = 5.088), but higher values of time
spent outside the shelter (Kruskal Wallis test; p b 0.05; KW = 4.961),
and resting (Kruskal Wallis test; p b 0.05; KW = 4.287) if compared
to: the behaviour observed during the previous 30 min without any
acoustic stimuli projection (silence); and the behavioural responses of
the animals in the control condition (Fig. 5). No significant differences
were observed in terms of tail flip and startle response events.

3.3. Biochemical responses

3.3.1. Total protein concentrations (PC)
Significant differences in the biochemical parameters measured

were detected between the specimens exposed to the boat and control
conditions (MANOVA: F(2;11) = 23.127, p b 0.001). In particular, there
were significantly higher values of PC in the plasma (MANOVA:
F(1;12) = 13.838, p b 0.01) (Fig. 6A) and BHS (MANOVA: F(1;12) =
48.181, p b 0.001) (Fig. 6B) of the animals treatedwith the boat acoustic
condition than was the case for the specimens exposed to the control
condition (one-way ANOVA; p b 0.01).

3.3.2. HSP expression
The expressions of heat shock proteins from the brain were identi-

fied and analysed by immuno-blotting (Fig. 7A). The animals exposed
to noise pollution showed a significant increase in the expression of
HSP values (MANOVA: F(4;3) = 290, p b 0.001). In particular, HSP70
and HSP27 resulted significantly different (MANOVA: HSP70 −
F(1:6)= 1332.9, p b 0.001; HSP 27− F(1:2)= 169.62, p b 0.001) compar-
ing treated and control animals (Fig. 7B).

No significant differences were observed in the expression levels
of HSP 60 and HSP 90 in either the stressed or the control samples
(Fig. 7B).

3.3.3. Induction of apoptosis by acoustic stimuli
The genomic DNA was extracted from the brains of the control and

stressed animals and agarose gel electrophoresis was performed. Fig. 8
shows that the DNA extracted from the brain tissuewas perfectly intact
in the animals in the control condition. Meanwhile, after being exposed
to the acoustic stimuli, a phenomenon detectable with typical apoptotic
DNA fragmentation was evident.

Fig. 3. Acoustic characteristic comparison between field and tank. 1/3 octave band mean
sound pressure level (dark grey line) and mean particle velocity level (light grey line) of
the acoustic stimuli recorded in field (A) and in tank (B).
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4. Discussion

The present study has to be considered as part of a series of stud-
ies with the same general intention about the impact of underwater
anthropogenic noise on fish and crustacean species like Thunnus
thinnus, Sparus aurata, Dicentrarchus labrax, Procambarus clarkii,
and Palinurus elephas (Buscaino et al., 2010; Celi et al., 2013;
Filiciotto et al., 2013, 2014; Sarà et al., 2007). This study tested the
behavioural and biochemical effects of acoustic stimuli from differ-
ent boats (recreational boats, fishing boats, ferries and hydrofoils)
on the common prawn, P. serratus, which, despite its important eco-
logical and commercial role, has been poorly investigated in this re-
spect. The joint assessment of behavioural and biochemical cues in
marine organisms could represent a valuable approach to measuring
the effect of stressful stimuli.

Although there are many natural sources of noise, one increasingly
influential source is anthropogenic activity and in particular the ship-
ping traffic. This study clearly highlights both that invertebrates are like-
ly to be susceptible to the impact of boat noises as source of stress and
that they are potential valuable targets for further and detailed investi-
gations into the effects of the anthropogenic noise pollution. In order to
assume that the prawns are influenced by the anthropogenic noise pol-
lution in thewild, the ambient noise levels should bedefined comparing
them with the noises recorded from boats. Sarà et al. (2007) observed
behavioural changes of the bluefin tuna exposed to sound generated
by three different boat typologies in a natural context. They established
that the sound generated by different boat engines and propellers
exceeded the ambient sound levels (Sound pressure of about 100 dB
re 1 μPa in the bandwidth from 70 to 20,000 Hz) and thus affected
tuna behaviour under conditions of semicaptivity. Although further

Fig. 4.Recordings inside/outside shelter. Averagedpower spectrumof theboat acoustic stimuli recorded inside (dark grey line) and outside (light grey line) the shelter. The SoundPressure
Level (rms SPL) is expressed in dB re 1 μPa rms (FFT size 4096, bandwidth 95.21 Hz, resolution 73.24 Hz, Hamming window) versus the frequency expressed in Hz. The spotted lines
represent the frequency hearing range of the common prawn P. serratus as reported by Lovell et al. (Lovell et al., 2005).

Fig. 5. Behavioural changes in prawns. Values (median ± 25th–75th percentiles; whiskers ± 1st–99th percentiles) of the behavioural parameters assessed in P. serratus in the boat
condition during silence and sound exposure. The boxes of silence and sound exposure include behavioural data from the sampling of eight animals in three experimental trials (n. 24
specimens for the boat noise condition and n. 24 specimens for the control condition). The asterisks represent significant differences (* = p b 0.05).
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studies are needed, the SPL values from boats presented here could af-
fect the prawns in their natural ambient as well. Initial studies like this
are meant to be exploratory of the nature of the noise phenomenon
and caution is warranted about over-interpretation. From a biological
point of view, animals in captivity are usually more constrained than
in the wild, while from an acoustic perspective, other variables could
alter the properties of how the stimuli are perceived by prawns. Regard-
ing this aspect, playbacks cannot perfectly replicate natural sound
sources, the absence of isolated ambient noise does not allow evaluating
its potential interaction with the boat noise, and finally, the sound field
in a tank is complex to measure and analyse (Okumura et al., 2002;
Parvulescu, 1964, 1967). Nevertheless, in the present study, the stimuli
recorded in tank and field show a similar structure both in terms of SPL
inside Palaemon hearing sensibility and particle velocity level as report-
ed in Fig. 3. Moreover, in consideration of the lowermean energy of sig-
nals in tank than the signals recorded in field and the visible responses
of prawns to the noises playback in tank, a potential negative impact of
boat noises on this species in the wild is conceivable. Keeping this in
mind, this study aims to highlight whether prawns are able to perceive
and respond to the recorded boat noises and provide a contribution to
the need for more comprehensive studies regarding the potential con-
nection between boat noise pollution and prawn responses in the natu-
ral habitat conditions.

The results revealed more time spent outside the shelter (p b 0.05)
and resting (p b 0.05) in prawns exposed to boat noises, while no signif-
icant differences were observed in startle responses. Moreover, tested
animals showed significantly lower values of encounters between sub-
jects (p b 0.05). All these results were observed in both sexes, revealing
that there are not potential gender biases in response to sound, as it has

been instead showed in another decapod species (de Vincenzi et al.,
2015).

The common prawn is a decapod species which widely inhabits
coastal environments (Arko-Pijevac et al., 2001; Bianchi et al., 1988;
Gili and Macpherson, 1987; Manconi and Pessani, 2003; Oertel and
Patzner, 2007; Pessani and Manconi, 1994). It is well known that the
availability of size-scaled shelters represents a key factor for crevice-
niche dwelling animals (Caddy, 1986; Caddy and Stamatopoulos,
1990). The results of the present study regarding the significant time
spent outside the shelter by the common prawn could be explained
by analysing the acoustic levels measured both inside and outside the
shelter. As demonstrated in Fig. 4, for the frequency band 100–
3000 Hz, higher sound pressure level values were recorded inside the
shelter, with this range falling within the frequency hearing of
P. serratus range reported by Lovell et al. (2005). This led us to suppose
that the projected stimuli influenced the shelter use by the specimens,
which spent significantly more time outside the shelter where the SPL
levels were lower. The measurements of the noise inside and outside a
shelter, however, can change as a function of numerous factors (geom-
etry of shelter, kindof bottom sediment, orientation of shelter, etc.), tak-
ing into account that, in a tank condition, the propagation of acoustic
stimulus is subject to different dynamics from those of a natural system,.
Given the absence, in literature, of data concerning the propagation of
noise within the environmentally shelters, a similar impact of these
trends also in the natural environment can not completely excluded. Ac-
cordingly, the decreasing amount of time spent in the shelter could neg-
atively influence the survival possibilities of the species.

Animals react to cues from predators, and avoiding them can obvi-
ously prevent harmful encounters. The response to new stimuli that

Fig. 6. Total protein concentration (PC) of P. serratus in the boat and control conditions. Values (mean ± SD) were measured in haemolymph (A) and in brain (B). The asterisks denote
significant differences between prawns in the control condition and those exposed to boat noise (* = p b 0.01).

Fig. 7. Effect of acoustic stimuli on the synthesis of HSP 27, HSP 60, HSP 70 and HSP 90 in the brain. The proteins were separated by SDS-PAGE, identified by immuno-blotting (A), and
quantified with analysis densitometry (B). The results shown are the mean ± S.E.M. (N = 24 control and N = 24 test specimens). The asterisks represent significant differences
between the control and boat conditions (* = p b 0.01).
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causes a need to investigate or a readiness to escape is an orientating
response, which is also named as a reflex or startle response
(Barrows, 2000). Tail flips and startle responses are considered to
be an immediate reaction by decapods to a threat, but their re-
sponses in order to minimize stressful and noxious stimuli have
been the focus of few studies (Barr et al., 2008; Bullock, 1984;
Buscaino et al., 2011; Brown et al., 2005; Dingemanse et al., 2002).
In the present research, the similar results with respect to startle re-
sponses between the control and sound-exposed specimens, and the
absence of tail flip events, indicate that the acoustic stimuli did not
affect these animals in terms of an immediate and acute threat, but
had a progressive, stressful impact.

Although no studies have been carried out to assess the influence of
boat noise on P. serratus, the low mobility and the low encounter (as a
consequence of the reduced mobility in a confined space) values of
these prawnsmay indicate a behavioural perturbance to increasing am-
bient noise. Some studies have shown how crustaceans exposed to
acoustic stimuli change their behavioural responses (de Vincenzi et al.,
2015). As reported by Wale et al. (2013), crabs exposed to ship noise
playback were slower to retreat to a shelter than those experiencing
ambient-noise playback, suggesting that anthropogenic noise has the
potential to increase the risks of starvation and predation for inverte-
brates. Celi et al. (2013) observed a significantly lower number of en-
counters between subjects in crayfish (Procambarus clarkii) exposed
for 30 min to an acoustic stimulus (a linear sweep with a frequency
range of 0.1–25 kHz; peak amplitude 148 dB rms re 1 μPa at 12 kHz).
Prawns are a mobile species, and their movements are highly related
to ecological and biological factors (Green, 1961). In decapod crusta-
ceans, territoriality, nomadism, migration and escaping from predators
are locomotor behavioural states that have implications for growth, re-
production and survival (Herrnkind, 1983; Lawton et al., 1995; Spanier
et al., 1988). In the present study, P. serratus exposed to shipping noise
reduced their locomotor activity significantly compared to basal condi-
tions (Fig. 5). These results and previous studies on marine decapods
enable us to assume the potential biological and ecological medium/
long-term negative impact of acoustic stimulation on prawn species.

In addition to the behavioural responses to acoustic stimuli found in
this research, there are many studies in the literature that examine the
effects of noise on the neuroendocrine system, reproduction and devel-
opment, the metabolism, the immune system and DNA integrity, and
gene expression in different species (Kight and Swaddle, 2011).

In literature, the structure (Ammar et al., 2008; Langworthy et al.,
1997; Sandeman and Scholtz, 1995) and functions (Horner et al.,

2004; Schmidt, 1997; Sullivan and Beltz, 2004) of the brain of the crus-
taceans are known. Anatomically, the brain is constituted by the fusion
of the first three ganglia of the ventral nerve cord: the protocerebrum in
the anterior region, the deutocerebrum in the middle region, and the
tritocerebrum in the posterior region. The main functions of the crusta-
cean brain are related with the photoreceptive of the eyes, connected to
the protocerebrum, and also with the activity of the chemoreceptive
andmechanoreceptive sensilla present on the antennules and antennas
connected to the deutocerebrum and tritocerebrum respectively.

Crustaceans have an open circulatory system in which the
haemolymph carries out several physiological functions. One of these
is the transport of molecules such as the respiratory protein hemocya-
nin, which is the most abundant molecule of the haemolymph (60% to
95% of total protein) (Djangmah, 1970) followed by the clotting protein
and other humoral components. Changes in the levels of other plasma
components have been described in shrimps under several conditions.
For example, Chisholm and Smith (1994) found a relationship between
protein concentrations and water temperatures. Chen and Cheng
(1993), meanwhile, have reported lower levels of protein concentra-
tions during the post-moult stage.

Haemolymph protein concentrations have also been regarded as a
means of determining the physical condition or vitality of live lobsters
(Bolton et al., 2009; Stewart and Li, 1969). The results presented here
revealed that the animals exposed to sounds showed significant in-
creases in plasma total protein (p b 0.05) compared to those in the con-
trol condition. Meanwhile, Filiciotto et al. (2014) found twice the levels
of protein in the haemolymph in individuals subjected to acoustic stress
compared to control specimens.

In the current study, total protein concentrations in the brain
have been evaluated for the first time. The impact of stress on brain
structure and function is influenced by a variety of factors including
the duration and type of stressor, as well as the age and sex of the an-
imal (Adamec et al., 2012; McLaughlin et al., 2009; McEwen, 2012;
Miller et al., 2012; Romeo and McEwen, 2006; Weinstock, 2011). In
rats, exposure to acute stress produces the brain interleukin-1b pro-
tein (Nguyen et al., 1998). Indeed, stressful stimuli may cause signif-
icant changes in brain structure and function, even at the molecular
level. In this study, a significant increase by about twice of the total
protein concentrations in the brain after exposure to acoustic stimu-
lation has been found. Oliveira et al. (2009) reported that in verte-
brates, exposure to noise is able to produce physical damage to
structures within the HPA axis, which may have both short and
long-term effects on the maintenance of homeostasis. The results
showed here evidence that the total protein value in the brain in-
creased twice in animals after sound exposure, indicating that anal-
ysis like new stress parameter.

Perturbation in the brain due to noise stress also revealed an in-
creased expression of stress proteins. Heat shock proteins normally con-
stitute up to 5% of total intracellular proteins, and their levels can rise to
15% or more following stress (Srivastava, 2002).

It has been demonstrated that HSPs provide information on the bio-
logical impact of environmental stress on organisms. Aquatic animals
have been shown to play an important role in health in relation to the
host response to environmental pollutants, food toxins and, in particu-
lar, the development of inflammation and specific and non-specific im-
mune responses to bacterial and viral infections in both fish and
shrimps (Roberts et al., 2010). HSPs can be broadly placed into four
major families according to their molecular weight, amino acid se-
quence homologies and functions: HSP 90, HSP 70, HSP 60 and the
small HSP family (Nover and Scharf, 1997). In this study, for the first
time, the differential expression of HSP 27, 60, 70, and 90 in the brain
of P. serratus before and after exposure to acoustic stimuli was showed.
In particular, a significant up-regulation of the expression of HSP 27 and
HSP 70was detected. Recently, noise exposure has been observed to up-
regulate HSP 70 and HSP 27 expression in the haemolymph of Palinurus
elephas (Celi et al., 2015; Filiciotto et al., 2014). Probably, these two

Fig. 8. Apoptotic DNA fragmentation in the brain tissue of P. serratus. Representative
agarose gel. The DNA extracted from the brains of the specimens in the control and boat
noise conditions was visualized by ethidium bromide staining. Lane 1 = DNA from
sample control 1; lane 2 = DNA from sample control 2; lane 3 = DNA from sample
control 3; lane 4 = DNA from sample test 1; lane 5 = DNA from sample test 2; and lane
6 = DNA from sample test 3; Lane 7 = 1 kb DNA ladder.
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proteins are more involved in cytoprotection after noise exposure than
HSP 60 and HSP 90.

Finally, acoustic stressors can have an impact on genes, causingdam-
age to the DNA and/or altering gene expression (Kight and Swaddle,
2011). In the present study, the DNA extracted from the brain tissue
was perfectly intact in the animals in the control condition,while a phe-
nomenon detectable with typical apoptotic DNA fragmentation was ev-
ident after acoustic exposure.

5. Conclusion

In conclusion, in this study, it was clearly observed how short-term
exposure to noise from boats changes some behavioural patterns and
biochemical indexes of stress in P. serratus.

The projection of a random sequence of boat noises influenced the
behaviours of specimens, mainly in terms of locomotor and shelter
use performances. Meanwhile, among the haemolymphatic and tissue
parameters, total protein concentrations, DNA integrity and the levels
of expression of HSP 27 and 70 revealed a stressful effect of noise stimuli
on this crustacean species.

Future experiments should be performed in order to assess the ani-
mal responses in nature where the acoustic field is not influenced by
laboratory conditions relating the background ambient noise levels to
the boat's noise. Moreover, further long-term field studies should be
carried out to evaluate the effects of noise from shipping traffic on
some ecological and conservation factors in this relevantMediterranean
species, providing and implementing innovative tools for the measure
of the acoustic pollution phenomenon.

Glossary

BHS Brain Homogenate Supernatant preparation
BSA bovine serum albumin
HSP heat shock protein
IDV integrated optical density value
PC total protein concentrations
rms SPL sound pressure level
TBS tris-buffered saline
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Abstract An understanding of the population dynamics

and social organization of cetaceans is essential to manage

the influence of anthropogenic activities. In this study, the

population size, site fidelity and social interactions of

bottlenose dolphins in the Strait of Sicily (Italy) were

investigated to provide recommendations for their conser-

vation. Mark-recapture analysis was based on the encoun-

ter histories of 103 marked dolphins from 2004 to 2015.

The POPAN formulation of the Jolly–Seber model in

MARK software was used to estimate the size of the super-

population. Site fidelity and social organization were esti-

mated for individuals re-sighted C3 times. The estimated

population size was 140 (SE = 15.75; 95%

CI = 106–164). Dolphins had low site fidelity, and both

adults and sub-adults move outside the study area. Females

with calves used the area longer than other individuals.

Based on our results, dolphins’ home range likely extended

beyond the study area. The mean value of the Half-Weight

Association Index was low and the preferred association

was by casual acquaintance. However, we found a distinct

aggregation of post-parturition females during the final

2 years of the study. Therefore, the pattern of association

was apparently a response to an ecological requirement,

which was the possibility to breed in high productivity

waters. Whether these individuals are part of a larger

pelagic population is unknown; however, we can conclude

that the management of only coastal waters is insufficient

for the conservation of dolphins in the Strait of Sicily.

Keywords Abundance � Associations � Fission–fusion
society � Population size � Tursiops truncatus

Introduction

To manage anthropogenic impacts on the marine environ-

ment, an understanding of the population dynamics and

social organization of top predators, such as small odon-

tocetes, is essential (Parra et al. 2006). The integration of

information on the population dynamics of these species, as

key predators and functionally important selected species,

is required by the European Marine Strategy Framework

Directive (MSFD, Directive 2008/56/EC; descriptors 1.3.1.

of biological diversity and 4.1.1. and 4.3.1. of food webs,

respectively) for the environmental status of marine

ecosystems by 2020.

The population structure and social interactions of bot-

tlenose dolphins (Tursiops truncatus) are affected by many

ecological and anthropogenic factors. The fitness and the

patterns of interactions among individuals can be influ-

enced by one or more variables, such as the spatio-tem-

poral variability of food resources (Gowans et al. 2007;

Pace et al. 2012), oceanographic features (Wiszniewski

et al. 2009), predators and competitors (Heithaus and Dill

2002), fishery activity (López and Shirai 2008; Daura-

Jorge et al. 2012; Blasi et al. 2015) and boat and noise

disturbance (Pirotta et al. 2015).

Within the Mediterranean Sea, populations of bottlenose

dolphin have been studied along the shore of most seaside

countries and around offshore islands and archipelagos
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(Bearzi et al. 2008). Individuals in populations are widely

considered coastal residents, although these dolphins are

found across the continental shelf (Bearzi et al. 2008).

According to recent studies (Forcada et al. 2004; Gnone

et al. 2011; Gonzalvo et al. 2014), some individuals can

move more than 100 km from the core area of one popu-

lation to that of another, despite other individuals dis-

playing high levels of residence. The effect of such ranging

behavior is key for the preservation of Mediterranean

coastal dolphins because of potential gene flow among

geographically close populations; populations affected by

the heavy pressures of exploited fishing stocks and other

types of anthropogenic disturbance.

The Strait of Sicily is an ecologic and anthropogenic

corridor and is one of the areas in the Mediterranean Sea

most affected by human activities, due to commercial

marine traffic, fishery activity and tourism, which all

strongly have an effect on the conservation of dolphin

populations. Here, the Atlantic-Ionian Stream (AIS)

(Robinson et al. 1999) causes variations in surface tem-

peratures and the extent of upwelling, which influence the

concentration and distribution patterns of fish biomass

(Patti et al. 2004). In the Strait of Sicily, only two local

coastal populations have been studied: one in the Pelagie

Archipelago (Pulcini et al. 2014) and one in the northern

waters of Tunisia (Benmessaoud et al. 2013). Both popu-

lations have core, resident animals and a variable number

of individuals joining these groups only temporarily.

Population characteristics could lead to different levels

of conservation risk due to anthropogenic impacts. For

instance, a geographically closed population (no immi-

gration or emigration) could be more vulnerable to unex-

pected changes compared to an open population.

Furthermore, within an open population, a fission–fusion

society (Connor et al. 2000; Quintana-Rizzo and Wells

2001; Vermeulen and Cammareri 2009), with residents

intermixing with transient individuals (Silva et al. 2008),

may be more adaptable to changing circumstances com-

pared to a society characterized by discrete social clusters

of strong and long-term associations among resident dol-

phins (i.e., individuals with high sighting rate, recorded in

multiple years), that could lead to social segregation and

eventual genetic differentiation (Lusseau 2003; Oudejans

et al. 2015). Therefore, understanding association patterns

and population dynamics could help in foreseeing the

future of a population.

The aim of this study was to investigate the population

size, site fidelity and social organization of bottlenose

dolphins in the north-western waters of the Strait of Sicily

to determine population dynamics and evaluate potential

conservation risks. Indeed, this study is the first step in

providing recommendations on the status of this popula-

tion, as mandated by the MSFD.

Materials and methods

Data collection

Data were collected from 2004 to 2015 in southwestern

Sicily (Italy) between Capo Feto (37�38041.8600N,
12�31018.9000E) and Capo San Marco (37�39033.4100N,
12�30053.8100E) (Fig. 1). The study area is part of the north-
western side of the Strait of Sicily, which is the primary

route for commercial shipping traffic in the central

Mediterranean Sea. The sea bottom has a maximum depth

of 500 m, between the Sicilian and the Tunisian coasts.

However, the maximum depth in the study area is 200 m

and the platform extends to 40 nm until the northern waters

of Pantelleria Island (Italy). Dedicated surveys were con-

ducted in an area of approximately 1440 km2 up to 38 km

from the coast (Buscaino et al. 2015; Papale et al. 2015).

Boat-based surveys were conducted throughout the year

but only in standard weather conditions (sea state lower

than 4 on the Douglas scale; wind state lower than 4 on the

Beaufort scale) at an average speed of 8 knt. We conducted

both random and pre-defined transects in order to cover all

the study area homogenously. Onboard, at least two

experienced observers searched for dolphins both with the

naked eye and binoculars (Nikon 7 9 50). Because con-

ditions were often adverse during the winter and autumn,

fewer surveys were conducted; therefore, we considered

only 82 surveys collected during spring and summer to

obtain an appropriate sample size for analyses.

Photo-identification procedure

When sighted, dolphins were approached at low speed.

Data on location, group size (number of individuals in the

group as recorded by the observers) and age distribution

were collected. Three age classes were visually distin-

guished (adult, sub-adult and calf) based on body size,

colour and behaviour (Mann and Smuts 1999; Silva et al.

2008). Small dolphins with light grey coloration regularly

associated with an adult were considered calves (fetal folds

and floppy fin were present if newborn); a sub-adult was

defined as an independent dolphin approaching adult pro-

portions and locomotion pattern, but with fin noticeably

smaller and body less robust than adults (adapted from

Norris et al. 1994), if female, they had not yet been

observed with a calf. An adult was an independent dolphin

with robust body and dark grey coloration, or, if female,

having been seen associated with calves.

Images of dorsal fin were taken with digital reflex

cameras (Nikon D300, D610 and D800) with either a

70–200 or 28–300 mm zoom lens. Both sides of the dorsal

fins were photographed, without making a distinction
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between marked and unmarked individuals within each

group, as perpendicular as possible to the long axis of the

animal (Würsig and Jefferson 1990). Photographs were

examined with the software ViewNX 2TM 2.8.1 (Nikon

Corporation, Tokyo, Japan) and were selected based on the

quality (graded as ‘good’, ‘fair’ and ‘poor’) (Urian et al.

2013). Only ‘good’ quality photographs, i.e., those with

proper exposure and focus and that showed clearly the

entire dorsal fin (right or left side) and a part of the back of

an individual were considered (Fig. 2). Individuals were

solely identified based on the shape of the fin and the

occurrence and position of permanent marks, primarily

nicks and notches, along the edge of the fin. The identifi-

cation and matching of the dorsal fins was conducted by 4

observers (2 inexperienced and 2 experienced) and analy-

ses of the photos with the software Darwin 2.22 (Eckerd

College) to minimize subjectivity in the matching process.

Although calves were excluded from the analyses because

they lacked permanent marks for future recognition, all the

other individuals that were photographed and marked were

included to estimate population size, residence pattern and

social structure. Sex was determined by visual inspection

of the genital area through opportunistic surface observa-

tions or, for females, through close association with calves.

Model determination for estimating population size

Mark-recapture analysis was based on the encounter his-

tories of the bottlenose dolphins photo-identified during the

years of the study. We calculated the proportion of iden-

tifiable individuals as the number of animals with marks

identified during each sighting divided by the number of

individuals counted in the field within the group. Further-

more, when not matching, we corrected field group size

estimates with data from photo-identification and used for

all subsequent analyses.

To estimate population size, we pooled data by year, for

comparisons with previous studies (Silva et al. 2009), only

7 years were considered (2005, 2006, 2007, 2011, 2012,

2014 and 2015). Therefore, the interval effect in the models

was set because the sampling effort varied during the study,

particularly during the third and fourth years. An annual

estimate was inappropriate due to the temporal distribution

of survey especially during the first years that did not allow

Fig. 1 Study area within the Mediterranean Sea. The map shows the locations of the 67 sightings, the tracks of the 82 surveys (14 in 2005, 5 in

2006, 4 in 2007, 12 in 2011, 14 in 2012, 22 in 2014, 11 in 2015) and the bathymetry of the area

Fig. 2 ‘‘Good’’ quality photo of the dorsal fin of the dolphin Tt19 with diagnostic marks. The sequence represents the time series: photos were

collected in 2011, 2012, 2014
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to maximize the reliability of the models. We used MARK

software (White and Burnham 1999) to estimate population

size and other parameters, performing an open population

models because the study spanned a decade and birth,

death, immigration and emigration should be happened.

Therefore, we considered the Jolly–Seber (JS) models for

open populations (Jolly 1965; Seber 1965) to estimate

apparent survival (/), capture probability (p) and the

probability that an animal from the super-population enters

the subpopulation (considered as the number of animals in

the study area) (b) (Reisinger and Karczmarski 2010). The

JS models estimate population size by incorporating birth

and immigration and death and emigration and are suit-

able for studies with multi-year time frames. Model

parameters were time-constant (.) or temporally variable

(t), which allowed for the formulation of different models

(Lebreton et al. 1992; White and Burnham 1999). The

POPAN (Schwarz and Arnason 1996) formulation was

used for the likelihood estimation of the super-population.

To test this model, four assumptions must not be violated

(Cooch and White 2011):

• marks are not lost during the study period,

• sampling is instantaneous,

• survival probability among individuals is

homogeneous,

• capture probability among individuals is homogeneous.

To meet the first assumption we used only good quality

photographs and considered only individuals recognizable

through identifiable and unique marks. For the second

assumption, we carried out photo-identification sessions of

negligible (if we compare them to the period among sam-

pling events) time (maximum one hour), and animals were

never removed from the population. To validate the other

model assumptions, we used the Goodness-of-Fit (GOF)

test [the pooled v2 statistics (Test 2 ? Test 3)] performed

with the program RELEASE GOF. The tests in the pro-

gram explored whether assumptions were validated by the

model: TEST 2 corroborated equal catchability, TEST 3

corroborated equal survivorship, and TEST 2 ? TEST 3

examined the overdispersion of the data. Nine models were

examined (Table 1), and the best model was selected based

on the minimum Akaike Information Criterion value, cor-

rected for small-sample sizes (AICc) (Burnham and

Anderson 1998). The total population size for the area

(following Chilvers et al. 2003) was estimated as follows:

Ntot ¼ N=h

where Ntot is the estimate of the total population adjusted

for unidentifiable individuals, N is the estimated population

size based on marked animals and h is the proportion of

identifiable individuals. The variance of Ntot was estimated

as follows:

varNtot ¼ N2
totðvarN=N2 þ ð1� hÞ=nhÞ

where varN is the variance of N and n is the number of

animals used to estimate h. We then determined the stan-

dard error. The confidence interval (CI) was calculated

based on the standard error and by assuming the same

distribution of the probability of the parameter estimated

by the model.

Site fidelity

To estimate site fidelity, the mean monthly sighting rate

was calculated as a proportion, with the number of months

a dolphin was sighted divided by the total number of sur-

vey months. The proportion for the yearly sighting rate was

calculated as the number of years a dolphin was sighted

divided by the total number of years surveyed, following

Parra et al. (2006) and Silva et al. (2008).

Associations and social dynamics

A group was defined as all dolphins sighted within an area

of 100 m radius, moving in the same direction or that

appeared to be coordinating their activities (Möller et al.

2002; Sprogis et al. 2016). Different groups encountered

during the same survey were considered independent

sightings. Individuals belonging to the same group were

considered associated.

Only individuals re-sighted at least 3 times were used to

describe the social organization and stability of relation-

ships in this population (following Chilvers and Corkeron

2002). This minimum number of sightings was chosen in

order to guarantee that they provide independent associa-

tions. Data were analyzed using the compiled version of

SOCPROG 2.6 software (Whitehead 2009a). Dyadic

associations were estimated with the Half-Weight Index

(HWI) which describes the relation between two animals

by indicating the proportion of time a pair of individuals is

associated (ranging from 0 to 1: 0 = never and 1 = al-

ways) (Cairns and Schwager 1987; Whitehead 1997).

Furthermore, we calculated an estimate of social differen-

tiation (a measure of how the social system varies,

Whitehead 2009a) and the correlation between the actual

and the estimated association indices using the maximum

likelihood method (Whitehead 2008). SOCPROG also

plotted ‘‘gregariousness’’ (defined as individual’s tendency

to form associations, Whitehead 2008) for each individual

associated with all other individuals (Pepper et al. 1999)

and determined the typical group size (group sizes expe-

rienced by individuals, Whitehead 2009a). Hierarchical

cluster analysis and principal coordinates analyses were

used to illustrate relationships between individual dolphins

and any grouping within the population. A cophenetic
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correlation coefficient (CCC) greater than approximately

0.80 and a modularity greater than approximately 0.30

indicated that the division into clusters is sensible (New-

man 2004; Whitehead 2009b). Finally, we tested whether

individuals were randomly associated (the null hypothesis).

To ensure that P values were stable, 1000, 10,000 and

20,000 permutations were performed using the half-weight

association index (Whitehead 1995). When the observed

HWI mean is lower than that of the null expectation, the

occurrence of short-term preferences, within sampling

periods, is likely, and for long-term associations, between

sampling periods, the observed HWI coefficient of varia-

tion (CV) is significantly larger than that expected by

chance (Whitehead and Dufault 1999; Whitehead et al.

2005; Whitehead 2008). Moreover, P values[0.95 reveal

the proportion of random values that are larger than that of

the observed data (Whitehead and Dufault 1999; White-

head et al. 2005). For the calculations of the temporal

aspects of associations, Standardized Lagged Association

Rates (SLAR) were used. SLARs evaluate the probability

that two individuals are found associated at t(0) and re-

sighted in association at t(x), which is compared to the Null

Association rate that measures the expected value of the

SLAR when associations are independent (Whitehead and

Dufault 1999; Whitehead et al. 2005). The best model was

chosen using the parsimony criterion of the quasi Akaike’s

Information Criterion (QAIC) (Burnham and Anderson

2002).

Results

Photo-identification data

We recorded 67 sightings and analyzed 14,250 photos

coming from 56 of the sightings. A total of 103 animals

met the criteria for identification, 84 adults and 19

marked sub-adults. For each sighting from 2007 to 2015,

we photo-identified most of the individuals (80%) (pro-

portion of animals effectively identified by the researchers

and added to the catalogue thanks to the good quality

photographs); whereas only 57% of the dolphins in each

group were identified on average from 2004 to 2006

because of the low quality of photographs, particularly

during the first year. Therefore, we estimated the cumu-

lative number of dolphins identified (Fig. 3) with the data

from 2004 excluded. The numbers of identified dolphins

proceed along three phases: an initial low rate of dis-

covery (2005–2007), followed by a marked increase

(2007–2012), then becoming more asymptotic from 2014

onward. In 2015, only 4 new dolphins were added to the

catalogue. Furthermore, we estimated that the total pro-

portion of identifiable individuals based on their marks

and their age was 94%. Only 14 individuals were

unequivocally sexed: 2 males and 12 females. Other 7

individuals were considered as probable females since

they consistently associated with other females with

calves or newborn (Mann et al. 2000).

Table 1 Nine models were selected

Model N SE 95% CI AICc Number of parameters

Marked animals

phi(t)p(t)pent(t)N(.) 132 14.85 106, 164 400.90 16

phi(t)p(.)pent(t)N(.) 246 31.49 191, 315 24,224.02 13

phi(t)p(.)pent(t)N(t) 246 31.49 191, 315 24,224.02 13

phi(t)p(.)pent(.)N(.) 683 173.63 418, 1115 24,254.15 9

phi(t)p(.)pent(.)N(t) 683 173.63 418, 1115 24,254.15 9

phi(.)p(.)pent(t)N(.) 419 65.53 309, 569 24,276.29 9

phi(.)p(.)pent(t)N(t) 419 65.53 309, 569 24,276.29 9

phi(.)p(.)pent(t)N(.) 495 70.38 375, 653 24,279.35 4

phi(.)p(.)pent(.)N(t) 495 70.38 375, 653 24,279.35 4

Model h Ntot SE 95% CI varNtot

Total population

phi(t)p(t)pent(t)N(.) 0.94 140 15.75 112, 174 32,756.40

In the table, N is the population size estimated by the model based only on marked animals. The Standard Error (SE), the Confidence Interval

(CI), the value of the AICc and the number of parameters for each model are shown. h represents the proportion of identifiable individuals. phi is

the survival probability, p the capture probability, pent the probability of entry from the super-population. The preferred model is the one

showing the lowest AICc value. For the model that best fitted the data we estimated the total population size (Ntot), the Standard Error (SE), the

Confidence Interval (CI) and the variance (varNtot)
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Population size and model selection

The nine models selected are presented in Table 1. The

best model as judged by AIC was the one with time

dependent survival probability (/), capture probability

(p) and probability of entry (b) from the super-population.

The model held N constant. The estimated population size

was 132, 95% CI (106, 164). The proportion of identifi-

able individuals was 94%, and therefore, the estimation

for the total population size was 140 (SE = 15.75;

Table 1).

Based on the results of TEST 2 ? TEST 3, the model

structure and the goodness of fit reflected the actual situ-

ation and the assumptions were validated.

Site fidelity

Of the 103 identified animals, 41 (39.8%) were sighted

only once during the study period, 28 (27.2%) twice, 16

(15.5%) three times, 9 (8.7%) four times, 5 (4.8%) five

times, 3 (3.0%) six times and one seven (1.0%) times. 8.7%

of individuals were recorded exclusively in groups made

up of animals sighted less than three times. Both the month

and the yearly sighting rate were very low: 0.06

(SD = 0.05) (proportions ranged from 0.04 to 1.00) and

0.19 (SD = 0.17) (proportions ranged from 0.12 to 1.00),

respectively. The month and the yearly mean sighting rates

were also calculated for the sexed and probable females

together, which were 0.09 (SD = 0.07) and 0.26

(SD = 0.19), respectively. These results were significantly

higher compared to the other animals (Mann–Whitney test:

n = 103, Z = -2.59, P = 0.01; Z = -1.93; P = 0.05).

These sighting rates indicate that most of the bottlenose

dolphins stay in the area for only a limited period.

Although the re-sighted animals did not show strong site

fidelity, females with calves used the area somewhat longer

than other individuals.

Associations and social dynamics

To study patterns of association, we considered 34 indi-

viduals that were recorded on 44 days with 134 observation

events. Typical mean group size during these observations

was 3.11 (SD = 0.77). Using the likelihood method, a

differentiated society was denoted (coefficient of variation

of the actual association indices = 0.58). Nevertheless, the

power of the analysis to detect the actual social system was

low (estimate of the correlation coefficient between the

actual association indices and the calculated association

indices = 0.28). Additionally, the mean value of the Half-

Weight Association Index was very low (0.06 ± 0.02),

ranging from 0.02 to 0.12. The maximum mean value of

the HWI value (0.12) was found for a female (more fre-

quently associated with an unsexed adult).

We tested the null hypothesis of random association

among individuals. The hypothesis was accepted, and

neither long- nor short-term associations were preferred by

dolphins (the observed HWI CV = 2.036, which was not

different from the random HWI CV = 2.028 at P = 0.390;

the observed mean of HWI = 0.063 was also not different

Fig. 3 Cumulative number of

animals identified during

surveys from 2005 to 2015 in

the Strait of Sicily. The bars

represent the number of days

with sightings for each year of

the study
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at P = 0.709), which indicated that stable relationships did

not occur between members of the study population.

We tested models for the temporal stability of associa-

tions. The most parsimonious model indicated casual

acquaintances among dolphins. The SLARs were higher

than the null expectation (SNAR) for almost the entire

period. The cluster representation was composed of two

primary groups, each with two or three other subgroups

(Fig. 4). The modularity was 0.44 (Qmax[ 0.30) and

showed adequate division of clusters. Nevertheless, the

cophenetic correlation coefficient was slightly lower than

0.80 (=0.74), which indicated that the cluster unlikely

represented good linkages. However, the principal coordi-

nates analyses showed similar relations (Fig. 5).

Discussion

Based on the results of this study, dolphin inhabiting the

north-western side of the Strait of Sicily were in an open

population made up of about 140 individuals. A core group

of animals was re-sighted during the study years, although

their level of site fidelity was very low. Worldwide, pop-

ulations of bottlenose dolphins show variability in site

fidelity, varying from strictly resident communities

(Wilson et al. 1999; Bearzi et al. 2008), to seasonal resi-

dents (Barco et al. 1999; Lodi et al. 2014) or transients

(Defran et al. 1999; Silva et al. 2008). Furthermore, in

several studied populations, some individuals while con-

sidered residents, may temporarily leave an area to move

over a larger range (Wells et al. 1999). In our study area,

known females showed a higher site fidelity then other

individuals, although the site fidelity was generally lower

than that of other populations (Gnone et al. 2011; Blasi and

Boitani 2014) in the Mediterranean Sea. Although repro-

ductive females appeared to be the most resident, they also

temporarily left the area.

Also, the very low number of sub-adults’ re-sightings

could be interpreted as movements out of the study area.

The low site fidelity suggests the home range of this pop-

ulation likely extended beyond the study area. Movements

were likely facilitated by the extension of the continental

platform to at least 40 nm.

Associations are defined using spatial–temporal groups

and are therefore a consequence of population structure

(Whitehead and Van Parijs 2010). In the study commu-

nity, the individuals were in a low-structured network that

was consistent with fission–fusion social structure. The

individuals associated in groups that changed in compo-

sition daily or hourly. Based on our findings, a lack of

Fig. 4 Cluster representation of

the social organization of 34

bottlenose dolphins re-sighted at

least 3 times on the north-

western side of the Strait of

Sicily. A strong relation is

shown among post-parturition

females for the last 2 years of

the study (F females, PF

probable females, M males)
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consistency in group relationships was indicated, except

for the social ties among post-parturition females, par-

ticularly for the final 2 years of the study (2014–2015).

Consistent with the results of Möller and Harcourt (2008),

females in a similar reproductive state, particularly during

the first year post-parturition, had stronger associations

with one another than with other individuals. Strength-

ened group membership among females with young

calves could be important in reducing the risk of preda-

tion on calves (Culloch 2004) and the costs of competi-

tion in feeding.

Nevertheless, to study associations, only individuals that

were re-sighted at least three times were considered.

Association with animals that entered the area temporarily

demonstrated contact with possible transient individuals.

An exchange with transient individuals was also hypothe-

sized for the other populations of the Strait of Sicily, such

as those in Tunisian and Lampedusan waters (Benmes-

saoud et al. 2013; Pulcini et al. 2014). Unfortunately, the

level of connectivity in the Strait of Sicily remains

unknown; therefore, whether the dolphins sighted occa-

sionally are part of the same population as the study dol-

phins, or not is also unknown. Regardless of their origin,

the opportunity for temporary individuals to interbreed is

high. This population is not an isolated or a socially seg-

regated community and the potential gene flow from

individuals entering the area is pivotal to maintain variation

and enhance its conservation.

The combination of both high social fluidity and low

residence is not consistent with reports for other areas of

the Mediterranean Sea (Bearzi et al. 2008; Genov et al.

2008; López and Shirai 2008; Pace et al. 2012; Benmes-

saoud et al. 2013; Blasi and Boitani 2014; Pleslić et al.

2015) where almost all other populations showed stronger

site fidelity and/or stronger associations. The habits of our

study population are more similar to oceanic areas such as

the Azores and the Madeira Archipelago (Silva et al. 2008;

Dinis 2014).

Conclusions

An understanding of the structure and social patterns is

required to identify appropriate geographical units that can

be useful to effectively manage human activities that affect

the study dolphins (Wells 1986). The outcomes of con-

servation and management decisions will be strongly

influenced by whether the studied individuals are part of a

larger population or separate communities. Based on our

current results, protecting only the coastal waters of the

study area is likely to be insufficient because these waters

are but a portion of a wider range used by the animals; thus,

Fig. 5 Principal coordinates

analysis plot of 34 bottlenose

dolphins re-sighted at least 3

times. It shows similar relation

to cluster representation

(F females, PF probable

females, M males)
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the offshore areas also require plans for the conservation of

this bottlenose dolphin population. Finally, to overcome

the gaps in the understanding of the structure of dolphin

populations and to further define population units in the

Strait of Sicily, both genetic analyses and studies dedicated

to unravelling the connections among the bottlenose dol-

phin populations in the channel are required.
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spinner dolphin. University of California Press, Berkeley

Oudejans MG, Visser F, Englund A, Rogan E, Ingram SN (2015)

Evidence for distinct coastal and offshore communities of

bottlenose dolphins in the North East Atlantic. PLoS One

10(5):e0128259

Pace DS, Pulcini M, Triossi F (2012) Anthropogenic food patches and

association patterns of Tursiops truncatus at Lampedusa Island,

Italy. Behav Ecol 23:254–264

Papale E, Buffa G, Filiciotto F, Maccarrone V, Mazzola S, Ceraulo

M, Giacoma C, Buscaino G (2015) Biphonic calls as signature

whistles in a free-ranging bottlenose dolphin. Bioacoustics

24:1–9

Parra GJ, Corkeron PJ, Marsh H (2006) Population sizes, site fidelity

and residence patterns of Australian snubfin and Indo-Pacific

humpback dolphins: implications for conservation. Biol Conserv

129:167–180

Patti B, Bonanno A, Basilone G, Goncharov S, Mazzola S, Buscaino

G, Cuttitta A, Garcı́a Lafuente J, Garcı́a A, Palombo V, Cosimi

G (2004) Interannual fluctuations in acoustic biomass estimates

and in landings of small pelagic fish populations in relation to

hydrology in the Strait of Sicily. Chem Ecol 20:365–375

Pepper JW, Mitani JC, Watts DP (1999) General gregariousness and

specific social preferences among wild chimpanzees. Int J

Primatol 20:613–632

Pirotta E, Thompson PM, Cheney B, Donovan CR, Lusseau D (2015)

Estimating spatial, temporal and individual variability in dolphin

cumulative exposure to boat traffic using spatially explicit

capture–recapture methods. Anim Conserv 18:20–31
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Silva MA, Magalhães S, Prieto R, Serrão Santos R, Hammond PS

(2009) Estimating survival and abundance in a bottlenose

dolphin population taking into account transience and temporary

emigration. Mar Ecol Prog Ser 392:263–276

Sprogis KR, Raudino HC, Rankin R, MacLeod CD, Bejder L (2016)

Home range size of adult Indo-Pacific bottlenose dolphins

(Tursiops aduncus) in a coastal and estuarine system is habitat

and sex-specific. Mar Mammal Sci 32:287–308

Urian KW, Waples DM, Tyson RB, Hodge LEW, Read AJ (2013)

Abundance of bottlenose dolphins (Tursiops truncatus) in

estuarine and near-shore waters of North Carolina, USA.

J North Carolina Acad Sci 129:165–171

Vermeulen E, Cammareri A (2009) Residency patterns, abundance,

and social composition of bottlenose dolphins (Tursiops trunca-

tus) in Bahı́a San Antonio, Patagonia, Argentina. Aquat Mamm

35:378–385

Wells RS (1986) Structural aspects of dolphin societies. PhD

dissertation. University of California, Santa Cruz

Wells RS, Rhinehart HL, Cunningham P, Whaley J, Baran M,

Koberna C, Costa DP (1999) Long distance offshore movements

of bottlenose dolphins. Mar Mammal Sci 15:1098–1114

White GC, Burnham KP (1999) Program MARK: survival estimation

from populations of marked animals. Bird Study 46:S120–S139

Whitehead H (1995) Investigating structure and temporal scale in

social organizations using identified individuals. Behav Ecol

6:199–208

Whitehead H (1997) Analysing animal social structure. Anim Behav

53:1053–1067

Whitehead H (2008) Analyzing animal societies: quantitative meth-

ods for vertebrate social analysis. University of Chicago Press,

Chicago USA

Whitehead H (2009a) SOCPROG: programs for analyzing social

structure. Dalhousie University, Halifax

Whitehead H (2009b) SOCPROG programs: analysing animal social

structures. Behav Ecol Sociobiol 63:765–778

Whitehead H, Dufault S (1999) Techniques for analyzing vertebrate

social structure using identified individuals: review. Adv Stud

Behav 28:33–74

Whitehead H, Van Parijs S (2010) Studying marine mammal social

systems. In: Boyd IL, Bowen WD, Iverson SJ (eds) Marine

mammal ecology and conservation: a handbook of techniques.

Oxford University Press, Oxford, pp 263–282

Whitehead H, Bejder L, Ottensmeyer AC (2005) Testing association

patterns: issues arising and extensions. Anim Behav 69:e1–e6

Wilson B, Hammond PS, Thompson PM (1999) Estimating size and

assessing trends in a coastal bottlenose dolphin population. Ecol

Appl 9:288–300
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5. The Acoustic Chorus and its Ecological Significance

Almo Farina & Maria Ceraulo

5.1 Introduction

A chorus may be defined as the vocalization of animals which occurs at dawn and at dusk. This 

phenomenon, common in nature,has perplexed scientists for decades and itremains an enigma in 

terms of adaptation, fascinating generations of bioacousticians and ethologists (e.g. Wright 1912, 

1913; Allard 1930; Shaver and Walker 1930, Leopold and Eynon 1961).   Recently ecoacusticians 

have added a rich literature on this subject (Staicer et al. 1996, Farina 2014, Farina et al. 2015).

However, the study of these choruses has  focused on individual species, andthere is little 

information available atthe community level of organization (Wright 1912, Allen 1913, 

Allard 1930, Leopold 1961).  Moreover, few studies have considered the role of habitat and the 

different composition of the communities (Keast 1994, Hasan 2011, Farina et al. 2015). For instance, 

Lindenmayer et al. (2004) found a decline inbird song activity when birds moved from a eucalyptus 

forest to a radiate pine plantation in south-eastern Australia. A majority of vocal animals spend part 

of their time calling or singing together, particularly in springat dawn, midday or at dusk (Fig. 5.1).

T1 T2 T3 T4 T1 T2 T3 T4

Dawn chorus Post chorus
Fig. 5.1 Representation of a chorus and a post chorus  period.  The  small black circles represent  singing species (Dawn chorus)  and 

the  empty circles silent species (Post chorus).
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This common exchange of vocal information seems to be a paradox accordingto the theory of 

communication, but chorusing is common in insects, shrimps, fishes, frogs, birds and mammals and it 

occurs at every latitude, in terrestrial, infreshwater and in marine biomes (e.g., D’Spain &Batchelor 

2006, Cato 1978). Calling or singing in a group provides some advantages that may be an exchange 

of information about food resources or security during mating behaviour. The  calls and songs  may 

create  indecision in predators regarding prey detection, but other explanations are  possible. For 

instance, predators seem less active when the intensity of sunlight is low. When a predator hears 

an interspecific chorus it is difficult to distinguish and locate  the individual  and this appears to 

contradict  the acoustic niche theory (Krause1993) that predicts a frequency partitioning to reduce 

interspecific competition. Moreover, chorus activities result in the expenditure of considerable 

energy (e.g., Barnett and Briskie 2007).During the chorus period individuals  interact using sound 

to communicate in a persistent way  and individuals  alternatively broadcast and receive information 

(Burt and Vehrencamp 2005). 

In terrestrial tropical biomes insects and frogs tend to dominate the choruses but in temperate and 

boreal biomes birds dominatethe chorus (Fig.5.2). In marine  systems snapping shrimps  aremajor 

agents of the chorus but some fishes and cetaceans contribute to this phenomenon (McCauley 2012, 

Cato and McCauley 2009, Au et al. 2000).

Choruses have been used by ecologists to assess the abundance of populations. Pellet et al.  (2007) 

estimated the number of the European tree frog (Hyla arborea) by counting individuals that were 

Fig. 5.2 Spectrogram of a bird chorus (Madonna dei Colli,  25042016 at 04.53, 44°12’30”N,10°03’34”E, 250 m a.s.l.). Turdus meru-
laand  Sylvia atricapilla  are the major contributors.
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acoustically active during chorus time, and Farina (in prep.)  used the information from a bird chorus 

to standardize daily activity of acoustic communities.There should besome references on use of sound 

for bird census (e.g. Gage and Miller 1978).

5.2 Time of the choruses

The time of chorus is strongly related to breeding periods or to feeding or territorial activities. 

Terrestrial choruses occur especially during the breeding season. In particular,choruses produced by 

birds appear two times a day, at sunrise and at sunset (Wright 1912) (the first seems more vigorous 

at least inbirds) during the breeding season. Gage and Axel (2013) also showed that there were two 

peaks in the amount of soundscape power greater that 2 kHz at dawn and to a lesser extent at dusk in 

a long-term study in northern Michigan. There is also evidence that migratory birds perform chorus 

at the midday as does theSong Thrush (Turdus philomelos)  in winter in the Mediterraneanregion 

(Farina, unpl.).Bird choruses investigated in this areahave a length of about 50 minutes in the 

morning and reach their maximum  during May and June (Farina et al. 2015).Their duration largely 

dependson the season. Weather conditions have a great influence on chorus activity of birds (Robbins 

1981; Bruni et al. 2014, Farina et al. 2015). Low temperature, heavy rains and strong winds can 

depress and reduce the intensity and length of choruses (Fig. 5.3).  

Farina et al. (2015) compare the chorus at five localities showingthe effect of geographic location and 

A

B

Fig. 5.3 A comparison between a chorus performed in good weather conditions [A] (Madonna dei Colli, 22042016 at 0543h, 
44°12’30”N,10°03’34”E, 250 m a.s.l.) with a chorus when raining during  dawn [B] (Madonna dei Colli, 26_04_2016 at 0543h).
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habitat type on the intensity and length of the chorus.The dawn chorus showed an interesting pattern. 

At sunrise there was a dramatic reduction insinging activity, but after a few minutes’vocalizations 

increase. This phenomenon was described in eucalyptus forests of Australia (Keast 1994) and  

wasexplained by Hutchinson (2002) as a pattern connected to the replenishment of resources that 

consequently produces a gradual reduction in singing activity.

Acoustic activity of marine species is related to lunar phases and season, changing in accord of feeding 

behaviour and spawning activity, with high variability between species (Amorim 2006; Hildebrand 

2009). In marine systems choruses have been observed during night time reaching peak energy during 

dusk and sunset (Fish & Cummings 1972, McCauley 2012, Radford 2008b) but chorusing occurs 

also during the evening. McCauley and Cato (2000) analyzed daily and season rhythms of the inter-

specific fish chorus along the Australian coast where the calling rates reached maximum level during 

the Australian Summer, although some chorusesoccurred during winter. The summer daily cycle is 

characterized by a temporal-shift of acoustic activities of a different kind of chorus, that reduced 

overlapping signals with the consequent loss of information.  Radford (2008) reported a similar 

trend, where fish chorusing activity increased by 20 dB during the evening.  Erbe (2015) reported 

the presence of fish chorus activity during every night all year long, with an increasein activity during 

the winter in the Perth Canyon. This different trend could be interpreted as an adaptation to a habitat 

such as the Perth canyon. 

In cetacean the presence of chorus (defined as simultaneously vocalizations of many individuals) was 

reported for whales, spotted and spinner dolphins and bottlenose dolphins, generally during the 

night (Au et al. 2000, Lammers 2004, Norris 1994, Papale et al. 2013, Fertl 1995, Smolkers and 

Pepper 1999, Powell, 1966). 

Crustaceans emit a noisy chorus that dominates the soundscape of coastal area. Mostly of this chorus 

is due to acoustic activity of different species of “snapping shrimps”, that emit broadband impulsive 

snaps with energy extending to 200 kHz. The presence of these signals occurs all day long, but the 

number of signal/min increases during dusk and at night, andin temperate ecosystem, these signals 

occur during summer coinciding with the new moon (Lammers et al. 2008, Radford et al. 2008b, 

Buscaino et al. 2016). The Sea urchin,Evechinus chloroticus,chorusesduring feeding. These are 



Appendix

198 199

 Farina, A. & Ceraulo, M. (2017) The Acoustic Chorus and its Ecological Significance in Ecoaocustics: 
The ecological role of sounds. Edited by Almo Farina & Stuart Gage Wiley, in press, 2017

nocturnal animals (Nelson and Vance 1979; Jones and Andrew 1990; Hereu 2005) and they increase 

their acoustic activity during the new moon (Radford et al. 2008b). They emit signals at a frequency 

of 800 - 2400 Hz andtheir sound is amplified by the ovoid calcareous skeleton that functions as a 

Helmholtz resonator(Radford et al. 2008a). 

To explain the origins and patterns of bird choruses several 

explanations have been proposedby Burt & Vehrencamp  (2005). 

Staicer et al. (1996) reviewed 12 hypotheses to explain the chorus 

phenomenonat the individual, population, and community level 

(Fig. 5.4).  It has been recognized that causal factors  occur in three 

broad categories:  intrinsic, environmental, and social factors.

Intrinsic factors are dominated by circadian cycles of testosterone 

and the physiological needs of individuals.  The amount of song 

produced atdawn has been correlated with the amount of fat reserve 

accumulated during the previous day in the Common Blackbird 

(Turdus merula),  in the European Robin (Erithachus rubecula) 

(Cuthill and Macdonald (1990), Thomas (1999) and Thomas and 

Cuthill (2002), and  in Silvereyes (Zosterops lateralis) Barnett and 

Briskie (2007).

Environmental conditionsare created by a natural phenomenon including rain, temperature, and 

wind (Henwood & Fabrick 1979). Social factors appear to be extremely important  in that they 

create a continuous exchange of information  at intra and interspecific levels.Among environmental 

factors  that may be correlated with choruses, light intensity and air motion appear to be good 

candidates.  For instance, when light intensity is low predation risk is negligible because predator 

foraging activity at this time is particularly inefficient (Kacelnik 1979, Berg et al. 2006). This is one 

of the possible causes of chorus temporal pattern for marine animals (Radford et al.2008b).  Air 

turbulence may reduce the active distance of acoustic signals at sunrise and at sunset because wind 

is light and signals may be transmitted at longer distance (Wiley and Richards 1978, Henwood and 

Circadian cycles

Self-stimulation

Mate attraction

Mate stimulation

Mate guarding

Territory defence

Social dynamics

Handicap

Low predation

Acoustic transmission

Ine�cient foraging

Unpredictable conditions

Fig. 5.4 The hypothesis presented to explain 
choruses (from Staicer et al. 1996).
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Fabric 1979, Wiley 1991, Dabelsteen &Mathevon 2000). This is the time when birds vocalize for 

social communication (Burt and Vehrencamp 2005, Tobias et al. 2014). In great tit (Parus major), 

the dawn period is important for mate selection and intra-pair communication (Gorissen and Eens 

2004). Mate attraction, territory defense, and the resolution of social dynamics are factors that 

influence chorus dynamics (e.g. Morse 1989; Greenfield 1994; Hoi-Leitner et al. 1995).Attitude 

of foraging position may have implications in chorus dynamics. Berg et al. (2006) found a temporal 

trend in the chorus of neo-tropical passerines, observing that species who first perform a song are 

birds foraging in the canopy, followed by songs of species that forage on the ground. Considering that 

choruses in birds begins when light intensity is very low (pre-dawn), and end at post-dusk  before 

darkness arrives.  The first and the last species that  sing appear to be the species with the largest eyes 

(Thomas et al. 2002).

Every acoustic disturbance seems to influence dawn choruses (Gil et al. 2014). During the  chorus 

event it is possible to evaluate Acoustic niche partitioning and this has been investigated in anurans 

by Drevry and Rand (1983), and Sinsch et al. (2012), in cricket assemblages by Schmidt et al. (2012)  

in birds by Seddon (2005), Luther (2009), and Malavasi and Farina (2013) and in fish by Buscaino et 

al.(2016) and McCauley and Cato (2000).

5.3 The Chorus Hypothesis

Many investigators have attempted to explain the chorus phenomenon but it still remainsa mystery.

Physical and biological factorshave been hypothesized,  tested and empirically verified. The  Acoustic 

Transmission Hypothesis  (ATH)  is that  birds sing  most intensively when song is not distorted by air 

turbulence and not masked by anthropogenic noise. Light winds related to the thermal behaviour of 

the earth can mask acoustic signals in significant way. Dawn and dusk are periods of wind neutrality 

and this temporal window of calm air can be utilized for optimal singing. Late in the day, especially in 

tropical regions, insect calls can be severe competitors of frog and bird vocalizations.

During the day the  environment is rich with sounds including the sounds of human activity. 

During this timebackground noise increases thus reducing the signal-to-noise ratio (SNR). Brown 

& Handford (2003) tested the Acoustic Transmission Hypothesis on the White-throated Sparrow 
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(Zonotrichia albicollis) andthe Swamp Sparrow (Melospiza georgiana) at dawn and midday without 

obtaining clear results  in terms of absolute  transmission, but found the quality of the signal was  

higher at dawn.ATH remains controversial.Dabelsteen & Mathevon (2000) conducted experiments 

on the propagation of  two types of songs  of  Blackcaps (Sylvia atricapilla),  at different times of day  

without finding significant differences. However, this could be because this species prefers to sing 

later in the day (Farina et al. 2015).

The seasonal variability of background noise (wind, rain) has been documented by Farina et al. (2013) 

in the Mediterranean maqui where from March to September has a significantlyhigher SNRthat is 

favorablefor singing activity (at least for birds).The lack of light at dawn may be a factor that  enables 

birds to sing without fear of predation. After a night of rest, birds could better communicate their 

health status as signal of quality of the territory (Kacelnik 1979).

According to  Burt  and Vehrencamp  (2005) the dawn chorus represents  a communication network, 

a true acoustic community. Different models can be considered: A broadcasting network is one 

in which one individual sendsinformation to two receivers. An eavesdropping network is where 

two senders interact and a third individual eavesdrops in order to obtain information from the two 

acoustically active subjects.And finally, aninteractive network is where all individuals (three in the 

proposed model)  send information and in turn they eavesdrop on the two others. We have to consider 

that individuals are not sedentary but that they move continuously throughout the habitat reducing 

the possibility of characterizing thisas static model. In birds, the same species can produce a great 

masking effect when several individualsare singing simultaneously, and it may be that an active space 

is associated with the type of individual reply to acoustic cues.

The study of the chorus phenomenon in marine environments in terms of functional adaptation, 

is limited by the insufficient knowledge, mostly about fish sounds (Hildebrand 2009). The major 

hypothesis used to explain the time distribution of the chorus in marine environment is to lower the 

risk of predation. The reduction of light during night and new moon periods make moment favorable 

to expose possible prey with strong acoustic activity for mating display or for feeding (Radford  et 

al. 2008b). Otherwise the absence of light makes acoustic communication one of the most efficient 
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way to transmit information when the visual displays cannot.For fishes it is recognized that the role 

of arginine vasotocin (AVT) as a vocal activity regulator (Goodson and Bass 2000) but there is no 

information about how this can regulate the chorus activity. 

In crustaceans the regulation of acoustic activity is hypothesized to be related also to temperature, 

especially for snapping shrimps that are a poikilothermic species (Radford et al 2008b). This author 

proposed that there is less predation pressure when there is a positive relationship between the 

acoustic activity of snapping shrimp due to temperature of the water and the reduction of the light. 

In cetaceans, the chorus activity is probably due to the need to organization group activity. In spotted 

and striped dolphins, the presence of simultaneous emissions have been recorded during feeding 

activity at night, probably to assist with recruitment of othersto synchronize the hunt for prey 

(Lammers 2004, Norris 1994, Papale et al. 2013). Recently Kremers (2014) reported decreased 

breathing rates after a peak of vocal activity in a bottlenose dolphin group. These authors suggested 

a coordination function of whistle choruses emitted before resting activity. In humpback whales, 

chorus do not appear to be related to feeding activity. Au et al. (2000) reported a continuous, mostly 

nocturnal, acoustic activity of whales from January to April along the West Coast of Maui. At lower 

latitudes, during winter, humpback wales are not known to feed, so probably the chorusing activity 

is related to sexual advertisement. 

5.4 Choruses in Birds

Songbirds are active participants in both dawn and dusk choruses. The function of these choruses 

are explained  using energetic and behavioural hypothesis.Singing is an expensive use of energy 

becausesinging at dawn especially is energy depleting when the fat reserves are low. The energetic 

level in the morning after an overnightrest probably has an important influence on the length and 

quantity of song produced (Thomas & Cuthill 2002). Evidence that chorus performance is related to 

fat reserves has been found by Barnett & Briskie (2007)  in the silvereye (Zosterops lateralis), a small 

passerine bird distributed  throughout Australia, New Zealand and many South Pacific islands.Males 

of this  species, when artificially nourished,were able to sing longer  with  a song repertoire of  higher 

quality. The behavioral hypothesis considers that   the chorus is   a mechanism to create favorable 
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conditions for mating or for defending a territory.  Foote et al. (2010) have shown that  the dawn 

choruses of the black-capped chickadee (Poecile atricapillus) creates a communication network in 

which two or three males were competing. In the winter wren (Troglodytes troglodytes), Amrhein & 

Erne (2006) observed  an increase of dawn chorus song in males when the song of another male made 

on the  previous day wasplayed backto  simulate a territorial  intrusion. This has also been observed 

by  Erne  & Amrhein (2008) with other avian species and the dawn chorus seems a proclamation of 

territory  by the owners. Probably  males without a territory  may receive an important signal of  

ownership at dawn and at dusk.

5.5 Choruses in Amphibians

Choruses are extensively used by  amphibians and the sonic network is more complex than simple 

inter-individual acoustic competition. For the species that  breed in ephemeral ponds, the necessity 

to concentrate the entire reproduction period in short time causes males and females to exhibit a 

behaviour that creates acoustic competition and masking.When  a chorus occurs at high temporal 

resolution  the gaps in call activity of an individual is well calibrated to avoid temporal overlap with  

the closest male (see Grafe  2005 for a review). The  capacity  to adjust  the timing of a call  has been 

observed in the Neotropical treefrog (Hyla microcephala)  by  Schwatz (1993). A strategy to reduce  

inter-individual competition  has been observed   in Boophis madascariensis, a frog endemic of 

Madagascar that  can make  at least  28 distinct calls (Narins et al. 2000).The search for an acceptable 

explanation regarding the significance of the chorus in anurans is being actively pursued by the 

research community. It is reasonable toassume that asynchronized chorus may produce confusion 

among predators thus reducing thepotential to locate an individual.This also causes an increase 

in female detection because synchronization increases the acoustic peaks. From the point of view 

of a female, attraction seems a more efficient competitive strategy because leading calls are more 

attractive for females than two separate sounds; when presented with a brief delay in onset the sound 

higher in amplitude is the first to be localized (f.i., Litovsky et al. 1999). The capacity of males to 

avoid competition, at least between two or three neighboring males, has been demonstrated in the 

Puerto Rican treefrog (Eleutherodactylus coqui) by Brush and Narins (1989). Females appear to 

have the capacity to eavesdropon active  males and  to  assess the reproductive capacity of males. 
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Leading calls seem to be preferred although in some cases follower calls are preferred. Silent males 

may decide to participate in the chorus attracted by males that are calling around a female. In this 

case the silent male may have an advantage  due to eavesdropping.

The number of calls increases with the increase in density of males around a pond as observed by 

Grafe (1997) in grey tree frogs, Hyla versicolor. 

The theory of the honest signal canbe utilized to explain  male activity at dawn as a mechanism to 

inform a female about the fitness of an individual. This hypothesis has been verified by Murphy et 

al. (2008) for Eastern kingbirds (Tyrannus tyrannus). This species utilizes a distinct song at dawn 

and  males that  sing early in the morning  have more mating success with females. However,  in  

nightingales (Luscinia megarhynchos)  the  intensity of the dawn chorus remains constant throughout 

the breeding season and it appears  that the song is only utilized for defending the territory (Kunc et 

al. 2005).

5.6 Choruses in the Marine Environment

Although the role of chorus activity in marine animals is poorly understood, several researches 

have emphasized the important role of this phenomenon as a source of information for different 

species.The velocity of sound transmission  in water is a perfect vector of information at large scales 

of diffusion. The chorus of the reef community may have an important role for larvae orientation 

and the settlement of many species of fish and crustaceans. The sounds emitted by many species 

together can provide indirect information about the kind of habitat (Radford et al. 2010, 2011, 

Lillis et al. 2013, Staaterman et al. 2013).The quality of this (Piercy et al. 2014) and the time 

period is important. (Buscaino et al. 2016, Nedelec et al. 2015, Radford et al. 2008b). Simpson et  

al. (2008) showed that some family of reef fish species (Pomacentridae, Apogonidae, Lethrinidae 

and Gobiidae) are attracted to high frequency sounds in the reef. Generally, they are broad-band 

impulses produced by crustaceans or mollusks, that contribute to create the dawn and dusk chorus. 

The responsiveness in terms of behavior, settlement and metamorphism to reef sounds was also 

found for crab larvae (Stanley et al .2009). Therefore habitat selection seems to be driven by the 

perception of heterospecific sounds (Jeffs et al. 2003, Tolimieri et al. 2000,  Simpson et al. 2005) but 

the chorus phenomenon is the most important expression. 
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5.7 Conclusions and discussion

Choruses remain an important subject of behavioural and ecological investigation. This phenomenon 

that is common to many species and in terrestrial and aquatic biomesrequires further investigations  

to clarify the  mechanisms  and  the evolutionary patterns that appear  to be common in such a high 

number of species. The vocal activity at dawn and dusk of so many animal types and species  has a 

clear evolutionary advantage. Evidence shows that choruses are depressed by disturbance events like 

wind or  rain and by human technophonies. This demonstrates that at least some constraint are in 

action during the chorus sessions but a comparative analysis based on the energetic availability could 

improve our understanding of this phenomenon.
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