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ABSTRACT

The fine-grained mosaic of natural and human-modified patches that characterizes the
Mediterranean region has created a multifaceted system that is difficult to investigate using
traditional ecological techniques. In this context, sounds have been found to be the optimum
model to provide indirect and timely information about the state of ecosystems. The sonic
nature of the environment (the soundscape) represents an important component of the
landscape, and the new discipline of soundscape ecology has recently been shown to have
appropriate tools for investigating the complexity of the environment. In the last decade,
technological advances in the acoustic field have led researchers to carry out wide-scale and
long-term ecological research using new and efficient tools, such as digital low cost sound
recorders, and autonomous software and metrics. 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.

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.

Keywords: soundscape ecology, Mediterranean landscape, sonotope, soundtope, acoustic
diversity, conservation.

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)
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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). 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
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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 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, 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’
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(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.

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 (lglesias
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 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
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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).

INSTRUMENTS WITH WHICH TO COLLECT THE SOUNDSCAPE

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, 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.
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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, 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 preparation); 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-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
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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 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
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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 ear-based perspectives (sensu Schafer, 1977) is a useful and democratic exercise.
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