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Abstract: Spatio-temporal variability of marine soundscapes reflects environmental dynamics and
local habitat health. This study characterizes the coastal soundscape of the Cres-Lošinj Natura
2000 Site of Community Importance, encompassing the non-tourist (11–15 March 2020) and the
tourist (26–30 July 2020) season. A total of 240 h of continuous recordings was manually analyzed
and the abundance of animal vocalizations and boat noise was obtained; sound pressure levels
were calculated for the low (63–2000 Hz) and high (2000–20,000 Hz) frequency range. Two fish
sound types were drivers of both seasonal and diel variability of the low-frequency soundscape.
The first is emitted by the cryptic Roche’s snake blenny (Ophidion rochei), while the second, whose
emitter remains unknown, was previously only described in canyons and coralligenous habitats of
the Western Mediterranean Sea. The high-frequency bands were characterized by bottlenose dolphin
(Tursiops truncatus) vocalizations, indicating dolphins’ use of area for various purposes. Boat noise,
however, dominated the local soundscape along the whole considered periods and higher sound
pressure levels were found during the Tourist season. Human-generated noise pollution, which has
been previously found 10 years ago, is still present in the area and this urges management actions.

Keywords: coastal areas; fish; dolphins; anthropogenic noise; passive acoustic monitoring; pro-
tected species; spawning; bioacoustics; ecoacoustics; human impacts; boat traffic; fish monitoring;
underwater noise; sound pressure levels; cusk eel; bottlenose dolphin; remote sensing

1. Introduction

The soundscape is the result of all biological, physical, and anthropogenic sound
sources integrated across a given habitat or area [1]. The study of the soundscape aims
to characterize the spatial and temporal acoustic variation in an environment and uses
soundscape characteristics to infer habitat quality [2–4]. Marine acoustic diversity patterns,
measured as the richness and diversity of sound types emitted by vocal animals, have been
proved to provide multi-level information on biodiversity, environmental status, protection
level, community stability and habitat functionality, even in cases in which the identity of
the emitting species has not been yet identified [5,6]. As a result, underwater soundscapes,
monitored by non-invasive and relatively low-cost passive acoustics sensors (PAM: passive
acoustic monitoring), are now recognized as fundamental features for obtaining ecologically
relevant information, supporting its use instead and/or together with other approaches.

So far, the soundscapes of different marine coastal habitats have been investigated
worldwide, where special attention has been given to biophony and human-made com-
ponents; multi-species data has been collected, including cryptic and free-ranging vocal
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species [7–13]. Man-made noise has been proven to be pervasive in coastal habitats, mainly
due to ship and recreational traffic, as well as port activities [14]. Anthropogenic underwa-
ter noise is nowadays recognized as a pollutant that is changing underwater soundscapes,
imposing new constraints on animals [15–17]; in its turn, this leads to the legislative
requirement for its monitoring (Marine Strategy Framework Directive—MSFD).

Given their high ecological value [18] and the severe degradation [19–21], many
coastal areas, including portions of the Northern Adriatic Sea, have been identified as
areas of conservation concern [22]. This is the case of the Eastern coast of the Cres-Lošinj
archipelago (Northeastern Adriatic Sea, Croatia), an area of approximately 545 km2, which
includes steep rocky shores and a seabed patched with muddy areas and sea grass flats.
The archipelago represents a very important marine habitat, being a feeding and nursing
ground for a resident bottlenose dolphin (Tursiops truncatus) population [23–25] and part
of the home range for about 200 individuals [25]. The Mediterranean bottlenose dolphin
subpopulation is believed to be declining in size and has been listed as ‘Vulnerable’ by
the IUCN [26]. As a result, the Cres-Lošinj area was designated as a Site of Community
Importance (SCI) in 2014, and as part of the European Union NATURA 2000 ecological
network (Cres-Lošinj SCI, HR3000161; [27]). This area, however, is also a well-known
tourist destination. Due to the high traffic of recreational boats related to the intense
nautical tourism during summer months, various studies have been undertaken, proving
that boat presence negatively affects distribution of the dolphin population, and their
related noise induces significant shifts in animal vocalization frequencies [28,29]. Despite
this, no regulatory measures have been yet set.

Although the diurnal relationship between anthrophony and bottlenose dolphins’ dis-
tribution and vocalizations has been investigated at the Cres-Lošinj area, a more extensive
analysis of the local soundscape is lacking, with special reference to the contribution of the
other vocal species in a continuous acoustic monitoring frame, i.e., including nocturnal
hours. Besides marine mammals, two major marine animal taxa are known to contribute to
coastal areas biophonies, i.e., invertebrates and fish, encompassing a wide spectral range
(from 10 Hz to over 20 kHz). Various crustaceans produce mechanical sounds, such as
lobsters or snapping shrimp (Synalpheus sp.) [30,31], or sea urchins and mussels [32,33].
Evidence for soniferous behavior has been found in more than 150 fish families, where
soniferous abilities have evolved independently many times, mostly in association with
biodiverse communities [34]. In fish, sound production employs a vast variety of mecha-
nisms based on existing anatomical structures (as swim bladder, bone, teeth, etc.), which
often evolved into sophisticated sonic organs [35]. Fish vocal activity is related to different
behavioral contexts such as reproduction, territorial defense and food competition [36].

This study aims to perform acoustic monitoring of the Cres-Lošinj archipelago in
order to characterize the community of soniferous fauna and the anthrophony. Since the
presence of human activities is higher during summer due to tourism [37], this research
describes the soundscape of the Cres-Lošinj archipelago along two continuously recorded
five-days periods, encompassing the Non-Tourist and the Tourist seasons. Further, for
the first time, the knowledge of the local soundscape is expanded to the nocturnal hours
by using 24 h recordings, looking for nychthemeral cycles. Animals’ vocalization and
boat noise were detected by the aural and visual inspection of the acoustic files, in accord
with many other studies [6,38–40]. Local soundscape characteristics were also described
in terms of broadband and one-third octave band levels. The relationship between the
abundance of the biological and man-made acoustic signals and the underwater noise
levels was explored.

2. Materials and Methods
2.1. The Study Site and Data Collection

The presented data were collected in the larger frame of the SOUNDSCAPE Interreg
Italy-Croatia project, running a transnational assessment of the underwater noise by a year-
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round passive acoustic monitoring on 9 different locations distributed along the Northern
Adriatic Sea.

The monitoring station MS6 Lošinj (14.57469◦ E, 44.54597◦ N) was located within
the coastal area of the Cres-Lošinj archipelago near the island of Oruda (Figure 1). The
channel area between the island is subject to intense recreational boating between June and
September (the Tourist Season—TS; [28]) but it is isolated from major shipping lanes; there
are commercial fishing activities in the area.

Figure 1. Map showing the study area and the MS6 Lošinj recording position.

Acoustic recordings were made with a stationary acoustic recorder (Develogic Sono-
Vault SN1106) equipped with an omnidirectional Neptune Sonar D60 Hydrophone (Sen-
sitivity around −193 dB re 1 V/µPa with flat frequency response within ±3 dB), a pro-
grammable recorder with variable gain.

The recorder was fully calibrated (hydrophone sensitivity and directivity, gain and self
noise). The recorder was set to record continuously at a sampling rate of 48 kHz, providing a
recording bandwidth of approximately 22 kHz with 16-bit resolution. Twenty-four 1 h-files
(in wav format) were obtained per day.

The recorder was anchored to the bottom with a rig design consisting of an anchor and
the logger itself secured by polypropylene rope and extra flotations, as illustrated in Figure 2.
The rig design above the anchor was positively buoyant, which ensured that the logger was
suspended at 32 m depth, 5 m above the sandy bottom characterized by a gentle slope.

2.2. Data Analysis
2.2.1. Manual Scrolling

During 2020, two different periods were considered: a period in March (11–15 March,
hereafter called Non-Tourist Season NTS), and a period in July (26–30 July, hereafter called
Tourist Season TS). Continuous recordings were analyzed, rendering a total of 240 1 h-
files, that were manually analyzed minute by minute by aural and visual assessment of
spectrograms (Hanning window, FFT = 512, 50% overlap), using Adobe Audition (Adobe
Systems, San Jose, CA, USA).



J. Mar. Sci. Eng. 2022, 10, 300 4 of 22

Figure 2. Mooring design (left) and passive acoustic recorder (right) used to continuously monitor
underwater soundscape at MS6 Lošinj monitoring station.

Fish and dolphin sounds as well as the signals produced by the snapping shrimps were
recognized in the recordings following the sound type description and classification given
in previous studies [5,39,41–48]. Although the sounds produced by snapping shrimps were
identified in all the acoustic files, a quantitative analysis of these sounds was not included
in the present paper.

Spectrograms were first inspected at the wideband level in order to highlight the
presence of dolphin vocalizations at high frequency (above 2 kHz). Subsequently, all
files were resampled at 6 kHz and the spectrograms were again manually inspected to
detect the presence of low-frequency sound sources, i.e., boat noise, fish vocalizations and
low-frequency (below 2 kHz) dolphin sounds.

The noise produced by close-by boat passages was identified by visual and aural
assessment of spectrograms [49]. With this analysis framework, the “boat noise” category
can be considered only as a presence/absence indicator of close-by boat passages. In fact,
information about (i) type of boat noise (i.e., burst broadband, variable broadband, and
continuous low-frequency energy inputs) and (ii) boat noise intensity is not depicted. In a
similar fashion, the relative abundance of dolphins and fish sound types was not considered
at the sound type level, but rather at the sound category level (i.e., fish, dolphin LF sounds
and dolphin HF sounds).

Each target signal (i.e., fish sounds, dolphin sounds, boat noises) was scored as
presence/absence per each minute of the 1 h-file; the number of minutes containing each
category of target signals (i.e., fish, dolphins, boat) was converted into a percentage. This
percentage was used as a proxy of their relative abundance per hour of recording. The
exact number of signals present inside each minute sample was not evaluated.

A limited number of dolphin vocalizations characterized by a good signal-to-noise
ratio was found throughout the recordings. These vocalizations were counted and further
reported per survey period (TS vs. NTS) and circadian period (night vs. day), separated
per sound type.

2.2.2. Fish Sound Analysis

Descriptive statistics (mean, standard deviation, SD, and coefficient of variation, c.v.,
%) of sound features characterizing the dominant fish sound types recorded in the Lošinj
area were calculated and used for comparisons with the literature [11,39].
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Temporal features were measured from oscillograms, while spectral features were ob-
tained from power spectra. Measurements were done by using Raven Pro 1.4. acoustic
software (Bioacoustic Research Program, Cornell Laboratory of Ornithology, Ithaca, NY, USA).

Ophidion rochei sounds ([11] sample size N = 20), were characterized by measuring the
following acoustic features: (i) number of pulses, (ii) sound duration (ms, measured from
the onset of the first pulse to the onset of the last pulse), (iii) first peak frequency of the
call (Hz, frequency with the highest energy); (iv) second peak frequency of the call (Hz,
frequency with the second highest energy); (v) alternation start (the pulse number where
the pulse period alternation pattern begins); (vi) long pulse period (ms, time between two
consecutive pulses after the alternation start characterized by long pulse period); and (vii)
short pulse period (ms, time between two consecutive pulses after the alternation start
characterized by short pulse period).

The Stereotyped Trains of Fast Repeated Pulses (STFRP; [39]; sample size N = 15)
were characterized by measuring the following acoustic features: (i) sound duration (ms),
(ii) peak frequency of the call (Hz); (iii) 5% frequency (Hz, the frequency that divides
the spectral content into two intervals containing 5% and 95% of the energy); (iv) center
frequency (Hz, the frequency that divides the spectral content into two intervals of equal
energy), and (v) 95% frequency (Hz). Additional measured features were (i) number of
trains, (ii) single train duration (ms, measured from the onset of the first pulse to the onset
of the last pulse of each train), (iii) train period (ms, interval between the onset of the last
pulse of one train and the onset of the first pulse of the consecutive train).

2.2.3. Sound Pressure Levels Analysis

According to ISO standards [50], the Sound Pressure Level (SPL) is defined as the
mean-square sound pressure averaged over a specified time interval and it is expressed as
a level in decibels relative to a reference sound pressure value, namely of 1 µPa in water; it
can be measured as:

SPL = 10·log10

1
T
∫ T

0 p(t)2dt
p2

0
= 10·log10

(
prms

p0

)2
= 20·log10

(
prms

p0

)
dB re 1 µPa

where T is integration time,

p is the pressure recorded by hydrophone,
p0 is the reference pressure.

Sound pressure levels (SPLs) were calculated using a Python code developed within the
SOUNDSCAPE Project (https://anp.soundscape.ve.ismar.cnr.it/; accessed on 1 February 2022),
according to [51,52]. For each wav 1 h-file, 1-sec segments were read and processed recur-
sively (i.e., 48,000-digit data, being the Sample Rate equal to 48,000) with a Discrete Fourier
Transform (DFT) analysis. Then, for each 1/3-octave band, the SPL averaged over 1 s was
calculated. Furthermore, a frequency-dependent sensitivity was applied. Twenty seconds
averaged SPLs were then calculated from 1 s averaged SPLs and they were used as base to
obtain other statistics, such as hourly averages, following the recommendations in [52].

To better compare different periods, single SPL values were calculated per each 1 h-file
corresponding to (i) the low-frequency range (SPLsLF, range: 55–2245 Hz), and to (ii) the
high-frequency range (SPLsHF, range: 2245–22,627 Hz) by summing the energy of the
corresponding 1/3 octave bands by a log-sum in the dB domain.

2.2.4. Statistical Analysis

For comparing the collected data, statistical analyses were performed with non-
parametric tests, with an alpha level of 0.05: (1) Mann–Whitney U-Test was used for
temporal comparisons of biophony or anthrophony abundance between the two survey
periods (NTS vs. TS) and between different circadian periods (day vs. night, calculated
per each season in correspondence of the sunset and sunrise time) along with the same
survey; (2) Spearman rank correlation was used to correlate the biophony abundance with

https://anp.soundscape.ve.ismar.cnr.it/
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the corresponding SPLs values. The percentage of each 1-h recorded file containing the
target signals (fish, dolphin, boat) was used as a proxy of their relative abundance (refer to
paragraph 2.2.1 for full explanation).

All statistical tests were run using SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Biophony and Anthrophony Characterizing the Local Soundscape

The most abundant sources of biophonical sounds were impulsive invertebrate sounds
and fish sounds, with a smaller contribution given by dolphins. At an aural and visual
inspection of the recordings, snapping shrimps (genera Alpheus and Synalpheus) were found
to saturate the high-frequency soundscape all day long, in both NTS and TS.

Two fish sound types dominated the local soundscape at the low-frequency band
(below 2 kHz) (Figure 3). The first is characterized by a rhythmical alternation of short
and long pulse periods (Figure 3a); this rhythmical alternation of pulse intervals can be
considered as an acoustic tag for the Roche’s snake blenny (Ophidion rochei) males, as it is
related to sonic mechanism dynamics and was never described in any other Mediterranean
fish species [11,53,54]. In some files, sounds with different intensities partially overlapped,
indicating the presence of more than one vocalizing individual. Table 1 reports the descrip-
tive statistics (mean, SD and c.v. %) of features characterizing the Ophidion rochei sounds
recorded in the Lošinj area, which could be used for comparisons with [11].

Table 1. Descriptive statistics (mean, SD and c.v. %) of sound features characterizing the
Ophidion rochei sounds recorded in the Lošinj area.

N. Pulses 1 Peak Freq (Hz) 2 Peak Freq (Hz) Sound Duration (ms) Alternation Start Long Pulse
Period (ms)

Short Pulse
Period (ms)

Lošinj data
(N = 20)

mean 36.7 241.8 384.1 4144.4 7.9 129.4 103.1

SD 5.8 26.7 45.1 727.7 2.6 13.7 10.9

c.v. (%) 15.8 11.0 11.7 17.5 33.7 10.6 10.6

The second sound type also presents a highly stereotyped temporal structure: it is
indeed a stereotypical train of 6 bursts of fast repeated pulses (i.e., pulse period < 4 ms; see
Figure 3b). Although this fish sound type has yet to be identified at the species level, its
unique temporal structure matches with that reported in a Western Mediterranean canyon
by [39] and labeled as Stereotyped Trains of Fast Repeated Pulses (STFRP). Table 2 can be
used for comparisons with [39].

Table 2. Descriptive statistics (mean, SD and c.v. %) of sound features characterizing the Stereotyped
Trains of Fast Repeated Pulses (STFRP) recorded in the Lošinj area.

5% Freq
(Hz)

Center Freq
(Hz)

Peak Freq
(Hz)

95% Freq
(Hz)

Sound
Duration (ms)

Number of
Trains

Train Duration
(ms)

Train Period
(ms)

Lošinj data
(N = 15)

mean 161.4 679.6 610.4 1406 1698 5.9 88.3 236.1

SD 16.8 116.1 207 16.2 72.8 0.2 23.3 73.2

c.v. (%) 10.4 17.8 33.9 1.1 4.3 3.4 26.4 31.0

Many STFRP and Ophidion rochei sounds were produced simultaneously and they
partially overlap (Figure 3c), showing the simultaneous presence of both species at the
study site.
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Figure 3. Diacritic acoustic characteristics of (a) Ophidion rochei male sounds (recorded at MS6) and
(b) Stereotyped Trains of Fast Repeated Pulses, STFRP, previously described by [11,39,55]): (a) the
upper panel depicts the typical and unequivocal pulse period succession characterizing O. rochei
male sounds (i.e., pulse period of consecutive pulses was plotted in ordered succession, from the first
to the last pulse); the middle panel represents O. rochei male sound waveform and the lower panel its
spectrogram (Hanning window, FFT 512, frequency resolution 46.8 Hz). (b) the upper panel depicts
the typical temporal organization of STFRP, based on its waveform. Each dark red box represents
one “train” of fast repeated pulses, while the orange box depicts an enlarged visualization of one
single “train” in which the “fast repeated pulses” can be better appreciated; the middle panel presents
the STFPR waveform and the lower panel its spectrogram (Hanning window, FFT 512, frequency
resolution 46.8 Hz). (c) spectrogram of the two fish sound types dominating the low-frequency
soundscape in the Lošinj area (Croatia) (Hanning window, FFT 512, frequency resolution 46.8 Hz).
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A dolphin sound type was also found in the low-frequency band, i.e., the low-
frequency narrow-band calls (LFN), here defined as short tonal signals (<1 s) with frequency
range usually being under 1 kHz (Figure 4e; [44,55]; hereafter also labeled as ‘Dolphin Low
Frequency’). Further, many other sound types attributable to bottlenose dolphins according
to literature have been detected in the higher frequency band (above 2 kHz; Figure 4a–d;
hereafter also labeled as ‘Dolphins High Frequency’), including

(a) echolocation click trains (Figure 4a), i.e., short and intense broadband sounds with
ultrasonic frequencies, generated in rapid succession [41];

(b) whistles (Figure 4b), i.e., frequency-modulated narrow-band tonal sounds which were
longer than 0.1 s in duration and had at least part of their fundamental frequency
above 3 kHz [42,56,57];

(c) burst pulse (BP; Figure 4c), i.e., horizontal harmonic banded sounds in which clicks
were aurally and visually indiscernible in the spectrogram display to the human
observer with an inter-click-intervals (ICI) lower than 10 ms [43,58];

(d) chirps (Figure 4d), i.e., short tonal sounds that occurred over a large frequency with a
maximum allowable length of 0.1 s [47].

Brays, i.e., distinct vocal units consisting of two sound types such as a BP sound
followed by a short LFN sound [42,47,59], were never found in the analyzed acoustic
recording although present in the literature. Echolocation clicks types were the most
detected signals.

Table 3 summarizes the number of vocalizations characterized by a good signal to noise
ratio, separated per sound type, that were found per tested period during night and day.

Table 3. Total number of the bottlenose dolphin sounds per sound types recorded in the Non-Tourist
Season (NTS) and Tourist Season (TS).

Whistle Chirp Burst Pulse Low Frequency
Narrow-Band Calls Bray

NTS Day 16 7 0 41 0

NTS Night 12 1 0 19 0

Total 28 8 0 60 0

TS Day 41 22 9 196 0

TS Night 16 0 1 0 0

Total 57 22 10 196 0

The acoustic data collected in the Lošinj archipelago inlets were dominated by me-
chanical noise generated by local man-made activities, being the boat noise present on
average in at least one-third of the recordings (see also Table 4). The irregular transit of
boats (Figure 5) contributes to both the high and low-frequency bands: their noise consisted
of low-frequency tonal signals but also broadband cavitation sounds, showing the Lloyd
mirror effect [49] when vessels passed near the recorder.
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Figure 4. Spectrograms of (a) broadband echolocation clicks, (b) whistles, (c) burst pulses (BP),
(d) chirps and spectrogram of (e) low-frequency narrow-band calls (LFN) recorded in the study area.
(Hanning window, FFT1024, frequency resolution 23.4 Hz).
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Table 4. Signal abundance (average percentage of minutes per hour; average ± standard deviation)
per the Tourist (TS) and Non-Tourist (NTS) seasons; statistically significant variation is indicated in
bold and by an asterisk (*).

Fish Sounds * Boat Noise Dolphin Sounds (Whistles, Chirp,
Burst Pulse, Echolocation Clicks)

Dolphin Sounds (Low
Frequency Narrow-Band Calls)

NTS 6.7% ± 1.4 42.5% ± 2 1.4% ± 0.3 0.3% ± 1.4

TS 27.3% ± 3.5 37% ± 1.4 1.8% ± 0.5 0.4% ± 1.5

Mann-Whitney U 5623.5 6586.5 7156 6907

P 0.001 0.252 0.903 0.221

Figure 5. Example spectrograms of boat noise detected in the monitoring station, generating (a) burst
broadband, (b) variable broadband, and (c) continuous low-frequency energy inputs to the local
soundscape. (Hanning window, FFT 512, frequency resolution 46.8 Hz).
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3.2. Temporal Distribution of the Biophony and Anthrophony of the Local Soundscape

Fish sounds were responsible for major seasonal and daily changes in the biophony of
the local soundscape. As shown in Table 4, there is a variation between the Non-Tourist and
Tourist Season in the abundance of fish but not of dolphin vocalizations. This is particularly
evident during the night period, as it is visualized in Figure 6: here it is clearly visible that
fish sounds were produced mainly after the sunset whereas dolphin vocalizations were
more randomly distributed along the 24 h.

Table 5. Spearman rank correlations between low-frequency SPL values (63–2000 Hz) and the average
percentage of low-frequency signals (fish sounds, boat noises and dolphin LFNs) calculated per hour
during the Tourist (TS) and Non-Tourist Season (NTS); statistically significant correlation is indicated
in bold.

Fish Sounds Boat Noises LFN Dolphin Sounds

SPLsLF—TS rs = −0.40, p-value = 0.00 rs = 0.43, p-value = 0.00 rs = 0.18, p-value = 0.04

SPLsLF—NTS rs = 0.023, p-value = 0.79 rs = 0.039, p-value = 0.67 rs = −0.06, p-value = 0.45

Figure 6. Treemaps visualizing the average % of acoustic categories of interest (i.e., boat noise, fish
sounds, dolphin HF and LF sounds, absence of acoustic signals of interest) during the day (a,c) and the
night (b,d) of the Non-Tourist and Tourist seasons (data provided at Table 5). “Fish” includes fish sounds,
irrespective of their sound types; “Dolphin HF” includes echolocation click trains, burst pulses, whistles
and chirps; “Dolphin LF” includes low-frequency narrow-band calls; “Boat” includes boat noises, “No
sounds” indicates the absence of all above mentioned biphonical and anthophonical categories.
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More in detail, during NTS the presence of fish sounds changed significantly according
to the recording time (Mann–Whitney, U = 1190, p = 0.004), with fish sound relative
abundance increasing from an average of 2.3% of the sample (min per hour) during the day
(7 a.m.–5 p.m.) to 10.5% of the sample (min per hour) during the night (6 p.m.–6 a.m.). This
was not the case for dolphin LFN vocalizations (0.5 vs. 1.9%, Mann–Whitney, U = 3689,
p = 0.236) nor for their other dolphin vocalizations (1.3 vs. 3.8%, Mann–Whitney, U = 1583,
p = 0.73).

During the TS, fish sounds became even more common along the whole 24 h; their
relative abundance increased significantly from an average of 16.6% of the sample (min per
hour) during the day (6 a.m.–8 p.m.) to 45.6% of the sample (min per hour) during night
(9 p.m.–5 a.m.) recordings (Mann–Whitney, U = 3887.5, p = 0.000). The high-frequency
dolphin vocalizations were still randomly distributed (2% during the day vs. 1.4% during
the night; Mann-Whitney, U = 1639, p = 0.691); the dolphin LFN vocalizations that were
significantly lower during the day than during the night recordings (0.6% vs. 1.9%, Mann-
Whitney, U = 1501, p = 0.043).

Figure 7 summarizes the average distribution of relative abundances of biophonical
and anthrophonical categories of interest per clock hour. The daily representations of
community composition and of boat noise relative presence related to TS and NTS are
further displayed in Figure S1 in the Supplementary, in order to visualize the intra-period
variability of the biophony relative abundance.

As shown in Figures 6 and 7, boat noise was found to be extremely common in
the acoustic files not only during the TS, as expected, but also during the NTS, with no
significant difference between these two periods (see Table 4). It has to be noticed, however,
that boat noise abundance was comparable between daytime and night-time during NTS
(47.2 vs. 38.3% on average, respectively) but it was predominant during the daytime in TS
(47.6 vs. 19.5% on average, respectively). The temporal overlap between boat noise and
fish vocalizations was generally low (Figure 7), with particular regard to the Tourist season,
due to the fish sounds being mostly produced during the night.

3.3. Sound Pressure Levels (SPLs) in the Study Area

The soundscape at the Lošinj area is here described also through the SPL values, calcu-
lated for both the low frequency (63–2000 Hz; SPLsLF) and high frequency
(2000–20,000 Hz; SPLsHF). Seasonal variation is highlighted by the SPLsLF values in most
of the diurnal hours: they were found mostly below 95 dB re 1 µPa during NTS but they
raised clearly above this value during the TS (Figure 8); similarly, the HF sound levels were
above 105 dB re 1 µPa during the central part of the day during the TS.

Figure 9 shows the average relative abundance of fish vocalizations and boat noise
and the corresponding average SPLs values calculated for NTS and TS over a 24-h cycle.
It appears clear that the SPLs values were generally poorly responsive to the considered
inputs during NTS, being influenced by anthrophony during TS.
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Figure 7. Relative abundances of biophonical and anthrophonical categories (measured as % min per
1 h-file) averaged per clock hour in the Non-Tourist (NTS; (a)) and Tourist Season (TS; (b)). “Fish”
includes fish sounds, irrespective of their sound types; “Dolphin HF” includes echolocation click
trains, burst pulses, whistles and chirps; “Dolphin LF” includes low-frequency narrow-band calls;
“Boat” includes boat noises.
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Figure 8. Averaged Sound Pressure Levels (SPL), based on five-days data, calculated for both the
low-frequency (63–2000 Hz; SPLsLF) and high-frequency (2000–20,000 Hz; SPLsHF) from 1 s data
intervals during the (a) Non-Tourist (NTS) and (b) Tourist (TS) Seasons.
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Figure 9. Average hourly abundance of (i) fish vocalizations, (ii) dolphin vocalizations at high and low
frequency and (ii) boat noises in relation to the corresponding SPLs calculated for the low-frequency
range (a,c) and in the high-frequency range (b,d), during the Non-Tourist (a,b) and Tourist (c,d) Seasons.
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The correlations between the SPLsLF and the percentage of minutes containing (i) fish
sounds, (ii) boat noise and (iii) LFN dolphin sounds were not significant during NTS
(Table 5). Similarly, no correlation was found between SPLHF and the percentage of minutes
containing HF dolphin sounds during both seasons (Spearman rank correlations, rs = 0.07,
p-value = 0.44 for TS; rs = 0.13, p-value = 0.13 for NTS).

During TS SPLsLF were positively correlated to the boat noise and LFN dolphin sound
abundance and negatively correlated to fish sound abundance, as visualized in Figure 9c.

During TS a clear dichotomous pattern can be observed with biophony being abundant
at night and anthrophony distributed mostly during the day. The higher SPL values found
during the day vs. the night (Figure 9) can likely be explained by boats producing noise
whose intensity is far higher than the fish sounds. In its turn, this results in a negative
correlation between SPLsLF and fish sound relative abundance (Table 5).

4. Discussion

This study provides the first snapshot of the marine soundscape in a resident bot-
tlenose dolphin community’s habitat, Cres-Lošinj Natura 2000 SCI, informing on the
presence of the vocally active marine species. The overall results highlighted two domi-
nant sources of acoustic activity, identified mainly across the low-frequency range (below
2 kHz), i.e., fish vocalizations and the noise input generated by the passing boats, whereas
the high-frequency range (above 2 kHz) was saturated by the snapping shrimps sounds.
Although fish sounds were recorded both during the Non-Tourist (NTS) and the Tourist
Season (TS), they became particularly dominant in the local soundscape during the summer
period, being mostly emitted after sunset and during the nocturnal hours. Similar temporal
variations of biophony are reported for different coastal habitats [8,60]; they reflect animals’
vocal activity patterns and often depend on the influence of abiotic features (e.g., light
levels, tides and lunar cycles; [61]) and/or animals endogenous-related rhythms connected
to seasonal and nychthemeral cycles or behaviors [62,63].

Two fish sound types were particularly frequent in the recordings. The analysis of their
temporal and spectral features confirms their association with the previously described
sound types. In its turn, this allowed (i) to recognize the emitting species in one case
and (ii) to report the first record for the Adriatic Sea and more in general for the Eastern
Mediterranean Sea in the other case.

The first sound type is produced by a behaviorally cryptic fish species, the cusk-eel
Ophidion rochei (Ophidiiformes), an endemic sand-dwelling fish living at depths ranging
from a few meters to at least −150 m [64]. O. rochei is classified as Data Deficient in the
IUCN Red List and it has been described as uncommon and rare [65,66], possibly due to
this psammophilous behavior. During the reproductive period (i.e., June–September [64]),
O. rochei males produce highly stereotyped nocturnal courtship calls characterized by a
long duration and pulse period alternation between long and short intervals [35,54,67,68].
In accordance with previous studies, in the Lošinj area, O. rochei sounds were emitted at
night.

So far, in the North Adriatic Sea, only a few specimens of O. rochei have been caught
along the eastern coastline, in particular near Murter Island (middle Adriatic [65]), in the
area of River Cetina Estuary (near town Omiš [64]) but also in the Kvarner area (northern
Adriatic [69]). The catches were always at night (00 and 04 h), confirming this species to
be a nocturnal predator. Along the Italian coast of the Northern Adriatic Sea, collection of
O. rochei individuals was never reported. On the other hand, its sounds have been recorded
during summer nights at the Natural Marine Reserve of Miramare (Trieste, Italy [11]).
Similar to this case, the present study provided sufficient data to describe the Lošinj area as
a reproductive site of the species. The high abundance of simultaneous sounds recorded
with different intensities indicates that numerous callers were present on site.

The Stereotyped Trains of Fast Repeated Pulses (STFRP) is the second common fish
sound type recorded in the study area. So far, this sound type was only reported in the
Western Mediterranean Sea [6,39]. Although this sound type has been labeled differently in
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previous studies (STFRP [39], US, i.e., “upsweeping sound series with harmonics” [6]), the
stereotypical nature of its temporal structure allowed for its identification, in previous and
present studies. In the Western Mediterranean Sea, this sound type has been recorded in dif-
ferent habitats, ranging from the head of underwater canyons to coralligenous reefs [6,39].
In both studies, STFRP was relatively abundant, when considering the whole fish acoustic
community; furthermore, its night-time emission could span several hours and was charac-
terized by a bimodal abundance pattern (maximum abundances detected around sunset
and before sunrise, i.e., 8 p.m. and 4 a.m. [39]).

In a Mediterranean canyon located in Corsica (France), STFRP was detected by both
Static Acoustic Monitoring (i.e., SAM: hydrophone deployed on the sea bottom) and Mobile
Acoustic Monitoring (i.e., MAM: hydrophone integrated into underwater gliders). The
depth of the SAM sites ranged from 120 to 157 m, while the glider detected this sound
type while moving inside the canyon and over its head at an average depth of 40 m over
an average bottom depth of 100 m [39]. In coralligenous reefs located in Corsica and
Provence-Alpes-Côte d’Azur, STFRP was found from a minimum depth of 35 m up to a
maximum depth of 65 m, being especially abundant at a depth ranging from 55 to 65 m,
and in association with structuring species such as red corals and gorgonians [6]. In the
present study, this sound type was recorded from 4 p.m. to 1 a.m. in NTS and from 5 p.m.
to 2 a.m. in TS, in an environment characterized by a sandy bottom at 46 m with a gentle
slope. The emitting taxa of this sound type remain to be determined. However, our results,
together with previous studies, suggest that this should be emitted by a relatively abundant
taxa which colonize waters ranging from at least 40 to 160 m depth; likely, the emitting
taxa are not demersal or source levels are enhanced. Further studies are needed to confirm
these hypotheses.

Although fewer in number compared to fish vocalizations, almost all the dolphin
sound types previously described in literature [41–44,46,47] were recorded in the study
area. Of the overall dolphin vocalizations, the echolocation clicks were highly common,
suggesting that the vocalizing animals were involved in detecting targets [70], likely during
foraging. Since the area is inhabited by demersal fish species that local dolphins generally
feed on [71], this hypothesis can be reliable. Once excluding the clicks, the number of the
sound types characterized by a good signal-to-noise ratio—which indicates the presence of
animals close to the hydrophone—was higher during TS than NTS. In this case, whistles
and LFN were the most identified sound types. The LFN function in the dolphin acoustic
repertoire has yet to be fully resolved, but they are mainly related to social interactions,
being produced in heightened emotional contexts such as sexual activity and perhaps
aggression [44,55]. Whistles, on the other hand, are known to encode identity information
and promote group cohesion [72,73]. The daily distribution of both these sound types
suggests that the dolphins’ social communication occurs mainly during the diurnal hours
of the TS along the study area.

Generally speaking, the average percentage of abundance of HF and LF dolphin
sounds was relatively low, and it did not change with seasons. Although the location where
the hydrophone was placed falls inside one of the two hub areas usually shared by the
local bottlenose dolphin individuals [74], unpredictable dolphin distribution and generally
wide home ranges of the resident animals (mean 95% home range size for the local dolphin
population is 1947 km2, [75]) may reflect in the scarcity of their signals across the five-day
continuous period considered in this study. Further studies are required to investigate the
temporal variability of dolphins’ acoustic presence in the area.

Boat noise was found on average in 37–42% of a 1-h acoustic recorded sample, indicat-
ing a massive contribution of the man-made noise input in the local soundscape, which was
found to be not seasonal-related. This seems to be in contrast with previous research: [28]
shows that the total number of leisure boats within the Lošinj archipelago significantly
increased in TS. Nevertheless, the same study indicates a significant presence of vessels
related to professional fishing activities (mainly trawlers and gillnetters) during the NTS
in comparison with TS. The absence of a circadian pattern in boat noise during NTS and
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the daily distribution of boat noise during TS supports the hypothesis that anthrophony is
mainly related to fishing activity in winter, being generated mainly by nautical tourism
during the summer.

Although boat noise relative abundance is comparable between the seasons, back-
ground noise levels get clearly higher during the TS, in particular during the day. Source
level for recreational boating is higher than for fishing activity, which is reflected by the
positive correlation between SPL values and boat abundance found for TS. This is highly
relevant since nautical tourism and, more precisely, recreational boating has already been
found to have adverse effects on dolphins in the Cres-Lošinj SCI [28,29,71], affecting the
animals home range sizes and leading to the adaptation of the emitted whistles to the local
background noise, in accord to other cases of study [76,77].

From the methodological point of view, the present study stresses the important role
of PAM in the study of a coastal habitat. In this context, approaches based on detection
of sound types are the key for obtaining high-resolution information on the species at
the community level, in accord to the literature [5,6,38–40]. Sound types needed to be
detected, classified and counted, a process that can be achieved manually or automati-
cally [5,39]. If automatic detection tools are better developed for marine mammals than
for fish sound types, recent advancement in this sense are encouraging and need to be
further expanded [78–80]. Here, manual analysis is suggested as the best approach for
inspecting and characterizing vocal communities of unknown composition, for which the
lack of knowledge on sound type diversity makes automatic detection not feasible.

The presented results provide the first description of the overall soundscape char-
acterizing the Cres-Lošinj SCI inside and outside the TS; further studies are required to
investigate spatial and seasonal variability.

5. Conclusions

Shallow, coastal areas are key habitats for many marine species, as is the case in the
Cres-Lošinj archipelago. The here reported analysis of the local soundscape indicates
the presence of many species, including fish and bottlenose dolphins, involved in cru-
cial activities such as reproduction, social interactions and foraging. Additionally, this
soundscape is highly affected by mechanical noise generated by boat traffic, resulting in an
overlap between boating and biological activity. High underwater noise levels were found
which were mainly distributed in the diurnal hours of the summer and likely generated by
tourist activity. Such underwater noise pollution has already been identified about 10 years
ago [27,28].

Living in noisy conditions involves constant adaptation of animals that on the other
hand is energetically consuming and needs to be balanced with a higher food intake which
is not always possible. Therefore, local mitigation measures for human-generated noise
need to be included when developing future management plans for the Cres-Lošinj Natura
2000 SCI.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10020300/s1, Figure S1: Visualization of 5 days acoustic
data, referring to the Non-Touristic (NTS; panels a–e) and Touristic Season (TS; panels f–i); daily
distribution of the relative abundances of biophonical and anthrophonical categories of interest per
clock hour (measured as % min per hour of recording). “Fish” includes fish sounds, irrespective of
their sound types; “Dolphin HF” includes echolocation click trains, burst pulses, whistles and chirps;
“Dolphin LF” includes low frequency narrow-band calls; “Boat” includes boat noises. The breaks in
hours visible in some panels (e.g., a, b, e) represent absence of both presence of boat noise, fish and
dolphin vocalization in that hour block.
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Viliam Antoninić, Tihana Vučur Blazinić, Jeroen Hofs, Marta Laginja for their help in the first scrolling
of the dataset. We thank Grgur Pleslić for revising the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Pijanowski, B.C.; Villanueva-Rivera, L.J.; Dumyahn, S.L.; Farina, A.; Krause, B.L.; Napoletano, B.M.; Gage, S.H.; Pieretti, N.

Soundscape ecology: The science of sound in the landscape. BioScience 2011, 61, 203–216. [CrossRef]
2. Lillis, A.; Eggleston, D.B.; Bohnenstiehl, D.R. Estuarine soundscapes: Distinct acoustic characteristics of oyster reefs compared to

soft-bottom habitats. Mar. Ecol. Prog. Ser. 2014, 505, 1–17. [CrossRef]
3. Farina, A.; Gage, S.H. Ecoacoustics: The Ecological Role of Sounds; John Wiley & Sons: Hoboken, NJ, USA, 2017; pp. 95–108.
4. Farina, A. Ecoacoustics: A quantitative approach to investigate the ecological role of environmental sounds. Mathematics 2019, 7, 21.

[CrossRef]
5. Desiderà, E.; Guidetti, P.; Panzalis, P.; Navone, A.; Valentini-Poirrier, C.A.; Boissery, P.; Gervaise, C.; Di Iorio, L. Acoustic fish

communities: Sound diversity of rocky habitats reflects fish species diversity. Mar. Ecol. Prog. Ser. 2019, 608, 183–197. [CrossRef]
6. Di Iorio, L.; Audax, M.; Deter, J.; Holon, F.; Lossent, J.; Gervaise, C.; Boissery, P. Biogeography of acoustic biodiversity of NW

Mediterranean coralligenous reefs. Sci. Rep. 2021, 11, 16991. [CrossRef]
7. McWilliam, J.N.; Hawkins, A.D. A comparison of inshore marine soundscapes. J. Exp. Mar. Biol. Ecol. 2013, 446, 166–176.

[CrossRef]
8. Buscaino, G.; Ceraulo, M.; Pieretti, N.; Corrias, V.; Farina, A.; Filiciotto, F.; Maccarrone, V.; Grammauta, R.; Caruso, F.; Giuseppe,

A.; et al. Temporal patterns in the soundscape of the shallow waters of a Mediterranean marine protected area. Sci. Rep. 2016, 6,
1–13. [CrossRef]

9. Pieretti, N.; Martire, M.L.; Farina, A.; Danovaro, R. Marine soundscape as an additional biodiversity monitoring tool: A case
study from the Adriatic Sea (Mediterranean Sea). Ecol. Indic. 2017, 83, 13–20. [CrossRef]

10. Ceraulo, M.; Papale, E.; Caruso, F.; Filiciotto, F.; Grammauta, R.; Parisi, I.; Mazzola, S.; Farina, A.; Buscaino, G. Acoustic
comparison of a patchy Mediterranean shallow water seascape: Posidonia oceanica meadow and sandy bottom habitats. Ecol. Indic.
2018, 85, 1030–1043. [CrossRef]

11. Picciulin, M.; Kéver, L.; Parmentier, E.; Bolgan, M. Listening to the unseen: Passive acoustic monitoring reveals the presence of a
cryptic fish species. Aquat. Conserv. 2019, 29, 202–210. [CrossRef]

12. Vieira, M.; Fonseca, P.J.; Amorim, M.C.P. Fish sounds and boat noise are prominent soundscape contributors in an urban European
estuary. Mar. Pollut. Bull. 2021, 172, 112845. [CrossRef] [PubMed]

13. Warren, V.E.; McPherson, C.; Giorli, G.; Goetz, K.T.; Radford, C.A. Marine soundscape variation reveals insights into baleen
whales and their environment: A case study in central New Zealand. R. Soc. Open Sci. 2021, 8, 201503. [CrossRef] [PubMed]

14. Pieretti, N.; Martire, M.L.; Corinaldesi, C.; Musco, L.; Dell’Anno, A.; Danovaro, R. Anthropogenic noise and biological sounds
in a heavily industrialized coastal area (Gulf of Naples, Mediterranean Sea). Mar. Environ. Res. 2020, 159, 105002. [CrossRef]
[PubMed]

15. Radford, A.N.; Kerridge, E.; Simpson, S.D. Acoustic communication in a noisy world: Can fish compete with anthropogenic
noise? Behav. Ecol. 2014, 25, 1022–1030. [CrossRef]

16. Kunc, H.P.; McLaughlin, K.E.; Schmidt, R. Aquatic noise pollution: Implications for individuals, populations, and ecosystems. R.
Soc. Lond. B. Biol. Sci. 2016, 283, 20160839. [CrossRef]

17. Cox, K.; Brennan, L.P.; Gerwing, T.G.; Dudas, S.E.; Juanes, F. Sound the alarm: A meta-analysis on the effect of aquatic noise on
fish behavior and physiology. Glob. Chang. Biol. 2018, 24, 3105–3116. [CrossRef]

http://doi.org/10.1525/bio.2011.61.3.6
http://doi.org/10.3354/meps10805
http://doi.org/10.3390/math7010021
http://doi.org/10.3354/meps12812
http://doi.org/10.1038/s41598-021-96378-5
http://doi.org/10.1016/j.jembe.2013.05.012
http://doi.org/10.1038/srep34230
http://doi.org/10.1016/j.ecolind.2017.07.011
http://doi.org/10.1016/j.ecolind.2017.08.066
http://doi.org/10.1002/aqc.2973
http://doi.org/10.1016/j.marpolbul.2021.112845
http://www.ncbi.nlm.nih.gov/pubmed/34399275
http://doi.org/10.1098/rsos.201503
http://www.ncbi.nlm.nih.gov/pubmed/33959320
http://doi.org/10.1016/j.marenvres.2020.105002
http://www.ncbi.nlm.nih.gov/pubmed/32662436
http://doi.org/10.1093/beheco/aru029
http://doi.org/10.1098/rspb.2016.0839
http://doi.org/10.1111/gcb.14106


J. Mar. Sci. Eng. 2022, 10, 300 20 of 22

18. Seitz, R.D.; Wennhage, H.; Bergström, U.; Lipcius, R.N.; Ysebaert, T. Ecological value of coastal habitats for commercially and
ecologically important species. ICES J. Mar. Sci. 2014, 71, 648–665. [CrossRef]

19. Airoldi, L.; Beck, M.W. Loss, status and trends for coastal marine habitats of Europe. Oceanogr. Mar. Biol. Annu. Rev. 2007, 45,
345–405.

20. Claudet, J.; Fraschetti, S. Human-driven impacts on marine habitats: A regional meta-analysis in the Mediterranean Sea. Biol.
Conserv. 2010, 143, 2195–2206. [CrossRef]

21. Micheli, F.; Halpern, B.S.; Walbridge, S.; Ciriaco, S.; Ferretti, F.; Fraschetti, S.; Lewison, R.; Nykjaer, L.; Rosenberg, A.A. Cumulative
human impacts on Mediterranean and Black Sea marine ecosystems: Assessing current pressures and opportunities. PLoS ONE
2013, 8, e79889. [CrossRef]

22. Coll, M.; Piroddi, C.; Albouy, C.; Ben RaisLasram, F.; Cheung, W.W.; Christensen, V.; Karpouzi, V.S.; Guilhaumon, F.; Mouillot, D.;
Paleczny, M.; et al. The Mediterranean Sea under siege: Spatial overlap between marine biodiversity, cumulative threats and
marine reserves. Glob. Ecol. Biogeogr. 2012, 21, 465–480. [CrossRef]

23. Bearzi, G.; di Sciara, G.; Politi, E. Social ecology of bottlenose dolphins in the Kvarnerić (northern Adriatic Sea). Mar. Mamm. Sci.
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