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Abstract: We applied standard acoustic methods to record, analyze and compare anthropogenic and
biological signals belonging to the soundscape of artificial marine habitats. The study was conducted
on two tanks located at the Acquario di Genova (Italy), the “Red Sea” and the “Tropical Lagoon” tanks,
which represent different living environments hosting a variety of species and background sounds.
The use of seven eco-acoustic indices, whose time series spanned the entire period of study, allowed
the characterization of the environments. We investigated the extent to which eco-acoustic indices
might describe the soundscape in an artificial marine environment surrounded by a background of
mechanical noise, overlapping the diurnal/nocturnal fish chorusing produced by soniferous species.
Three specific types of sounds emerged: (1) mechanical ones produced by the life-support system of
the tanks; (2) anthropic origin ones due to maintenance and introduction of food; and (3) temporal
trends associated with day/night cycles, especially impacted by artificial lighting. We searched for
selected spectral patterns that were correlated to the time series of the eco-acoustic indices. The
observed activity was found to be consistent with the sound emission of three specific fish species
hosted in the tanks. The power spectral density (PSD) confirmed the presence of correlated signals
(at 95th and 99th percentiles) for the identified frequency intervals. We expect that this method could
be useful for studying the behavior of aquatic animals without intruding into their habitats.

Keywords: eco-acoustics; animal vocalization; marine environment; aquarium

1. Introduction

Landscapes and waterscapes are immersed in a blend of sounds characterizing a
unique signature. Sounds produced by natural processes including the flow of water,
wind, rain, or the sounds (calls and vocalizations) of animal species and even the faint
signals produced by insects represent distinctive and unique elements for each habitat.
The combination of these peculiarities yields a unique and characteristic “soundscape”
for each habitat which should be preserved as close as possible to a pristine environment.
In addition to these natural sounds, there are often present those produced by human
activities, such as the noise of vehicles or other mechanical instruments (anthropophonies
or technophonies) [1–3]. For this reason, the study of the soundscape, considering the
distinctive characteristics of the environment, has benefited from the discipline of eco-
acoustics; the latter has grown in importance and popularity as a non-invasive technique [4].
By looking into temporal and frequency patterns over long periods, eco- acoustics may
be regarded as a tool to monitor the “composition” of the environmental sound, and of
its possible temporal evolution, in particular when altered by external stresses such as
pollution, climate change or the introduction of alien species [5]. However, eco-acoustics
can be deemed as a discipline still under development, now increasingly being applied to
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investigate the biodiversity, habitat complexity and health of marine systems, with mixed
results [6,7].

The aquatic environment can be affected by the influence of the adjacent terrestrial
habitat; by the atmospheric and water temperature with cascading effects on stratifica-
tion, oxygen concentrations and pH that vary according to depth and seasonality; and by
light radiation that cannot propagate to great depths but concentrates near the water sur-
face layers [8–12]. All these characteristics make aquatic habitats particularly changeable
and difficult to investigate. However, increased water density facilitates the propaga-
tion of sound waves with respect to air-terrestrial environments due to increased sound
speed, which makes sound frequencies prone to diffraction phenomena even at higher fre-
quency [13]. This is why many water-living organisms have developed sound signatures as
a specific communication tool [13]. Many marine aquatic species are able to take advantage
of vocalizations, an observation that, over the years, has led to a rapid growth of marine
bioacoustics [14,15].

Unfortunately, humans are increasingly contributing to acoustic pollution which may
have profound impacts on the aquatic species lives [16]. For this reason, the Marine Strategy
Framework Directive (MSFD) (2008/56/EC) [17] of the European Union consolidated the
importance of marine bioacoustics, prompting action plans including earlier entry into the
operation of programmes of measures to improve the marine environment. Eco-acoustics
not only provides precious data to extend our knowledge on an environment, but it also
plays an important role in taking protection actions [18]. It allows the characterization
and quantification of the contributions of natural and anthropogenic sound sources and
the recognition of ecological dynamics, all crucial elements for estimating the impact of
anthropogenic perturbations on marine/aquatic settings [19].

A surge in applications of acoustic techniques has occurred mainly in terrestrial
realms [20]. However, these acoustic techniques could also be successfully adopted to
monitor fragile underwater ecosystems (lakes, coastal environments and oceanic coral
reefs). In underwater and terrestrial ecosystems, a key advantage of acoustic-monitoring
methods is the ability to record sound continuously [1,2]. In this regard, passive acoustic
monitoring (PAM) changed this perspective, as it provides the unique opportunity to
rapidly quantify and compare sound sources across habitats, space and time. Indeed, PAM
has several advantages compared to traditional methods (e.g., visual field observations,
satellite remote sensing, netting or electrofishing for the aquatic settings). It is mostly
a non-invasive technique [3], allowing for collecting a great amount of data over long
periods of time, enabling access to a greater range of habitats, especially in low-visibility
environments (dense forests or underwater), and minimizing efforts and costs. These
characteristics make PAM a complementary resource to be combined to remote sensing,
which uses modern instruments including satellite, radar, as well as altimetry to study
important ocean phenomena and processes.

It is known that eco-acoustic indices are able to capture different sound characteristics
and, thus, highlight specific sound features. They are obtained through the post-processing
of sound frequencies and levels to bring out specific characteristics of environmental sound.
However, finding adequate and validated eco-acoustic indices, specifically for marine
environments, is still an issue. In particular, the lack of universal indices or standardized
protocols could lead to a potential misinterpretation caused by the use of different methods
or addressing the effects of abiotic variables (such as, for example, daylight, tides, tem-
perature, wind and earthquakes) either interfering with communications or influencing
sound transmission [21]. The correlation between eco-acoustic indices and aural surveys
is generally used to validate their robustness [22,23] and capability to derive information
on the environmental quality [24]. This method is usually employed in terrestrial realms
where the recognition of animal species is easier, and it is used with statistical analysis
to generate spatial maps of environmental sound activity [25]. However, this approach
is generally hindered in aquatic contexts, as the aural recognition of fish activity (mainly
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vocalization and foraging) is not easily distinguishable because of the inherent nature of
the emitted sounds, generally characterized by short pulses (<0.1 s).

In this work, we aim to understand to what extent the above-mentioned procedure can
be applied to marine enviroments, by considering a controlled artificial marine environment.
To this end, measurements were performed at the public Acquario di Genova (Italy), where
the “Red Sea” and the “Tropical Lagoon” tanks are located· · · We assume, as our working
hypothesis, that the eco-acoustic indices might display significant correlations with such
an artificial marine environment soundscape, characterized by both high background
mechanical noise and a conspicuous overlap of diurnal/nocturnal fish chorusing due
to soniferous species. We computed seven eco-acoustic indices and we correlated the
corresponding time series with biological and non-biological acoustic signals. By means
of careful visual inspections, acoustic signals were obtained by selecting specific spectral
patterns in sonograms. . Such spectral cross-correlations allowed us to count the number of
occurrences for each selected sound signal, showing that they were moderately correlated
with the majority of the eco-acoustic indices. Specifically, we found that two spectral
patterns, displaying both diurnal/nocturnal activity, were compatible with the sound
emission of three identified fish species.

2. Material and Methods
2.1. Area of Study

The area of study involved two tanks of the Acquario di Genova, named “Tropical
Lagoon” and “Red Sea”. The management policy of each tank requires that the man-made
environment reproduces, as closely as possible, the natural one, in terms of the presence of
plants and animal species.

2.1.1. “Tropical Lagoon” Tank

This tank is aimed at reproducing a typical habitat in the Indo-Pacific Ocean, a coral
lagoon, characterized by a warm climate with a water temperature around (25–26) ◦C, and
includes a volume of 190 m3.

It is divided into two sectors: the first called the External Lagoon, dedicated to large
animals such as the zebra shark (Stegostoma tigrinum), which feeds on fish and molluscs,
and to the loggerhead sea turtle (Caretta caretta). The second, named Internal Lagoon, is
dedicated to small fishes and corals. In the wild, the external lagoons, which are typical of
the open sea, are characterized by deeper water, while the internal lagoons have shallower
depths and, consequently, better lighting conditions. These characteristics provide proper
conditions for the reproduction of many species of fishes and corals. Corals undoubtedly
constitute a key element in this tank, and they are all captive-bred, reproduced by fragmen-
tation techniques by the biologists of the aquarium. Their continuous reproduction inside
the tropical tank gives rise to a real coral reef similar to the tropical natural ones. The most
abundant fish species in the “Tropical Lagoon” (specifically in the Internal Lagoon) tank
are the:

• Chromis viridis, also known as Green Damsel: this species is an extremely common
marine fish. In nature, it is found in the Indo-Pacific region and spends much of its time
in protected areas such as in coral-rich lagoons, from which it very rarely moves away.
In the case of a reef suffering outbreak, this species moves in search of more suitable
shelters, therefore representing an excellent indicator of the actual ecological status
of coral reefs [26]. C. viridis produces click-like sounds during agonistic interactions.
Most of the agonistic interactions and sound production were found to be directed
to conspecifics (93.3%) [27]. The calls are produced in bursts of 1 to 22 clicks during
chases. Very often, these chases ended in mutual parallel displays or in the fleeing of
the chased fish. Clicks were most frequently single pulses, but they could be made up
of two or more pulses [27].

• Clownfish, of which two species are hosted in the Lagoon: the Amphiprion ocellaris and
the Amphiprion sandaracinos. During their life, these fishes give rise to a symbiotic bond
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with a specific group of anemones, which take on the function of protection for the
eggs of the clownfish, while the latter bring them food [28]. The sound of this species
was composed of single or a series of pulse sounds with stressed frequency component
at 300–600 Hz and were composed of less than three pulses with wide frequency range
(200–3500 Hz) with two or three stressed frequency component. A fish dashed toward
the other fish floated in water and the sound was, sometimes, recorded just before
passing each other [29].

2.1.2. “Red Sea” Tank

The “Red Sea” tank of the Acquario di Genova, dedicated to the reproduction of the
“Red Sea” habitat, is a tank of 30 m3 volume. The most abundant species present in this
tank are the:

• Pseudanthias squamipinnis, a pelagic spawner that feeds on zooplankton, whose maxi-
mum length is 15 cm. This species generally populates the coral outcrops, the reefs of
the clear lagoons, the channels, and slopes. They are often territorial animals that tend
to stay within 20 m from the rock or coral outcrop they have identified as a refuge. It is
a hermaphroditic species and the gender transition from female to male is induced by
the absence or removal of males from communities [30].

• Pseudochromis fridmani: this species, typical of the “Red Sea”, lives mainly in small
caves, among the corals and debris on the reef slopes and on the drop-offs, at depths
ranging from 3 m to 65 m. These specimens, endowed with a very shy character and
a bright purple colour, live typically in pairs. Up to now, no significant population
drops have been reported for this species in natural environments. However, due to
its close affinity with coral reefs, increasingly threatened every day, it is likely that it
could suffer a significant demographic decline in the near future [31–33].

• Dascyllus aruanus, commonly known as “white-tailed Damselfish”, is a species that,
in nature, usually lives in large groups, up to about 30 individuals, sheltering among
branched corals at depths from 1 m to 12 m. They leave their coral shelter solely to
feed on zooplankton within the water column or to protect the territories where the
young individuals are kept. One male can breed with several females, each laying up
to 2000 eggs in the nest while, in the meantime, males aggressively guard the eggs and
keep the nest clean of any debris. This species is known to live, under human care,
at least nine years [34]. D. aruanus is known to produce two types of sounds, pops
and chirps. The pop was produced during agonistic interactions when a specimen
approached another’s shelter or during chases. A pop is generally composed of a
single pulse. The peak frequency ranges from 680 Hz to 1300 Hz, with greater energy
at the beginning of the sound. Pulses start with a low-frequency, low-amplitude half
cycle, and increase immediately to a peak amplitude and frequency before starting to
decrease in amplitude. Chirps are not associated with a specific behaviour and can
function to announce the presence of the caller. They consist of trains of 12–42 pulses
varying from 26 ms to 121 ms in duration, with an average pulse period of 48 ms. The
peak frequency of the first band varied from 3400 Hz to 4100 Hz [35].

Among all the fish species present in both tanks, we found that, specifically, three fish
species, namely: A. sandaracinos, C. viridis and D. aruanus, can produce a sound emission
whose characteristics are summarized in Table 1.

In both tanks, keeping the level of oxygenation and purification of water at optimal
levels requires a system for continuous circulation of water and filtering through mechanical
pumps (life support system of the tanks consists of: filtration pumps, air pumps and biofilter
outside the water and turbelle pump inside the water). This system inevitably produces
vibrations and noise that become airborne and flank the tank structures. The mechanical
noise is mainly concentrated at medium-low frequencies (<(3–4) kHz), and it is stationary.
In order to reduce the impact of this mechanical component of the noise, we applied a
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high-pass filter to all the recordings with cut-off frequency fcut−off = 4 kHz, as described by
the following attenuation relation,

A( f ) = 20 · log
(

f
fcut−off

)
. (1)

Besides the mechanical pumps noise, we had the lapping of water produced by
the oxygenation system. This noise is mainly distributed at medium-high (3–20) kHz
frequencies. The use of the filter altered the proportion of the noise components. The
ordinary management operations in both tanks consist of feeding and cleaning activities,
which often require divers to assure each species receives the right amount of food for
its diet.

Table 1. Characteristics of typical sound emissions of three fish species: A. sandaracinos, C. viridis and
D. aruanus.

Family/Species Sound Pattern N◦ Pulses Frequency [Hz] Sound Duration [ms] Behavioural Context Reference

A. sandaracinos multipulsed <3 200–3500 - agonism [29]
C. viridis multipulsed 1–5 500–2000 4.9–20.8 conspecific agonism [27]

D. aruanus single-pulsed 2–5 680–1300 89–97 conspecific agonism [36]multipulsed 12–42 3400–4100 26–121 announce the presence

2.2. Instrumentation and Acquisition Scheme

The instrument used for underwater audio measurements is a bottom acoustic recorder
named URec-384k (Dodotronic, made in Italy). It consists of an autonomous and pro-
grammable digital recorder, connected to a hydrophone with a maximum sampling rate of
384 kHz.

The sensor used in the measurement configuration is an Aquarian Scientific pre-
amplified hydrophone AS-1, mounted on one cap. It is a calibrated unit with a receiving
sensitivity of −208 dBV re 1µPa (40µV/Pascal).

Two recording units URec-384k were used for the monitoring campaign at the Ac-
quario di Genova, one for each tank. The optimal location of the instrument inside the
tanks was identified by considering the capability to acquire the greatest number of bio-
phonic emissions, without being excessively disturbed by human activities during the
managements of the tanks. The recorders were placed at a depth of 1.5 m in both tanks.

The instrument was housed in a protective net, equipped with a floating ring and a
weight. In this way, it was possible to fix the recorder at a specific depth and to prevent
the fishes from getting too close to the instrument, hitting the sensor. The measurements
finally used for our purposes (see Figure 1) were carried out during the following periods,

• 02/25/2021–03/12/2021: “Red Sea” tank monitoring.
• 06/10/2021–06/15/2021: “Tropical Lagoon” tank monitoring.

The acquisition patterns were 5 min recording and 10 min pause for the “Red Sea”
tank, and 5 min recording and 1 min pause for the “Tropical Lagoon” tank. They were
selected to optimize the total number of recordings, while also taking into account a balance
between recording time and data storage capability. The two campaigns were conducted
in different periods; this allowed us to fine-tune the measurement settings in the second
campaign. The sampling rate for the measurements was set at 192 kHz and kept constant
throughout the measurements.
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Figure 1. URec-384k hydrophon placed in: (a) the “Tropical Lagoon”, and (b) the “Red Sea” tank.

2.3. Metrics for Acoustic Signal Analysis

We discuss first the calculation of the eco-acoustic indices followed by the principal
acoustic metrics to characterize the environmental sound. The eco-acoustic indices are able
to capture different sound characteristics and, thus, highlight specific sound features. The
fast Fourier transform (FFT) algorithm is the basis for calculating different eco-acoustic
indices. Indeed, these indices are obtained through post-processing of sound frequencies
and levels to bring out specific characteristics of environmental sound. In the analysis, we
used the following seven indices, chosen from a range of previous soundscape studies, with
the specified frequency intervals, f , reported in Table 2. The Acoustic Complexity Index
(ACI), which determines the modulation in intensity of a signal over changing frequencies;
the Acoustic Diversity Index (ADI), which provides a measure of evenness across spectral
frequencies; the Acoustic Evenness Index (AEI), which provides reverse information of
ADI with high values identifying recordings with dominance of a narrow frequency band;
the Bio-acoustic Index (BI), which provides the area under the mean frequency spectrum
above a threshold characteristic of the biophonic activity; the Acoustic Entropy Index (H),
which highlights the evenness of a signal’s amplitude over time and across the available
range of frequencies; the Normalized Difference Soundscape Index (NDSI), which accounts
for the the ratio between technophonies and biological acoustic signals; and the Dynamic
Spectral Centroid (DSC), which indicates the centre of mass of the spectrum.

Table 2. List of eco-acoustic indices used for the analysis, frequency interval of calculations, and
corresponding references.

Index Frequency Interval Reference

ACI f ∈ 100 Hz–20 kHz [37]
ADI fmax = 20 kHz, fstep = 10 Hz [38]
AEI fmax = 20 kHz, fstep = 10 Hz [38]
BI f ∈ (100 Hz–20 kHz) [39]
H f ∈ (100 Hz–20 kHz) [40]

NDSI (a) for anthropic contribution f ∈ (10 Hz–2.5 kHz) [41]
(b) for biophonic contribution f ∈ (2.5 kHz–20 kHz) [41]

DSC f ∈ (100 Hz–20 kHz) [42]

The analysis and computation of eco-acoustic indices were performed in “R” envi-
ronment, version 3.5.1 [43]. In particular, the FFT analysis was computed by the function
spectro, available in the R package “Seewave” [44] based on 2048 FFT points. The cor-
responding frequency bins, that is, the intervals between samples in frequency domain,
are calculated by dividing the sampling rate (194 kHz in our case) by the number of FFT
points (or FFT size). Thus, the latter value determines the frequency resolution. In our case,
this is equivalent to a frequency bin (resolution) of F = 93.75 Hz (sampling rate/2048) and,
therefore, a time resolution of TR = 1/F = 0.0107 s. This choice represents a compromise
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between a good temporal and frequency resolution. The R package “Soundecology” [45]
was used for the indices computation with the exception of the Dynamic Spectral Centroid
(DSC), for which a specific script was written. The frequency bounds were set between
100 Hz and 20 kHz. The latter was chosen after careful inspections of the recorded spectra
(no signals were observed above the upper frequency limit of 20 kHz). The eco-acoustic
indices were calculated with a time resolution equal to the time duration of the recordings
(5 min). The Pearson’s correlation test was also used for the analyses.

There is also a wide variety of metrics used in the analysis of acoustic signals. One of
the most commonly used metric is based on the Power Spectral Density (PSD) method. To
this end, one considers a time series x(t), representing the amplitude of the signal of interest,
and calculates the power spectrum density Sxx( f ) of x(t), describing the distribution of
power associated with each frequency component of the signal [46]. The power spectrum
(see, e.g., [47,48]) is defined according to,

Sxx( f ) = lim
T→∞

1
T
|x̂T( f )|2, (2)

where T is the length of the time series, and |x̂T( f )|2 is the Fourier transform of the time
convolution of the signal with itself in the form,

1
T
|x̂T( f )|2 =

∫ T

−T

[
1
T

∫ T

−T
x∗T(t− τ)xT(t) dt

]
e−i2π f τdτ. (3)

In Equation (3), the quantity within square parenthesis becomes, in the limit T → ∞,
the autocorrelation function, Rxx(τ), of the signal [49]. Thus, the power spectrum Sxx( f )
can be written as the Fourier transform of Rxx(τ), given by [50],

Sxx( f ) =
∫ ∞

−∞
Rxx(τ) e−i2π f τdτ = R̂xx( f ). (4)

2.4. Pattern Recognition

In aquatic contexts, the aural recognition of fish activity (mainly vocalization and
feeding), that is, the manual validation by listening to the recordings, is not straightfor-
ward because the emitted sounds are generally characterized by short pulses (<0.1 s).
However, this difficulty is further worsened in artificial marine environments where the
presence of mechanical disturbances strongly interfere or even overlap with biophonic
activities, making the aural recognition by operators not viable (attempts did not bring
to any satisfactory results). For this reason, we adopted spectral pattern recognition as
validation method for the eco-acoustic indices. Thus, it represents a sort of automatically
made aural-survey surrogate.

Characterizing the presence of different acoustic patterns in an audio recording can
provide interesting information on the presence of animal vocalization or other specific
activities such as feeding (see an example below). After “manually” selecting a spectral tem-
plate within a Fourier-transformed representation (a spectrogram) of an audio recording,
i.e., by visually inspecting spectrograms one at a time, the search was followed by a spectral
cross-correlation approach. Thus, we looked at “similarities” between the spectral template
and the spectrogram of the audio recording: namely, we considered as “similar”, spectra
above a given cross-correlation coefficient. The analysis was carried out in R environment
using the R package MonitoR [51]. This package allowed the creation, modification, saving
and use of templates for pattern recognition. The matching between templates and spectra
was based on a correlation threshold typically found by a trained and test/validation pro-
cess. The package translates raw scores from template-matching to detection information,
by finding peaks in the score data, and determining which peaks, if any, exceed the score
cut-offs specified in the templates.

A small tank (dimensions 110 cm × 60 cm × 40 cm) containing two sea urchins (Di-
adema setosum) was used for the initial tests. In particular, the sound emission released by
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a single sea urchin was recorded during the feeding activity with a cabled hydrophone
(URec-384k).

3. Results
3.1. Eco-Acoustic Indices

Figures 2 and 3 show the time profile of ACI, ADI, AEI, DSC and H indices for the
Lagoon and “Red Sea” tanks for the entire period of the measuring campaign (5 days for
the “Tropical Lagoon” tank and 15 days for the “Red Sea” tank). In both Figures 2 and 3,
two coloured bands highlight the day intervals: yellow stripes correspond to the hours
of the day in which the aquarium lighting system is kept in operation (from 8:00 a.m. to
7:00 p.m.), and night bands depicted in grey are where the lights are instead turned off
(from 7:00 p.m. to 8:00 a.m.). Within the graphs of both tanks, a number of events have
been marked as reported by the aquarium operators. The type of events was labelled as
illustrated in Table 3. In this way, it was possible to find an explanation for many of the
peaks highlighted by the indices.

Figure 2. Timeline of the eco-acoustic indices calculated for the Lagoon tank: (a) BI; (b) ACI; (c) ADI;
(d) AEI; (e) DSC; (f) H. Yellow and grey bands refer to day and night periods, respectively. The labels
correspond to the events annotated by the aquarium operators and described in Table 3.

Each index profile is able to highlight events such as: the feeding operations (C) that
take place daily (indistinct noise with a duration of minutes), the presence of divers (S)
that takes place periodically (indistinct noises with duration of minutes) or a disturbance
linked to the use of a brush (D) used to carry out maintenance operations inside the tank
(pulse trains with duration of minutes). In particular, some indices, such as ACI, BI and H,
were able to highlight the onset of a disturbance similar to an electrical buzz (RE) (duration,
several hours), which developed towards the end of the first measurement day. The RE
were particularly constant in time, thus altering the heterogeneity of relative frequencies
and their intensities. In addition, the presence visitors (V) was characterized by indistict
noises, whereas the low pitch noise (LP) presented a series of pulses at low frequency
with a duration of seconds. To be noted is that the change in the profile trend of BI index
(see Figure 2a), starting from the second day of the measurement campaign, and right
after the diving operations, is linked to the displacement of the hydrophone by divers.
BI is more sensitive to noise level variations, implying that the sensor was placed at a
greater distance from the noise source (pumps). Another important consideration is the
quite-evident day/night periodic trend, which is especially picked up by BI, ACI, DSC and
H indices.
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Figure 3. Timeline of the eco-acoustic indices calculated for the “Red Sea” tank: (a) BI; (b) ACI;
(c) ADI; (d) AEI; (e) DSC; (f) H. Yellow and grey bands refer to day and night periods. The labels
correspond to the events annotated by the aquarium operators and described in Table 3.

Table 3. Description of events annotated by the aquarium operators, corresponding labels and
approximate duration.

Description of Event Label Duration

Electric buzz RE hours
Work in the tank L minutes

Presence of divers S minutes
Tank opening and feeding C minutes

Visitors V minutes
Operation of salinity regulation I hours

Filter washing BW minutes
Brush D minutes

Low pitch LP seconds
Sand siphoning SF minutes

Cowbell test P seconds

The conclusions drawn for the “Tropical Lagoon” tank apply also to the “Red Sea” tank.
Indeed, also in this case, the eco-acoustic indices highlighted how anthropic operations
are able to condition the soundscape and show different trends between the night and day
periods. In particular, by inspecting the graphs in Figure 3, it is possible to observe how the
trend of DSC and H indices (see Figure 3e,f) during the ninth day of measurements, show
significant change in the time profiles. This variation is justified by the operations that took
place inside the tank: siphoning of the sand and immersion of the divers, who had to move
the hydrophone.

As illustrated in Figures 2c,d and 3c,d, ADI and AEI indices do not show any day/night
trend but just underline maintenance activities in the form of peaks. For this reason, we
decided to show the boxplots of the indices distribution just for ACI, DSC, BI and H
(see Figure 4a,d). These illustrations allow highlighting of how the day/night period
present similar distributions, but display slightly fewer values for the night period. As
expected, most of outliers are concentrated during daytime (values outside the boundary
of the whiskers). The two tanks are very different both in size and equipment (different
hydraulic pumps and water oxygenation systems). These characteristics may contribute
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to generating distinct sound environments, which are reflected in the generally different
values of the indices.

Figure 4. Boxplots of three eco-acoustic indices (a) ACI; (b) DSC; (c) BI; (d) H. Comparison between
“Tropical Lagoon” and “Red Sea” tanks for day (D-) and night (N-) periods. The labels correspond to
the events annotated by the aquarium operators and described in Table 3. The line that divides the
box into two parts is the median. The coloured bands (box) represent the interquartile range (IQR)
given by the difference between Q3 (or 75th percentile) and Q1 (or 25th percentile), IQR = Q3−Q1.
The line that divides the box into two parts is the median (Q2 or 50th percentile). The whiskers are
drawn based on the 1.5 IQR value.

3.2. Results of Power Spectral Density

Here, we present the calculation of the PSD described in Section 2.3, for the mean
levels recorded over the entire measurement campaign. The results are shown in Figure 5
for the “Tropical Lagoon” (upper panel) and the “Red Sea” (bottom panel) tanks. As is
apparent, there is a large frequency interval, (300–4000) Hz, for which the 95th and 99th
quantiles show a significant correlation.

Specifically, the “Tropical Lagoon” tank presents a larger broadband correlation which
includes Pitch0, the noise associated with the hydraulic pumps and a peak at around
4 kHz. The latter was not found during the visual inspection of the spectrogram. The
fact that the peaks associated with these frequencies emerge at 95th and 99th quantiles
means that they are correlated with quite rare events. In addition, the hydraulic pump
presents rare correlated frequencies when the majority of the distribution provide more
correlated results.

As for the “Red Sea” tank, we can observe, within the same frequency interval, more
noticeable events at approximately 300 Hz and 900 Hz, a series of near peaks around
(1.5–3.0) kHz, plus a single peak at 15 kHz. In this case, Pitch0 can be identified with the
peak centred at 900 Hz, Pitch 1 with the peak at about 3 kHz and Pitch 3 with the peak
at about 15 kHz. The latter, being associated with the water lapping, may represent rare
correlated events. The peak at 300 Hz was not found in the spectrograms, whereas the
peaks near 2 kHz are due to the hydraulic pumps as for the “Tropical Lagoon” tank.
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Figure 5. Power spectral density (PSD) calculated for the “Tropical Lagoon” (upper panel) and “Red
Sea” (bottom panel) tanks with the corresponding quantiles of the distribution.

3.3. Results of Pattern Recognition

Testing the pattern-recognition algorithm described in Section 2.4, based on the cross-
correlation between a spectral pattern and the entire spectrogram of the audio recording of
460 s duration, was performed using the sound emission released by a single sea urchin
(Diadema setosum). Figure 6 shows the spectrogram peaked at approximately 10 kHz with
a duration of less than 0.02 s. The repetition period of the signal is found to be about 5 s.
The number of signals was counted for the entire recording and a correlation coefficient
threshold was set in order to reproduce the number of counted signals. Figure 7a shows
the sound events matching the spectral template of Figure 6, whereas Figure 7b returns
information on all score peaks and those peaks that are considered detections (above
0.7 threshold). The time axis refers to an extract of the recording (from 400 s to 460 s).
In Table 4, the results of the confusion matrix are reported. For the specified threshold
we obtain: Accuray = (TP + TN)/(TP + TN + FP + FN) = 0.78, Sensitivity = (TP)/(TP +
FP) = 0.84, Specificity = (TN)/(FP + TP) = 0.84, and a McNemar’s Test p-Value of 0.85 [52].
The latter result states that we cannot reject the null hypotheses, meaning that we have a
good performance of the predicted occurrences.
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Figure 6. Spectrogram of sea urchin (D. setosum) feeding activity.

Figure 7. Recognized sea urchin (D. setosum) feeding activity for the correlation coefficient threshold
of 0.7. (a) Red-highlighted events in the spectrogram found in an extract of the recording (from 400 s
to 460 s). (b) Peaks in the score data exceeding the score cutoff.

Table 4. Results for sea-urchin classification test obtained for a correlation coefficient threshold of 0.7.

Correlation Coefficient Accuracy Sensitivity Specificity McNemar’s Test p-Value

0.7 0.78 0.84 0.65 0.85

After this first step, we identified in the audio recordings the four most abundant
spectral templates ranging from approximately 1 kHz to 17 kHz. The identified spectral
patterns, named pitches, are illustrated in Figure 8. Their characteristics are summarized
in Table 5. To be noted is that all the pitches present a time duration ≤ 0.011 s. This value
represents the time resolution of the spectrogram as determined by the number of FFT
points (2048) chosen for the FFT computation. This means that the pitch duration could be
of an even lesser duration.
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Figure 8. Spectrogram of the four spectral templates used for the search of biophonic activity: Pitch0,
Pitch1, Pitch2, Pitch3.

Table 5. Peak frequency and time duration of the four spectral templates.

Spectral Template Peak(s) Frequency (kHz) Duration (s)

Pitch0 0.5, 0.9, 1.2 ≤0.011
Pitch1 3.1 ≤0.011
Pitch2 7.4 ≤0.011
Pitch3 15.2 ≤0.011

Based on the procedure illustrated in Section 2.4, for which the recognition of the
sea urchin’s feeding-activity sound template was validated for a threshold correlation
coefficient of 0.7, we decided to search for the different spectral templates (pitches) in the
audio files following two steps:

• Varying the correlation coefficient threshold over a wider interval: from 0.3 to 0.7;
• Selecting the pitch time series obtained with the correlation coefficient threshold that

better correlates the time series of the eco-acoustic indices.

In the first step, clearly, the number of matches (occurrences) in each recording in-
creases by increasing the threshold. Indeed, assuming, for example, a Gaussian profile for
the last three pitches (Pitch0 is excluded as it presents three peaks), one can verify that, for
instance, correlation coefficients equal to 0.3 and 0.7 correspond to mean frequency varia-
tions around the main peak of about ±400 Hz and ±200 Hz, respectively. This means that
considering, for instance, a correlation coefficient of 0.3, we will count, as Pitch1, Gaussian
spectral profiles with maxima between 2.7 and 3.5 kHz. Higher correlation coefficients
correspond to higher selectivity. Thus, each correlation coefficient determines a time series
of events. In order to define an “optimal” correlation coefficient threshold, we decided to
calculate the Pearson’s cross-correlation among the computed eco-acoustic indices, gen-
erally correlated to the presence of sound activities (both biophonies and technophonies),
and the time series of events. We also included the time series of the equivalent sound
level calculated over the entire recording period of 5 min, Leq5m. Tables 6 and 7 report the
“optimal” Pearson’s correlation coefficients among eco-acoustic indices, Leq5m, and pitch
time series for the “Tropical Lagoon” and “Red Sea” tanks, respectively, where the pitch
time series for the “Tropical Lagoon” tank has been obtained with a spectral correlation
coefficient threshold of 0.4 and the pitch time series for the “Red Sea” tank with a spectral
correlation coefficient threshold of 0.5.
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Table 6. Pearson’s correlation coefficient and p-values at 95% significance level among eco-acoustic
indices, Leq5m, and pitch time series for the “Tropical Lagoon” tank. The pitch time series for the
“Tropical Lagoon” tank was obtained with a spectral correlation coefficient threshold of 0.4.

Spectral Template Index Correlation Coefficient p-Value

Pitch0

BI 0.16 <0.001
DSC 0.22 <0.001
ACI 0.51 <0.001
ADI −0.47 <0.001
AEI 0.45 <0.001
H −0.20 <0.001

Leq5m −0.35 <0.001

Pitch1

BI −0.59 <0.001
DSC 0.13 <0.001
ACI 0.25 <0.001
ADI 0.042 >0.1
AEI −0.02 >0.1
H 0.43 <0.001

Leq5m −0.005 <0.1

Pitch2

BI 0.028 >0.1
DSC 0.15 <0.001
ACI 0.39 <0.001
ADI −0.13 <0.001
AEI 0.11 <0.001
H 0.076 <0.1

Leq5m −0.001 >0.1

Pitch3

BI 0.075 <0.1
DSC 0.15 <0.001
ACI 0.12 <0.001
ADI −0.10 <0.01
AEI 0.13 <0.001
H −0.004 >0.1

Leq5m 0.01 <0.001

As is apparent, the threshold values 0.4 and 0.5 seem to match our requirements for
the “Tropical Lagoon” and the “Red Sea” tanks, respectively. As for the Tropical Lagoon
tank, we can observe that, for a correlation coefficient threshold of 0.4:

• Pitch0 is moderately correlated with the ACI time series (0.51), with ADI (−0.47) with
AEI (0.45) and Leq5m (−0.35);

• Pitch1 is moderately correlated with the BI time series (−0.59) and with H (0.43);
• Pitch2 is moderately correlated with the ACI time series (0.39);
• Pitch3 is weakly correlated with all indices.

As for the “Red Sea” tank, we can observe that, for a correlation coefficient threshold
of 0.5:

• Pitch0 is moderately correlated with the ADI time series(−0.56), with AEI (0.52), with
DSC (−0.45), with ACI (0.38) and Leq5m (−0.30);

• Pitch1 is moderately correlated with the H time series (−0.63), with ACI (0.42) and
ADI/AEI (0.39);

• Pitch2 is moderately correlated with the ACI time series (0.67);
• Pitch3 is weakly correlated with all indices.

In particular, Pitch0 and Pitch1 present a mild correlation with the higher number of
eco-acoustic indices (2–4 indices); Pitch2 is moderately correlated with just a single index
and Pitch3 turns out to be not correlated with any index time series. To be noted is that
pitches are just weakly correlated with each other in the “Red Sea” tank. This means that
there is a weak positive relationship between their time series. Instead, their correlation
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with the computed eco-acoustic indices is moderate meaning that they are are sensitive to
the identified spectral patterns.

Figures 9 and 10 report the hourly median normalized occurrences for the four-pitch
templates found in the “Tropical Lagoon” tank using a correlation coefficient threshold
of 0.4 and in the “Red Sea” tank using a correlation coefficient threshold of 0.5. The
normalization was carried out with respect to the median value and the coloured bands
represent the median absolute deviation (MAD).

Table 7. Pearson’s correlation coefficient and p-values at 95% significance level among eco-acoustic
indices, Leq5m, and pitch time series for the “Red Sea” tank. The pitch time series for the “Red Sea”
tank was obtained with a spectral correlation coefficient threshold of 0.5.

Spectral Template Index Correlation Coefficient p-Value

Pitch0

BI −0.049 >0.1
DSC −0.45 <0.001
ACI 0.38 <0.001
ADI −0.56 <0.001
AEI 0.52 <0.001
H −0.22 <0.001

Leq5m −0.30 <0.001

Pitch1

BI 0.17 <0.001
DSC −0.33 <0.001
ACI 0.42 <0.001
ADI −0.39 <0.001
AEI 0.39 <0.001
H −0.63 <0.001

Leq5m 0.001 <0.001

Pitch2

BI 0.097 <0.003
DSC −0.17 <0.001
ACI 0.67 <0.001
ADI −0.21 <0.001
AEI 0.22 <0.001
H −0.072 <0.01

Leq5m 0.0005 <0.01

Pitch3

BI 0.015 >0.1
DSC 0.009 >0.1
ACI 0016 <0.001
ADI −0.05 <0.05
AEI 0.039 >0.1
H 0.014 >0.1

Leq5m 0.0001 >0.1

In both figures, we can observe how the Pitch0 profile is the only spectral pattern
among the four categories showing a significant positive deviation from the median value
during the period (6:00 a.m.–4:00 p.m.) for the “Tropical Lagoon” tank and (6:00–10:00) a.m.
and (4:00–6:00) p.m. for the “Red Sea” tank. This means that, in these time intervals, we
detected an increase in Pitch0 activity. To be noted is the high MAD of Pitch0, which reflects
the higher variability of this spectral pattern.
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Figure 9. Hourly median normalized occurrences for the four-pitch templates found in the “Tropical
Lagoon” tank using a correlation coefficient threshold of 0.4. Coloured bands represent the median
absolute deviation.

Figure 10. Hourly median normalized occurrences for the four pitch templates found in the “Red
Sea” tank using a correlation coefficient threshold of 0.5. Coloured bands represent the median
absolute deviation.

4. Discussion

Eco-acoustic indices have shown a rather good accuracy in measuring species diver-
sity in some environments [37,40,53]. Animal species produce a plethora of sounds and
this acoustic diversity can be used to extract information on species richness [3,37,40,53].
Nonetheless, this relationship is not always straightforward [54].

The results shown in Section 3 reveal the good capability of the eco-acoustic indices to
discriminate among different activities, especially antropophonic and technophonic ones,
consistent with the empirical observations by the aquarium operators (cf. Figures 2 and 3
and Table 3). Nevertheless, Figures 2 and 3 highlight the presence of day/night trends in
some of the eco-acoustic indices profiles.

The circadian patterns recorded in this work are consistent with data from other
studies [19,55], in which fish choruses are especially active at dawn and at dusk. These
specific patterns are captured by, mainly, the BI, ACI, AEI DSC and H indices. More
specifically, it seems that BI, ACI, ADI and AEI are more sensitive to both biophonic and
anthropophonic sounds. As is apparent, the ADI index is only activated by anthropophonic
sounds. On the other hand, DCS and H seem to show a more pronounced circadian pattern,
typical of biophonic activities. Calibration of eco-acoustic indices in different habitats
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has been reported in a number of studies, showing, for instance, that bird responces
to restoration efforts in forests have been properly described by the acoustic entropy,
H. Conversely, the M and ACI indices could capture significant activity variations in
floodplains [56,57].

Eco-acoustic indices can help identify different sound compositions but they appear
to need adjustment in artificial environments as compared with wild marine environments
due to low signal-to-noise ratio. In this context, audio filtering can potentally enhance
sounds of interest. The observed circadian dynamics suggested searching for biophonic
sound sources in the audio recordings. As illustrated in Section 3.3, observing the spec-
trogram of the recordings, four spectral templates (pitches) were selected and the time
series of the corresponding occurrences were found. In addition, the observation of a
moderate correlation among the eco-acoustic indices and Pitch0 and Pitch1 indicated that
their spectral patterns were picked up by those metrics.

The results obtained for the cross-correlation among the computed eco-acoustic indices
and the time series of events illustrated in Tables 6 and 7 show that Pitch0 in the “Tropical
Lagoon” tank is correlated with those indices expression of frequency modulation (ACI) and
anticorrelated with ADI representing entropy in frequency space meaning that the presence
of Pitch0 is “favoured” by the absence of other sound frequencies (higher frequencies). As
for the “Red Sea” tank, Pitch0 shows the same correlation pattern with the addition of
an anticorrelation with DSC index, meaning that an increase in activity corresponds to a
decrease in the frequency content in the recordings. The latter could be associated with
either the frequency content of Pitch0 or the reduction in other high-frequency sources.
Only Pitch0 is moderately anticorrelated with Leq5m in both tanks.

A weak increase in Pitch1 activity is also observed for the “Red Sea” tank in the
interval (1:00 and 4:00) a.m. In this case, Pitch1 is anticorrelated (moderately) with H which
measures entropy in both time and frequency space and is correlated (moderately) with
ADI. This suggests an unevenness in time (which is dominant for H) and evenness in
frequency domain. Additionally, for this pitch, we observe a correlation with ACI. In this
case, Pitch1, but especially Pitch2 and Pitch3, present a lower MAD and are concentrated
around the median value. Hence, these pattern characteristics are typical of stationary
sounds all over the clock and might be associated with sounds of a mechanical nature.

For these reasons, we are more prone to consider Pitch0 as a sound associated with
biophonic activity than the other pitches. The moderate anticorrelation with Leq5m may
suggest that fish chorusing is more likely to be observed with overall decreasing background
noise. Looking at the sound emission characteristics of A. sandaracinos, C. viridis, and D.
aruanus presented in Table 1, we could reasonably recognize a likelihood between Pitch0
and the emission interval of these species (their reported emission interval contains Pitch0).

The present study was performed in a controlled area, but the presence of a high
background mechanical noise introduced a bias in the analysis that hampered a strong
association between biophonic activity and eco-acoustic indices, despite our attempt to
reduce its impact by using a high-pass filter. For this reason, we excluded the NDSI index.
In fact, although it has been introduced in terrestrial habitats to weigh the contribution
of biophonies and anthropogenic noise, in marine habitats it can be applied to weigh the
contribution of two different biophonies: fish emitting at quite low frequencies (generally
up to 1 kHz [58]) and invertebrates with peak spectrum between 2 kHz and 5 kHz [59].

An important issue requiring further investigation is to what extent acoustic indices
relate to the aquatic fauna in the habitats from which they are derived and whether they
are affected by other sources of different spectral or temporal content. This represents a key
point, as ecoacoustic indices allow fast assessment of long audio recordings as compared to
other time-consuming spectral analysis. This characteristic is particularly important as the
spread of PAM has made available cost-effective, unattended and non-invasive acoustic
sampling over extended periods of time, thus helping capture changes in soundscape and
biodiversity due to climate change and human intrusion. Indeed, little is known about the
impacts of the sounds of anthropogenic activities on aquatic wildlife, or their physiological
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effects, which may affect the fitness of individuals, populations, or even whole communities
of animals [60].

The method of pattern recognition based on spectral cross-correlation has been used
to mimic what, in terrestrial realms, is usually referred to as an aural survey. The method
allows quick detection of specific spectral patterns but it needs further refinements in
terms of defining an optimal cross-correlation coefficient threshold accounting for possible
variation in the emitted sound. Due to the non-automatic search of spectral patterns,
events less likely to happen are hardly found. A validation of this method with acoustic
measurements of marine organisms in their wild habitats will help refine this tool. With
proper tuning, this method could help the study of the behavior of aquatic animals without
intruding into their habitats.

5. Conclusions

In this paper, we report the results of measurements and analysis of sound recordings
carried out at two different artificial and controlled marine environments, the “Red Sea”
and the “Tropical Lagoon” tanks located within the Acquario di Genova, Italy. The present
study was performed in a controlled area but the presence of high background mechanical
noise introduced a bias in the analysis that hampered a strong association between bio-
phonic activity and eco-acoustic indices. The initial hypothesis that the eco-acoustic indices
might correlate the soundscape in an artificial marine environment characterized by a high
background mechanical noise with an overlapped diurnal/nocturnal fish chorusing by
soniferous species was answered, even minimally, by measuring, analyzing and compar-
ing biological acoustic signals produced by organisms present in two different artificial
marine habitats.

We computed seven eco-acoustic indices and correlated the corresponding time series
with biological and non-biological acoustic signals. Acoustic signals were obtained by
selecting specific spectral patterns in the sonograms following a careful visual inspec-
tion.“Spectral Cross Correlation” allowed counting the occurrences for each selected sound
signal, thus showing how those signals, displaying a variation in activity throughout the
day, were moderately correlated with the majority of eco-acoustic indices. We found that
two spectral patterns, with diurnal/nocturnal activity, are compatible with the sound
emissions of three fish species.

Thus, the use of both spectral analysis and the time profile of seven eco-acoustic indices
highlighted three specific features: (1) the presence of mechanical sounds produced by the
hydraulic pumps and the oxygenation system; (2) the presence of anthropophonic sounds
(maintenance and feeding activity during daytime); and (3) the presence of a periodicity
associated with day/night cycles.

To make the analysis less affected by the high background noise, a high-pass filter
with fcut−off = 4 kHz was applied. Aural surveys were usually employed to validate the
analysis but, in this specific case, the presence of background noise and the impulsive
nature of biophonies, lacking a frequency modulation, hampered this task. A validation
methodology was implemented by identifying four spectral patterns within the recordings,
denoted as: Pitch0 (three peaks at 0.5 kHz, 0.9 kHz, 1.2 kHz), Pitch1 (peak at 3.1 kHz),
Pitch2 (peak at 7.4 kHz), and Pitch3 (peak at 15.2 kHz). Spectral cross-correlations allowed
searching for these spectral templates, and the corresponding matches (number of events
found in each recording) were correlated with the time series of the eco-acoustic indices.
In particular, two pitches, Pitch0 and Pitch1, showed a moderate correlation with the
eco-acoustic indices. The hourly median time profile of Pitch0 occurrences showed an
increase in counts during the period (6:00 a.m.–4:00 p.m.) for the “Tropical Lagoon” tank,
and during (6:00–10:00) a.m. and (4:00–6:00) p.m. for the “Red Sea” tank. The sound pattern
associated with Pitch0 is compatible with the sound emission of three fish species, i.e., A.
sandaracinos and C. viridis present in the “Tropical Lagoon” tank, and D. aruanus in the
“Red Sea” tanks. The other sound pitches are characterized by a lower variability and
stationarity, typical of mechanically produced sounds.
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PSD revealed the presence of active frequency bands at the 95th and 99th quantiles.
These correspond either to correlated events produced by biophonic activities, or rare recur-
ring events which are generally uncorrelated (e.g., water lapping). Despite the presence of
a high noise-to-signal ratio, the proposed method was able to highlight biophonic activities,
likely due to the two fish species A. sandaracinos and C. viridis, by combining the information
carried by the time series of the computed eco-acoustic indices and the use of spectral
patterns. This procedure, though promising, requires to be tested in wild environments,
where background noise has generally much less impact , in order to properly define the
set of eco-acoustic indices that are significantly correlated with the biophonic activities.
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