Mediterranean Marine Science

Indexed in WoS (Web of Science, ISI Thomson) and SCOPUS
www.hemr.gr

DOI: https://doi.org/10.12681/mms.37065

Research Article

Anthropogenic noise is a dominant component of the shallow-water soundscape
of the eastern Ionian Sea

Vassilis GALANOS!, Alice AFFATATI*?, Anastasios KALIMERIS*, Stelios KATSANEVAKIS',
Angelo CAMERLENGHI?, and Vasilis TRYGONIS!

""University of the Aegean, Department of Marine Sciences, Mytilene, 81100, Greece
2 National Institute of Oceanography and Applied Geophysics, OGS, Geophysics Research Section, 34010 Sgonico, Trieste, Italy
3University of Trieste, Department of Mathematics, Informatics and Geosciences, Trieste, 34128, Ttaly
“Tonian University, Department of Environment, Zakynthos, 29100, Greece
Corresponding author: Vassilis GALANOS; gal.vasileios@gmail.com
Contributing Editor: Stelios SOMARAKIS

Received: 25 February 2024; Accepted: 22 February 2026; Published online: 14 May 2026

Abstract

The eastern Ionian Sea is an important area for marine fauna, but it is also a region of substantial overlap between human ac-
tivities and natural ecosystem components. Using data from a fixed passive acoustic monitoring station deployed over a 7-month
period (July 2022 — January 2023), this study describes the near-shore marine soundscape of northern Kefalonia Island and
documents elevated noise levels associated with coastal and offshore anthropogenic activities. Underwater noise from recrea-
tional speedboats exhibited a prominent diel pattern during the summer months that was absent in winter. In contrast, diffuse
low-frequency noise from offshore shipping traffic was persistent throughout the monitoring period. Additionally, offshore oil and
gas seismic surveys conducted at the end of 2022 had a major acoustic footprint on the coastal soundscape. During the first two
weeks of December 2022, sustained seismic airgun activity resulted in broadband (10-2000 Hz) received sound pressure levels of
114.4 dB re 1 pPa (Root-Mean-Square), with maximum daily zero-peak levels ranging from 140 to 147 dB re 1 pPa. Continuous
soundscape monitoring in these waters is essential for informing underwater noise management and mitigation measures under
the European Union Marine Strategy Framework Directive, particularly in light of ongoing hydrocarbon exploration efforts in
the eastern Ionian Sea and the establishment of the Ionian National Marine Park, which is primarily aimed at the conservation of

marine mammals.
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Mediterranean Sea.

Introduction

The eastern lonian Sea is an important area for Medi-
terranean marine fauna (Frantzis et al., 2003, 2014; Bear-
zi et al., 2005; Coll et al., 2010; Papazekou et al., 2024),
but it is also a region of substantial overlap between hu-
man activities and natural ecosystem components (Bearzi
et al., 2006, 2008; Issaris et al., 2012). This ecoregion
(sensu UNEP-MAP-RAC/SPA, 2010) hosts the National
Marine Park of Zakynthos for the protection of the log-
gerhead sea turtle Caretta caretta (Margaritoulis, 2005),
includes multiple marine sites of the Natura 2000 net-
work, and has been identified as a priority conservation
area for key Mediterranean habitats such as Posidonia
oceanica meadows, coralligenous formations, and ma-
rine caves (Giakoumi et al., 2013). Further highlighting
its prime ecological importance for marine megafauna,
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large sections of the eastern Ionian Sea have been des-
ignated as Important Marine Mammal Areas — IMMAS
(IUCN-MMPATF, 2017a, 2017b) and Areas of Special
Importance for cetaceans in the ACCOBAMS region
(ACCOBAMS, 2010). In 2025, the Ionian National Ma-
rine Park was declared in these waters, covering an area
of about 17000 km?, in line with the “30 by 30” target
(KMGBEF, 2022) of the Kunming-Montreal Global Bio-
diversity Framework.

Central to this ecoregion is Kefalonia, the largest of
the Tonian Islands in western Greece. This island is bor-
dered to the west by the steep depressions of the deep
(>2000 m) Hellenic Trench (Brooks & Ferentinos, 1984)
and to the south by the Zakynthos submarine canyon (Ha-
siotis et al., 2005). To its east, waters of 200 m depth lead
to the semi-enclosed Patraikos Gulf, which is connect-
ed to Korinthiakos Gulf through the narrow Rio-Antirio
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Strait. The coastal waters of Kefalonia host several key
habitat types listed in the EU Habitats Directive 92/43/
EEC, including seagrass beds (Topouzelis et al., 2018),
rocky reefs, sandbanks, and marine caves (Gerovasileiou
& Bianchi, 2021). The island is also important for ceta-
ceans (Bearzi et al., 2005; Frantzis, 2009; Gnone ef al.,
2023), Mediterranean monk seals (Monachus monachus)
(Panou et al., 1993, 2023) and loggerhead turtles (Mar-
garitoulis et al., 2003, Casale et al., 2018), and almost
half its coastline is currently part of the Natura 2000
marine network (site codes: GR2220004, GR2220005,
GR2220007). However, as in most parts of the Inner lo-
nian Archipelago, commercial and recreational activities
in the waters adjacent to Kefalonia exert cumulative pres-
sures on threatened biodiversity, often with detrimental
impacts (Bearzi et al., 2006, 2008; Issaris et al., 2012;
Papazekou et al., 2024).

Most human activities in the marine environment in-
troduce acoustic energy underwater, and anthropogenic
noise (Hildebrand, 2009) is a key pressure pertaining to
this high-use region (Maglio et al., 2016; Fakiris et al.,
2023). Over the last 50 years, underwater noise associ-
ated with shipping (<1 kHz) has been steadily increasing
in the oceans (Ross, 1976; Andrew et al., 2002; Walkin-
shaw, 2005) at an alarming average rate of 3 dB per dec-
ade (Hildebrand, 2009). Maritime traffic and recreational
boats can also increase background noise in coastal set-
tings (Buscaino ef al., 2016; Pine et al., 2016; Heenehan
et al.,2017; Corrias et al., 2023), depending on temporal
patterns of traffic density, proximity to shipping routes,
and acoustic propagation conditions (Dahl et al., 2007).
Due to its geographic position, Kefalonia is exposed to
continuous low-frequency noise from cargo shipping
lanes that densely run along the Hellenic Trench (Frant-
zis et al., 2019) and across Korinthiakos Gulf, as well
as from passenger ferry routes that regularly connect the
island to mainland Greece. Coastal, leisure marine traffic
is also heavy during the summer season, and includes a
variety of speedboats, jet-skis and daily excursion boats
that mostly launch from tourism hotspot ports like Fisk-
ardo and Agia Efimia.

The area is also exposed to impulsive noise, i.e.,
high-energy, short-duration broadband sounds with a rap-
id onset, such as those produced by explosions, sonars,
and seismic surveys. Maglio et al. (2016) compiled all
available information on impulsive noise sources in the
ACCOBAMS area and identified the eastern Ionian Sea,
and Kefalonia specifically, as a primary noise-cetacean
interaction hotspot in the eastern Mediterranean. This is-
sue has further been highlighted by several atypical mass
stranding events of Cuvier’s beaked whales (Ziphius ca-
virostris) linked to the use of naval active sonar (Frant-
zis, 1998, 2004; Podesta et al., 2016). The eastern lonian
Sea also hosts offshore oil and gas reservoirs, as indicat-
ed by well-documented oil seeps and surface oil shows
that have historically occurred in the region (Rigakis et
al., 2007, Karakitsios, 2013). While few and isolated ex-
ploitation efforts have been attempted since 1995, recent
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years have seen a rapid growth in interest for detailed
mapping (through geophysical seismic surveys) and in-
dustry-scale exploitation of the Ionian hydrocarbon res-
ervoirs. Currently, many deep-sea regions of the eastern
Ionian Sea (and southwest of Crete Island) are delineat-
ed as areas (“blocks”) available for licensing to explore
and extract offshore hydrocarbons (see Anastasopoulou
et al., 2022 for a review). The introduction of more im-
pulsive noise in the marine environment (through pile
driving) is also expected to increase in the foreseeable
future, given that the National Energy and Climate Plan
of Greece involves a surge in offshore wind farm devel-
opment in the lonian and Aegean Seas (Law 4964/2022,
GGI A’ 150/30.07.2022 of the Hellenic Parliament).

The adverse effects of anthropogenic noise on marine
biota (Richardson et al., 1995; Nowacek et al., 2007,
Clark et al., 2009; Slabbekoorn et al., 2010; Celi et al.,
2015) highlight the global need for noise monitoring and
mitigation (Chou et al., 2021). In the European Union
(EU), the Marine Strategy Framework Directive — MSFD
(EU, 2008) explicitly addresses underwater noise pollu-
tion (Descriptor 11: Energy, including underwater noise),
promoting low noise levels as a criterion for Good En-
vironmental Status (GES). The MSFD requires Mem-
ber States to monitor and report on the spatial distribu-
tion, temporal extent, and levels of impulsive (Criterion
D11.1) and continuous low-frequency underwater noise
(D11.2, in the 1/3-octave frequency bands centred at 63
and 125 Hz). Contrary to other European regions howev-
er (e.g., Picciulin et al., 2023; Basan et al., 2024), under-
water noise monitoring in Greek waters is scarce (Nyst-
uen et al., 2015; Prospathopoulos et al., 2017; Diogou et
al., 2019; Fakiris et al., 2023; Fuentes Rivera Escalante
et al., 2025), while descriptions of near-shore underwater
soundscapes (e.g., Buscaino et al., 2016; Corrias et al.,
2023) are lacking.

In an effort to characterise the soundscape of a high-
use area in the eastern Ionian Sea, we installed a sea-
floor-mounted passive acoustic monitoring (PAM) station
off northern Kefalonia Island for a 7-month period (July
2022 — January 2023). This deployment captured tempo-
ral variability in multiple anthropogenic noise sources, in-
cluding coastal recreational vessel traffic during summer
and offshore seismic surveys during winter. These seis-
mic surveys, associated with hydrocarbon exploration,
were conducted in the final months of 2022 across the
offshore areas known as “Block 2” and “lonian Block”.
Combined, these offshore blocks extend from north-west-
ern Corfu Island to southern Lefkada Island, i.e. about
15 km north of our acoustic station. Here, we describe
the principal acoustic sources and their frequency of oc-
currence, report on long-term underwater noise measure-
ments using 1/3-octave band sound levels (TOLs, dB re
1 pPa), and identify the dominant contributors to the un-
derwater soundscape. The observed elevated noise levels
are discussed in the context of the ecological importance
of this area and the anticipated expansion of industrial
marine activities in the eastern Ionian Sea.
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Materials and Methods
Passive acoustic monitoring station

An autonomous fixed acoustic recorder was installed in
the Fiskardo area, North Kefalonia (Fig. 1A). This location
is a popular tourist destination, hosting extensive recrea-
tional marine activities during the summer months (June—
September) and heavy offshore shipping traffic throughout
the year, mainly associated with a shipping lane located
approximately 4 km to the north (Fig. 1B). The fixed PAM
station utilized an LS1 underwater acoustic recorder from
Loggerhead Instruments. This device was equipped with
an HTI-96-min hydrophone sensor (sensitivity -170 dB
re 1V/uPa), and it stored acoustic data in 16-bit uncom-
pressed audio (WAV) format. The acoustic recorder was
moored using a custom-built concrete base, weighing ap-
proximately 30 kg in air, thereby ensuring stability on the
seafloor. An INOX rod was fixed into the concrete base for
mounting the PVC housing in an upright position, using

heavy-duty plastic cable ties (Fig. 1C).

The acoustic recorder was deployed at 20 m depth on
July 1%, 2022, inside the Natura 2000 site GR2220005.
The seafloor surrounding the recorder’s location (38.476°
N, 20.564° E) was covered by Posidonia oceanica mead-
ows and patchily distributed rocky reefs.

Acoustic data collection

Throughout this study, the PAM station was con-
figured to record at a 48 kHz sampling rate with 2 dB
gain. Its operational protocol (Table 1) was initially set to
continuous recording from the moment of initial deploy-
ment until 06-10-2022. Subsequently, considering the an-
ticipated lack of station maintenance during the winter
months, its schedule was modified to a duty cycle of 10
minutes recording followed by 10 minutes of sleep mode.
A gap in the acoustic data collection occurred from 25-
08-2022 to 11-09-2022 due to battery malfunction.
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Fig. 1: A) Map of the study area (Kefalonia Island, eastern Ionian Sea), illustrating the fixed acoustic station, the Natura 2000
marine sites, and part of the “lonian Block” designated for oil and gas exploration. B) Density of marine traffic in the vicinity

of Kefalonia Island (all vessel types) for the year 2022 (source:

EMODnet, https://emodnet.ec.europa.eu, accessed 12 February

2024). C) Underwater photograph of the LS1 autonomous acoustic recorder used in this study.

Table 1. Summary of passive acoustic data collected in this study; only dates with usable data are listed, excluding station main-
tenance and downtime periods. Non-continuous duty cycle (10/10) denotes minutes recording / minutes sleep. Recorder gain was
2 dB for all data sets, clip level (peak-to-peak): 1.58 V, hydrophone sensitivity: -170 dB re 1V/pPa.

Acoustic recorder Recording dates Duty cycle Sampling rate (kHz) File format
LS1 01-Jul-2022 to 21-Aug-2022 Continuous 48 WAV, 16-bit
11-Sep-2022 to 06-Oct-2022 Continuous 48 WAV, 16-bit

06-Oct-2022 to 15-Jan-2023 10/10 48 WAV, 16-bit
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Acoustic data analysis

The acoustic station produced a dataset comprising
18294 WAV files (978 GB) during its recording period.
As a first processing step, raw acoustic waveforms were
run through a discrete Fast Fourier Transform (FFT) al-
gorithm using Raven Pro software v1.6 (K. Lisa Yang
Center for Conservation Bioacoustics, 2023), and spec-
trograms were produced with a N = 1024-sample Ham-
ming window and 50% overlap. These spectrograms and
corresponding waveforms were manually inspected in
Raven Pro with a time window of 30 to 60 s. This initial
inspection provided an understanding of the dataset con-
tents and helped to identify temporal patterns in recurring
acoustic events, e.g., fish choruses during night, speed-
boat noise from leisure activities in summer, and pulse
trains from seismic surveys in winter. Data clean-up was
also conducted during this phase to exclude artifacts such
as SCUBA noise during station maintenance or wave-
form spikes resulting from direct animal contact with the
hydrophone’s sensor. Notes of cetacean detections (for
presence/absence information) were also logged during
the manual scan. Specifically, for each dolphin (Delphini-
dae spp.) whistle identified in the spectrogram, its funda-
mental (1¥) harmonic was manually marked in Raven Pro
by drawing an annotation box that tightly encompassed
the sound of interest. Delphinid clicks or buzzes were not
marked individually, but grouped into a single annotation
box if their inter-call interval was less than 5 s.

Having an informed qualitative description of the
soundscape, the second step in our analysis was to ex-
amine the two large temporal blocks emerging from the
dataset. These were the summer months (July to Sep-
tember) characterised by intense recreational speedboat
traffic, and the winter recordings (October to January)
where noise from offshore seismic surveys dominated
the soundscape. To reduce computational needs and pro-
vide a synoptic view of the acoustic attributes of each
period, July and December were selected as represent-
ative months of summer and winter, respectively. July
was chosen because it falls within the peak tourist season
and was the only summer month that lacked recording
downtime. December was also recorded without down-
time and featured elevated impulsive noise during its first
two weeks; the stop of airgun pulses during its second
half offered additional ground for visualising the acoustic
footprint of seismic surveys.

Next, we used the MATLAB version of the open
source PAMGuide software (Merchant et al., 2015) to
produce calibrated spectrograms (dB re 1 pPa) of select-
ed characteristic soundscape components such as fish
choruses, speedboat instances or airgun pulses. We cre-
ated Long-Term Spectral Average (LTSA) plots with 60 s
averaging window for the months of July and December,
in order to assess important contributors to the sound-
scape over such broad temporal scales. For the period of
non-continuous recording duty cycle (10/10 minutes on/
off during winter), the “off” intervals were omitted from
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plotting. Furthermore, to obtain insight into the power
spectral density of speedboats specifically, a 7-day peri-
od was selected (13-19 August 2022) which was typical
of the increased anthropogenic leisure activities in the
summer months. Notwithstanding some overlapping oc-
currences, all unique speedboat instances identified in the
spectrograms were manually marked in Raven Pro and
exported as separate WAVs. The PAMGuide software
was then used to compute the Power Spectral Density
(PSD) of these samples.

Subsequently, noise level metrics were computed for
the full seven-month period of our PAM installation in
1/3-octave frequency bands. Subsampling was conducted
to reduce the computational needs of this task. Specifi-
cally, the first minute of each hour of the day was auto-
matically isolated and saved as a separate WAV file with
an appropriate timestamp; no modification was done in
the waveform. Each of these 1-min WAVs was consid-
ered representative of the originating hour of the day,
and Root-Mean-Square (RMS), Sound Exposure Level
(SEL), and zero-peak noise measurements at 1/3-octave
bands were performed on these subsamples. The noise
metrics for these subsamples were calculated using
PAMGuard (Gillespie et al., 2009), applying a Butter-
worth filter to isolate each TOL, centred at their nominal
base-10 frequency (e.g., 50, 63, 79, 100, 125 Hz). Sound
Exposure Levels (dB re 1 uPa%s) were computed with 60
s measurement interval and 120 s integration time.

Finally, the July and December 1-min subsamples
were visually re-examined as spectrograms in Raven Pro.
The prominent acoustic presence of vessels (irrespective
of their type and number and disregarding instances of
other anthropogenic sounds such as sonars and airgun
pulses) was empirically logged on a binary scale (1: pres-
ent, 0: absent). Despite the absence of a consistent sig-
nal-to-noise threshold, this was a practical way to empir-
ically parse the convoluted character of the acoustic data,
which simultaneously contained diffuse shipping noise,
overlapping speedboat passages and bottom trawlers in
winter, and continuous choruses of biological origin.

Weather data

To investigate weather conditions versus ambient
noise, weather data for Fiskardo were acquired from the
Ionian Network of Meteorological Stations (Kalimeris
et al., 2015), specifically from station KEF-1 “Antipata”
(38.455° N, 20.552° E). The parameters considered were
hourly rainfall, wind speed, wind gusts, and mean wind
direction, measured at 10 m above ground level, cov-
ering the entire study period from July 2022 to January
2023. Custom MATLAB scripts were used to tabulate the
weather information across the respective acoustic de-
scriptors. Overall, station downtime was minimal, with
only 6.1% meteorological data gaps over our study pe-
riod.
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Results
Soundscape overview

The underwater coastal soundscape of northern Ke-
falonia displayed temporal patterns during this 7-month
study, shaped by diurnal cycles and seasonal changes
linked to biological sounds and anthropogenic noise.
Both of these soundscape components resulted in a dis-
tinct alternation between day and night during the sum-
mer months (July to September 2022), as illustrated for
July in the long-term averaged spectrograms of Figure
2A, B. Although intermittent to the shallow-water sys-
tem studied here, offshore oil and gas seismic surveys in
the eastern Ionian played a major role on the Fiskardo
soundscape during winter, as illustrated for December in
Figure 2C, D.

Specifically, biological activity was the main compo-

nent of the summer soundscape at night. Fish sounds oc-
curred either sporadically or as continuous choruses (Fig.
3A) and were prominent in the 0.5-1.5 kHz frequency
band from dusk to dawn (Fig. 3B), especially if con-
founding noise from speedboats was absent. Snapping
sounds from crustaceans were constantly present on a 24-
hour basis at frequencies of 2-24 kHz (i.e., the upper fre-
quency limit of the LSI recorder), although their sound
production was more intense during the night. Regarding
cetaceans, their acoustic presence during our study peri-
od was rather rare, and delphinid sounds (Fig. S1) were
predominantly observed in December (Table 2). Our re-
cords also include several unidentified vocalisations (Fig.
S2) that could be attributed to the Mediterranean monk
seal (M. monachus), which inhabits these coastal waters.
While similar to those reported recently by Charrier et
al. (2023), the source of these biological sounds remains
inconclusive and under investigation.
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Fig. 2: Long-Term Spectral Average plots (LTSA, 60 s averaging window) for two selected months. A) LTSA for the entire du-
ration of July 2022. B) Zoomed-in LTSA of four successive July days, annotated with the main contributors to the underwater
soundscape. C) LTSA for the entire duration of December 2022. D) Zoomed-in LTSA of four successive December days, illustrat-
ing the contribution of airgun pulses from seismic surveys conducted offshore. Time is labelled as day/month hour:minute. The red
transparent rectangles in panels A and C (log-scale frequency axis) mark the days shown in B and D, respectively.
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Geophony (i.e., sounds from geophysical and atmos-
pheric processes) was less pronounced in the soundscape.
The meteorological data showed that heavy rain events
(=5 mm/h) occurred mostly during the winter months,
while the summer months experienced approximately a
quarter of these rainfall events. The maximum rain inten-
sity catalogued was 28.1 mm/h, with rain measurements
of > 0.1 mm/h comprising about 3.8% of the total record-
ing period. Throughout our study, sustained rainfall and
instances of abrupt rain showers resulted in elevated dif-
fuse noise, especially at the mid- to high-frequency range
of the spectrum (Fig. S3). Overall, hourly wind speed and
precipitation intensity showed weak or no correlations
with the respective 1/3-octave RMS underwater noise

levels (Fig. 4). Specifically, rainfall had weak positive
correlation (0.22-0.24) with noise level at frequencies
above 2.5 kHz. At lower frequency bands (0.5, 1, 2 kHz),
RMS noise was associated with average wind speed (Fig.
4B).

Anthropogenic noise

While diffuse low-frequency noise from distant
shipping was constantly present in the background (es-
pecially during the winter period), the summer daytime
soundscape was dominated by local marine traffic from
recreational speedboats, jet-skis, and various inboard
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Table 2. Summary of delphinid presence per month, expressed as the number of delphinid sounds manually marked on the spec-
trograms. Whistles were marked individually, while successive click trains and buzzes were pooled into a single selection.
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Fig. 4: Scatter plots of hourly 1/3-octave levels (RMS) vs. A) rainfall and B) wind speed at Fiskardo station (all data pooled), for
4 centre frequencies. Statistically significant (p < 0.05) rank correlations are marked in bold.
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vessels (Fig. 5). These noise-producing leisure activities
were not uniformly distributed across summer days, but
followed the recreational and tourism marine activities
in the region. They systematically occurred from early
morning to afternoon, peaking at noon, and often per-
sisting through to late evening hours (Fig. 6A). When
compared with sound samples with no prominent vessel
presence, speedboat traffic resulted in a temporary 10 dB
increase of noise levels (RMS) for all 1/3-octave bands
below 1 kHz (Fig. 6C). Inboard fishing vessels were also
undoubtedly part of this anthropogenic component (late
evening through night included), with sounds originating
from small-scale coastal fishery boats and purse seiners;
bottom trawlers cease operations in Greek territorial wa-
ters from June to September.

In contrast, anthropogenic noise was markedly differ-
ent during winter, both in terms of temporal pattern (Fig.
6B) and received levels (Fig. 6C, D). Commercial ship-
ping was operating as normal, speedboat instances were
fewer and more sporadic than summer, and bottom trawl
fisheries were active between North Kefalonia and South
Lefkada. Moreover, airgun pulses (Fig. 7) dominated
with impulsive noise the low-frequency bands (<1 kHz)
from the 1% of November to the 13" of December (Fig.
8F), alongside low-frequency diffuse noise from vessels
conducting the hydrocarbon surveys. Therefore, the very
high zero-peak noise levels at 500 and 1000 Hz (the up-
per 50% of measurements were between 110 and 147 dB,
Fig. 6D) cannot be attributed solely to marine traffic that
is usual to this region. Similarly, the seismic survey ves-
sels also contribute to the December counts of Figure 6B.

The prominent footprint of seismic surveys on the
coastal soundscape of North Kefalonia is also highlighted
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low- and mid-frequency 1/3-octave bands over the entire
study period (Fig. 8). The variability of underwater noise
levels at Fiskardo at the frequency bands centred at 63,
125, 630 and 1000 Hz is shown in Figure 9, tabulated by
calendar week. Additionally, four summary noise metrics
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Discussion

Anthropogenic underwater noise is of global concern
for biodiversity conservation (Chou et al., 2021; Duarte
et al., 2021), and is generated by a broad range of ac-
tivities, including commercial shipping, seismic surveys,
pile driving, active sonars, offshore installations, fish-
eries, and recreational boat traffic (Hildebrand, 2005,
2009). Given this variety of sound sources, monitoring
underwater noise requires deployment periods that span
across many years (Merchant et al., 2015) and ultimate-
ly involves noise mapping, i.e., a combination of sound
propagation modelling with in sifu validation measure-
ments (Putland et al., 2022), ship traffic density analysis
(Frassa et al., 2023) and source level assessments (Basan
et al., 2024). International cooperation is essential to this
end (Lewandowski & Staaterman, 2020; IMO, 2023), as
shipping and other important noise contributors are often
cross-boundary in nature. In light of the MSFD, several
joint programs have recently focused on monitoring and
assessing impulsive noise in the Mediterranean (see pro-
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Fig. 5: Spectral characteristics of recreational speedboat traffic in the vicinity of the fixed acoustic recorder. A) One hour-long
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window, 50% overlap, log-scale frequency axis). B) Instance of a single speedboat (N
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quency axis). C) Spectral probability density plot (broadband) and corresponding RMS level of the PSD for all speedboat occur-
rences manually marked on the spectrograms (13 to 19" of August 2022).
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FFT

ject list in Merchant ef al., 2022), and our findings from
Kefalonia substantiate that the near-shore waters of the
eastern lonian Sea are not immune to this pressure.

Most of the energy produced by airguns is generally

below 200 Hz (Kyhn et al., 2019); however, in agree-
ment with other studies (Hermannsen et al., 2015), our
findings and Fig. 7D show that there is also substantial
energy at higher frequencies that can reach a shallow-wa-
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Table 3. Noise level metrics at five 1/3-octave frequency bands, tabulated by month. The RMS and SEL means were calculated at
the linear domain and then converted back to dB (log, -transformed). SEL units are dB re 1 uPa?s; all other sound pressure level

metrics are in units of dB re 1 pPa.

1/3 octave band Month Mean SEL Mean RMS Median (0-peak) Percentile 90% (0-peak)

63 Hz 07/2022 102.7 84.9 98.6 100.7
08/2022 110.6 92.8 98.6 101.0

09/2022 111.8 94.0 97.2 106.0

10/2022 109.9 92.1 96.2 106.8

11/2022 109.9 92.2 103.8 111.0

12/2022 111.5 93.8 99.1 112.8

01/2023 108.6 90.8 97.4 106.4

125 Hz 07/2022 106.5 88.7 98.7 103.3
08/2022 1153 97.6 98.8 105.8

09/2022 108.4 90.6 97.6 106.5

10/2022 109.2 91.5 95.8 107.7

11/2022 107.5 89.7 98.2 108.5

12/2022 108.0 90.2 98.9 111.7

01/2023 105.7 87.9 96.5 106.6

630 Hz 07/2022 107.2 89.4 103.4 112.3
08/2022 112.0 94.2 103.9 114.4

09/2022 107.8 90.0 105.4 115.6

10/2022 105.2 87.4 104.0 114.1

11/2022 105.9 88.2 105.1 114.3

12/2022 110.3 92.5 105.4 125.0

01/2023 107.7 90.0 103.7 116.5

1000 Hz 07/2022 107.7 89.9 108.9 119.2
08/2022 113.1 95.3 109.9 118.4

09/2022 107.5 89.7 110.6 120.2

10/2022 106.7 88.9 109.5 119.5

11/2022 109.7 91.9 110.9 119.7

12/2022 114.4 96.6 111.5 129.5

01/2023 110.5 92.8 110.4 121.2

1995 Hz 07/2022 112.0 94.2 116.4 127.2
08/2022 116.1 98.3 116.4 128.2

09/2022 106.1 88.3 118.3 126.8

10/2022 105.2 87.4 117.9 126.9

11/2022 107.0 89.2 117.8 127.4

12/2022 108.8 91.1 116.4 126.2

01/2023 106.4 88.6 116.1 125.1

ter receiver. Sounds produced by seismic surveys can
propagate to long distances (Nieukirk et al., 2012) and, in
the Ionian Sea, Affatati et al. (2025) recorded airgun-ar-
ray pulses produced during the Upper LIthosphere Ship
Subduction Exploration (ULYSSE) research survey 650
km away from the source. In our data, when compared
to the 90™ percentile of sound pressure levels during July
and August at 63 Hz (100.7 and 101.0 dB, Table 3), the
corresponding monthly metrics during survey opera-
tions in November and December were 10-12 dB higher
(111.0 and 112.8 dB, respectively). Similar monthly dif-
ferences were noted at other 1/3-octave frequency bands,
especially those centred at 630 and 1000 Hz. If meas-
ured at a weekly temporal scale, zero-peak noise levels

296

at 630-1000 Hz increased by 25 dB during the seismic
surveys (Fig. 9). Notably, during the first two weeks of
December 2022, received sound pressure levels at the
630 and 1000 Hz 1/3-octave bands exceeded 140 dB re
1 pPa (zero-peak). High SEL values were also computed
during the months of seismic survey activity; mean SEL
for November was 109.7 dB re 1 pPa?/s at 1000 Hz, while
mean SEL for December was 114.4 and 110.3 dB re 1
uPa%s at 1000 Hz and 630 Hz, respectively (Table 3). In
December (at 1000 Hz), 30% of the month was exposed
to SEL >110 dB re 1 yPa?*s and 10% to SEL >117.6 dB
re 1 uPa%s.

The high noise levels reported herein for North Kefa-
lonia are in notable agreement with the only noise moni-
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toring study previously available for this region (Fakiris
et al., 2023). Specifically, Fakiris ef al. (2023) conducted
13 spot measurements (3 to 6 hours each) at coastal sta-
tions of the eastern Ionian Sea, as part of marine seismic
surveys conducted between 2016 and 2023. They report-
ed that the highest noise levels were measured in the Inner
Ionian, with a mean SPL (zero-peak) of 129.2 dB re 1 pPa
and a maximum of 150 dB. Our mean SPL (zero-peak)
metrics for December 2022 were 123.8, 129.4, and 129.7
dB re 1 pPa at 630, 794, and 1000 Hz, respectively, while
our maximum corresponding measurements were 142.8,
146.3, and 147.0 dB.

These results show that offshore seismic surveys in
the deep waters of the eastern Ionian Sea can dominate
the soundscape of near-shore marine habitats at low and
mid frequencies. The potential impacts of these increased
noise levels are yet to be assessed, as our 7-month passive
acoustic dataset was rather limited in temporal scope.
Nonetheless, all findings suggest that it is crucial to fur-
ther assess airgun sound propagation in different marine
environments (e.g., deep- vs. shallow-water), even at
long distances from the source.

Instead of seismic surveys during winter, the presence
of recreational speedboats in North Kefalonia emerged
as a persistent daytime anthropogenic noise source dur-
ing summer. At short temporal scales, the high-ampli-
tude speedboat signals temporarily increased all noise
metrics (especially RMS values due to their sensitivity
to outliers, Fig. 6C). This is also apparent at the 1995 Hz
1/3-octave band (Table 3), where the RMS noise during
July and August 2022 was markedly elevated compared
to all other months. In general, the near-shore summer
soundscape of North Kefalonia was similar to that of oth-
er coastal Mediterranean localities (e.g., La Manna et al.,
2016, 2021; Corrias et al., 2023). Recreational boat noise
was more pronounced during summer and mirrored the
daily leisure activities in the area, while fish choruses,
the ‘kwa’ fish vocalization (Bolgan et al., 2019) and vari-
ous pulsed fish sounds (Desidera et al., 2019) constituted
the main biological components of the low- to mid-fre-
quency spectrum of the nightly soundscape. At higher
frequencies (>2.5 kHz), biophony from invertebrates was
more prominent during summer, decreasing in contribu-
tion towards winter (Fig. 8F). Regarding geophony, wind
and rainfall events were not significant during our study
period and their expected positive correlations with mid-
to high-frequency TOLs (Knudsen et al., 1948; Ma et al.,
2005) were weak or not statistically significant.

Overall, this 7-month passive acoustic study docu-
mented that a rich in biodiversity, but high-use near-shore
area in the eastern lonian Sea is subjected to high levels
of anthropogenic noise, originating both from offshore
and coastal activities. Underwater noise has been linked
to numerous adverse effects on marine biota and more so
on marine mammals, including stress, behavioural state
changes, disorientation, masking of sounds, hearing loss
or, in extreme cases, physical injury that leads to death
(Hildebrand, 2005; Richardson et al., 1995; Southall et
al., 2007; 2021; Harris et al., 2015; Duarte et al., 2021).
Seismic surveys in particular have documented negative
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impacts on a variety of species, including zooplankton,
invertebrates, fish, and reptiles (de Soto et al., 2013; Car-
roll et al., 2016; Nelms et al., 2016; McCauley et al.,
2017; Paxton et al., 2017). High-amplitude impulsive
noise sources are particularly detrimental to cetaceans
(Gordon et al., 2004; Harris et al., 2015; Nowacek et al.,
2015; Kavanagh et al., 2019; Southall et al., 2021), with
some families (e.g., Ziphiidae) being apparently more
susceptible than others (Ketten, 2014). While loud and/or
persistent underwater noise can cause harm, defining un-
ambiguous exposure threshold values above which ma-
rine animal populations are adversely affected has been,
and still is, challenging (Merchant et al., 2022). Clear-
ly, our study design and findings alone cannot identify
Levels of Onset of adverse Biological Effects (LOBE),
as described in MSFD guidelines (Borsani et al., 2023;
Sigray et al., 2023). Nonetheless, if the alarming noise
levels measured during the winter of 2022-2023 in North
Kefalonia are indicative of neighbouring coastal regions,
there is little confidence that Good Environmental Status
is achieved in large parts of the eastern lonian Sea.

Forecasts for moving forward with a ‘business as usu-
al’ scenario suggest that sound energy introduced in the
Mediterranean Sea by maritime shipping will continue
to increase for the foreseeable decades (EMSA, 2024).
Other industrial activities related to deep-sea hydrocar-
bon deposits and offshore renewable energy installations
are also expected to increase in the eastern Ionian Sea,
notwithstanding fishing, aquaculture and leisure ma-
rine activities that are historically active in these waters.
Well-substantiated calls for national and international
underwater noise monitoring, mitigation, and policy ac-
tion have been advanced in recent years (e.g., Chou et
al.,2021; Duarte et al., 2021), many of which are already
supported by the EU. Particularly pertinent to this re-
gion are the establishment of long-term noise monitor-
ing plans, the development of habitat and noise models
to support environmental status assessments where un-
derwater noise is the primary stressor, and the regulation
of shipping routes and vessel speed measures that can
also reduce collision risk with cetaceans (Frantzis et al.,
2019). In addition, growing attention is being directed to-
ward the cumulative impacts of industrial offshore activi-
ties, highlighting the need for precautionary management
and robust environmental assessment in ecologically im-
portant marine regions.

A further implication of our findings concerns Marine
Spatial Planning (MSP) and the operationalisation of con-
servation objectives in the eastern Ionian Sea. In Greece,
the recently declared Ionian National Marine Park pro-
vides an immediate governance vehicle for translating
ecological evidence into spatially explicit management
measures (e.g., zoning, conditions of use, and monitor-
ing priorities). In the Park’s Special Environmental Study
(Katsanevakis et al., 2025), underwater noise is recog-
nised as a key pressure exerted on cetaceans in particu-
lar, and a dedicated management measure is proposed for
long-term monitoring of underwater noise through the in-
stallation of permanent fixed PAM stations, with the same
recordings also supporting assessment of cetacean acous-
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tic presence. In this context, the current study contributes
an empirical baseline for a high-use coastal sector and
identifies the dominant noise contributors (seasonal rec-
reational traffic and episodic, high-intensity seismic air-
gun activity), which are directly actionable within MSP.
Specifically, these results can support (i) the delineation
of priority “quiet” or reduced-noise areas (or seasons) for
marine mammals, (ii) targeted vessel speed and routing
measures in near-shore corridors during peak recreation-
al periods, and (iii) stricter spatiotemporal controls (and
cumulative-impact screening) for impulsive industrial ac-
tivities in and adjacent to sensitive habitats, in line with
the monitoring and adaptive-management logic articulat-
ed for the Park and required under MSFD Descriptor 11.

Acknowledgements

The authors thank the Aenos National Park Manage-
ment Body for supplying the acoustic recorder and local
administrative support for this study. Thanks also to Myr-
to Tourgeli Provata for field work assistance and Kostas
Kyriakou for advice on the PAMGuard software. We are
grateful to Toulio Kokkolis (Fiskardo Divers), Tilema-
chos Beriatos and Makis Beriatos (Blue Manta Diving
Club) who contributed SCUBA diving expertise and boat
assets that made possible the installation and maintenance
of the PAM station. Sincere thanks to the non-profit NGO

References

ACCOBAMS, 2010. Resolution 4.15: Marine Protected Ar-
eas of Importance for Cetaceans Conservation. ACCO-
BAMS-MOP4/2010/Res.4.15, 5 pp.

Affatati, A., Pace, F., Wood, M., Viola, S., Galante, B.M.P. et
al., 2025. Long-range propagation of airgun-array signals:
Comparing numerical simulations and acoustic recordings
in the lonian sea. The Journal of the Acoustical Society of
America, 157 (4), 2857-2867.

Anastasopoulou, A., Rousakis, G., Otero, M., Mytilineou,
Ch., Kamidis, N. et al., 2022. Anthropogenic impacts. p.
303-344. In: Deep-Sea Atlas of the Eastern Mediterranean
Sea. Otero, M., Mytilineou, C. (Eds). [UCN-HCMR Dee-
pEastMed Project, IUCN Gland, Malaga.

Andrew, RK., Howe, B.M., Mercer, J.A., Dzieciuch, M.A.,
2002. Ocean ambient sound: comparing the 1960s with the
1990s for a receiver off the California coast. Acoustics Re-
search Letters Online, 3, 65-70.

Basan, F., Fischer, J.-G., Putland, R., Brinkkemper, J., de
Jonget, C.A.F. et al., 2024. The underwater soundscape of
the North Sea. Marine Pollution Bulletin, 198, 115891.

Bearzi, G., Politi, E., Agazzi, S., Bruno, S., Costa, M. et al.,
2005. Occurrence and present status of coastal dolphins
(Delphinus delphis and Tursiops truncatus) in the eastern
Ionian Sea. Aquatic Conservation: Marine and Freshwater
Ecosystems, 15, 243-257.

Bearzi, G., Politi, E., Agazzi, S., Azzelinno, A., 2006. Prey
depletion caused by overfishing and the decline of marine

298

“Archipelagos — environment and development” for shar-
ing local ecological knowledge about Kefalonia Island,
and Aliki Panou in particular for her tireless support and
problem-solving skills throughout this study. AA’s PhD
is funded by the National Institute of Oceanography and
Applied Geophysics - OGS (within the activities of pro-
jects funded by the Italian Ministry of University and
Research (MUR): BlueSkills: Blue Jobs and Responsi-
ble Growth in the Mediterranean, labelled by the UfM),
the University of Trieste, and JASCO Applied Sciences.
AA and AC’s contribution is in the framework of PNRR
Project iNEST and “BluEcho — From science to poli-
cy: assessing impacts and developing solutions for ship
traffic and offshore wind farms through detailed sound
maps” (Sustainable BIuE Economy Partnership Call).
This research was conducted under contract number
20SYMV009692104 between the Special Account for
Research Funding of the University of the Aegean and the
Greek Natural Environment and Climate Change Agency
(NECCA), and was co-funded by the European Cohesion
Fund and national resources. Additional support was pro-
vided by the European Union’s LIFE Programme under
Grant Agreement No. LIFE22-NAT-EL-LIFE MareNat-
ura/101113792 (https://www.lifemarenatura.eu/en/); the
contents of this publication are the sole responsibility of
the authors and do not necessarily reflect the opinion of
the European Union.

megafauna in eastern Ionian Sea coastal waters (central
Mediterranean). Biological Conservation, 127, 373-382.

Bearzi, G., Agazzi, S., Gonzalvo, J., Costa, M., Bonizzoni, S.
et al., 2008. Overfishing and the disappearance of short-
beaked common dolphins from western Greece. Endan-
gered Species Research, 5, 1-12.

Bolgan, M., Soularde, J., Dilorio, L., Gervaise, C., Lejeune, P.
et al., 2019. Sea chordophones make the mysterious/Kwa/
sound: identification of the emitter of the dominant fish
sound in Mediterranean seagrass meadows. Journal of Ex-
perimental Biology, 222 (11), jeb196931.

Borsani, J.F., Andersson, M., André, M., Azzellino, A., Bou,
M. et al., 2023. Setting EU threshold values for continuous
underwater sound. Technical Group on Underwater Noise
(TG Noise), MSFD Common Implementation Strategy,
Publications Office of the European Union, 62 pp.

Brooks, M., Ferentinos, G., 1984. Tectonics and sedimentation
in the Gulf of Corinth and Kephalonia—Zante Straits, lonian
Sea, Greece. Tectonophysics, 101, 25-54.

Buscaino, G., Ceraulo, M., Pieretti, N., Corrias, V., Farina, A.
et al., 2016. Temporal patterns in the soundscape of the
shallow waters of a Mediterranean marine protected area.
Scientific Reports, 6, 34230.

Carroll, A., Przeslawski, R., Duncan, A., Gunning, M., Bruce,
B., 2016. A critical review of the potential impacts of ma-
rine seismic surveys on fish & invertebrates. Marine Pollu-
tion Bulletin, 114, 9-24.

Casale, P., Broderick, A.C., Camifas, J.A., Cardona, L., Car-
reras, C. et al., 2018. Mediterranean sea turtles: current

Mediterr. Mar. Sci., 27/2, 2026, 287-301



knowledge and priorities for conservation and research. En-
dangered Species Research, 36, 229-267.

Celi, M., Filiciotto, F., Vazzana, M., Arizza, V., Maccarone, V.
et al., 2015. Shipping noise affecting immune responses
of European spiny lobster (Palinurus elephas). Canadian
Journal of Zoology, 93, 113-121.

Charrier, 1., Huetz, C., Prevost, L., Dendrinos, P., Karamanlidis,
A.A.,2023. First description of the underwater sounds in the
Mediterranean monk seal Monachus monachus in Greece:
Towards establishing a vocal repertoire. Animals, 13, 1048.

Chou, E., Southall, B.L., Robards, M., Rosenbaum, H.C., 2021.
International policy, recommendations, actions and mitiga-
tion efforts of anthropogenic underwater noise. Ocean &
Coastal Management, 202, 105427.

Clark, C.W., Ellison, W.T., Southall, B.L., Hatch, L., Van Parijs,
S.M. et al., 2009. Acoustic masking in marine ecosystems:
intuitions, analysis, and implication. Marine Ecology Pro-
gress Series, 395, 201-222.

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Ben Rais
Lasram, F. et al, 2010. The biodiversity of the Mediter-
ranean Sea: Estimates, patterns, and threats. PLoS ONE, 5
(8), el1842.

Corrias, V., De Lucia, G.A., Filiciotto, F., 2023. Marine sound-
scape and its temporal acoustic characterisation in the Gulf
of Oristano, Sardinia (Western Mediterranean Sea). Medi-
terranean Marine Science, 24, 526-538.

Dahl, P.H., Miller, J.H., Cato, D.H., Andrew, R.K., 2007. Un-
derwater ambient noise. Acoustics Today, 3, 23-33.

de Soto, N.A., Delorme, N., Atkins, J., Howard, S., Williams,
J. et al., 2013. Anthropogenic noise causes body malforma-
tions and delays development in marine larvae. Scientific
Reports, 3, 2831.

Desidera, E., Guidetti, P., Panzalis, P., Navone, A., Valenti-
ni-Poirrier, C.-A. et al., 2019. Acoustic fish communities:
sound diversity of rocky habitats reflects fish species diver-
sity. Marine Ecology Progress Series, 608, 183-197.

Diogou, N., Klinck, H., Frantzis, A., Nystuen, J.A., Papa-
thanassiou, E. et al., 2019. Year-round acoustic presence of
sperm whales (Physeter macrocephalus) and baseline am-
bient ocean sound levels in the Greek Seas. Mediterranean
Marine Science, 20, 208-221.

Duarte, C.M., Chapuis, L., Collin, S.P., Costa, D.P., Devassy,
R.P. et al., 2021. The soundscape of the Anthropocene
ocean. Science, 371 (6529), eaba4658.

EMSA, 2024. NAVISON Final Report: Calculation and analy-
sis of shipping sound maps for all European seas from 2016
to 2050. European Maritime Safety Agency, Lisbon, 154 pp.

EU, 2008. Directive 2008/56/EC of the European Parliament
and of the Council of 17 June 2008, establishing a frame-
work for community action in the field of marine environ-
mental policy (Marine Strategy Framework Directive). Of-
ficial Journal of the European Union, L164, 19—40.

Fakiris, E., Papatheodorou, G., Mikoniatis, G., Vavassis, Y.,
Dimas, X. et al., 2023. Uncovering the soundscape of the
Tonian Sea: Acoustic monitoring data reanalysis, acquired
during the HELPE’s 2D/3D marine seismic surveys,
2016-2023. p. 635-640. In: 2023 Underwater Acoustics
Conference & Exhibition (UACE 2023), Kalamata, 25-30
June 2023.

Frantzis, A., 1998. Does acoustic testing strand whales? Na-

Mediterr. Mar. Sci., 27/2, 2026, 287-301

ture, 392, 29.

Frantzis, A., 2004. The first mass stranding that was associated
with the use of active sonar (Kyparissiakos Gulf, Greece,
1996). p. 14-20. In: Active Sonar and Cetaceans Workshop,
Las Palmas, Gran Canaria, 8 March 2003.

Frantzis, A., 2009. Cetaceans in Greece: Present status of
knowledge. Initiative for the Conservation of Cetaceans in
Greece, Technical Report, Athens, Greece, 94 pp.

Frantzis, A., Alexiadou, P., Gkikopoulou, K.C., 2014. Sperm
whale occurrence, site fidelity and population structure
along the Hellenic Trench (Greece, Mediterranean Sea).
Aquatic Conservation: Marine and Freshwater Ecosys-
tems, 24 (Suppl. 1), 83-102.

Frantzis, A., Alexiadou, P., Paximadis, G., Politi, E., Gannier,
A., 2003. Current knowledge of the cetacean fauna of the
Greek Seas. Journal of Cetacean Research and Manage-
ment, 5, 219-232.Frantzis, A., Leaper, R., Alexiadou, P.,
Prospathopoulos, A., Lekkas, D., 2019. Shipping routes
through core habitat of endangered sperm whales along the
Hellenic Trench, Greece: Can we reduce collision risks?
PLoS ONE, 14, €0212016.

Frassa, V., Prospathopoulos, A., Maglio, A., Ortega, N., Paiu
R.-M. et al., (2023) Shipping noise assessment in the Black
Sea: insights from large-scale ASI CeNoBS survey data.
Frontiers in Marine Sciences, 10, 1200340.

Fuentes Rivera Escalante, M., Galanos, V., Trygonis, V., 2025.
The underwater noise footprint of bottom trawling in
the National Marine Park of Alonnisos, Greece. Thalas-
sas, 41, 192.

Gerovasileiou, V., Bianchi, C.N., 2021. Mediterranean marine
caves: A synthesis of current knowledge. Oceanography
and Marine Biology: An Annual Review, 59, 1-88.

Giakoumi, S., Sini, M., Gerovasileiou, V., Mazor, T., Beher,
J. et al., 2013. Ecoregion-based conservation planning in
the Mediterranean: Dealing with large-scale heterogeneity.
PLoS ONE, 8 (10), €76449.

Gillespie, D., Mellinger, D.K., Gordon, J., McLaren, D., Red-
mond, P. et al., 2009. PAMGUARD: Semiautomated open
source software for real-time acoustic detection and local-
ization of cetaceans. The Journal of the Acoustical Society
of America, 125, 2547-2547.

Gnone, G., Bellingeri, M., Airoldi, S., Gonzalvo, J., David, L.
et al., 2023. Cetaceans in the Mediterranean Sea: Encoun-
ter rate, dominant species, and diversity hotspots. Diversi-
ty, 15, 321.

Gordon, J., Gillespie, D., Potter, J., Frantzis, A., Simmonds,
M.P. et al., 2004. A Review of the Effects of Seismic Sur-
veys on Marine Mammals. Marine Technology Society
Journal, 37, 4.

Harris, C.M., Sadykova, D., DeRuiter, S.L., Tyack, P.L., Mill-
er, P.J.O. et al., 2015. Dose response severity functions for
acoustic disturbance in cetaceans using recurrent event sur-
vival analysis. Ecosphere, 6 (11), 236.

Hasiotis, T., Papatheodorou, G., Ferentinos, G., 2005. A high
resolution approach in the recent sedimentation processes
at the head of Zakynthos Canyon, western Greece. Marine
Geology, 214, 49-73.

Heenehan, H.L., Van Parijs, S.M., Bejder, L., Tyne, J.A., South-
all, B.L. et al., 2017. Natural and anthropogenic events in-
fluence the soundscapes of four bays on Hawaii Island. Ma-

299



rine Pollution Bulletin, 124, 9-20.

Hermannsen, L., Tougaard, J., Beedholm, K., Nabe-Nielsen,
J., Madsen, P.T., 2015. Characteristics and propagation of
airgun pulses in shallow water with implications for effects
on small marine mammals. PLoS ONE, 10 (7), e0133436.

Hildebrand, J.A., 2005. Impacts of anthropogenic sound. p.
101-124. In: Marine mammal research: conservation be-
yvond crisis. Reynolds, J.E., Perrin, W.F., Reeves, R.R.,
Montgomery, S., Ragen, T.J. (Eds). The Johns Hopkins
University Press, Baltimore.

Hildebrand, J.A., 2009. Anthropogenic and natural sources of
ambient noise in the ocean. Marine Ecology Progress Se-
ries, 395, 5-20.

IMO, 2023. Revised guidelines for the reduction of underwater
radiated noise from shipping to address adverse impacts on
marine life. International Maritime Organization, MEPC.1/
Circ.906, 21 pp.

Issaris, Y., Katsanevakis, S., Pantazi, M., Vassilopoulou, V.,
Panayotidis, P. et al., 2012. Ecological mapping and data
quality assessment for the needs of ecosystem-based marine
spatial management: case study Greek lonian Sea and the
adjacent gulfs. Mediterranean Marine Science, 13,297-311.

IUCN-MMPATF, 2017a. lonian Archipelago IMMA. Full Ac-
counts of Mediterranean IMMA Factsheet. ITUCN Joint SSC/
WCPA Marine Mammal Protected Areas Task Force, 9 pp.

IUCN-MMPATF, 2017b. Hellenic Trench IMMA. Full Accounts
of Mediterranean IMMA Factsheet. ITUCN Joint SSC/
WCPA Marine Mammal Protected Areas Task Force, 10 pp.

Kalimeris, A., Kolios, S., Halvatzaras, D., Posa, D., Delaco,
S. et al., 2015. The lonian-Puglia network of meteorolog-
ical environmental stations: Geophysical environment and
technical description. Odysseus Technical Report, 7, 45 pp.

Karakitsios, V., 2013. Western Greece and Ionian Sea petrole-
um systems. A4PG Bulletin, 97 (9), 1567-1595.

Katsanevakis, S., Mazaris, A., Gerovasileiou, V., Karris, G.,
Trygonis, V. et al., 2025. Special Environmental Study for
the lonian Marine Park. Study conducted for the Natural En-
vironment and Climate Change Agency of Greece, 1495 pp.

Kavanagh, A.S., Nykédnen, M., Hunt, W., Richardson, N., Jes-
sopp, M.J., 2019. Seismic surveys reduce cetacean sight-
ings across a large marine ecosystem. Scientific Reports, 9
(1), 19164.

Ketten, D.R., 2014. Sonars and strandings: Are beaked whales
the aquatic acoustic canary? Acoustics Today, 10 (3), 46-56.

KMGRBF, 2022. Kunming-Montreal Global biodiversity frame-
work: Draft decision submitted by the President. Confer-
ence of the Parties to the Convention on Biological Diversi-
ty, Montreal, Canada, 7-19 December 2022.

Knudsen, V.O., Alford, R.S., Emling, J.W., 1948. Underwater
ambient noise. Journal of Marine Research, 7, 410-429.
Kyhn, L.A., Wisniewska, D.M., Beedholm, K., Tougaard, J.,

Simon, M. et al., 2019. Basin-wide contributions to the un-
derwater soundscape by multiple seismic surveys with im-
plications for marine mammals in Baffin Bay, Greenland.

Marine Pollution Bulletin, 138, 474-490.

La Manna, G., Manghi, M., Perreti, F., Sara, G., 2016. Behav-
ioral response of brown meagre (Sciaena umbra) to boat
noise. Marine Pollution Bulletin, 110, 324-334.

La Manna, G., Picciulin, M., Crobu, A., Perretti, F., Ronchetti,
F. et al., 2021. Marine soundscape and fish biophony of a

300

Mediterranean marine protected area. Peer.J, 9, e12551.

Lewandowski, J., Staaterman E., 2020. International manage-
ment of underwater noise: Transforming conflict into effec-
tive action. The Journal of the Acoustical Society of Ameri-
ca, 147, 3160-3168.

Ma, B.B., Nystuen, J.A., Lien, R.C., 2005. Prediction of under-
water sound levels from rain and wind. The Journal of the
Acoustical Society of America, 117, 3555-3565.

Maglio, A., Pavan, G., Castellote, M., Frey, S., 2016. Overview
of the noise hotspots in the ACCOBAMS area, Part I — Med-
iterranean Sea. Final Report. Agreement on the Conserva-
tion of Cetaceans in the Black Sea, Mediterranean Sea and
Contiguous Area (ACCOBAMS), 45 pp.

Margaritoulis, D., 2005. Nesting activity and reproductive out-
put of loggerhead sea turtles, Caretta caretta, over 19 sea-
sons (1984-2002) at Laganas Bay, Zakynthos, Greece: the
largest rookery in the Mediterranean. Chelonian Conserva-
tion and Biology, 4, 916-929.

Margaritoulis, D., Argano, R., Baran, 1., Bentivegna, F., Bradai,
M.N. et al., 2003. Loggerhead turtles in the Mediterranean:
present knowledge and conservation perspectives. p. 175-
198. In: Loggerhead Sea Turtles. Bolten, A.B., Withering-
ton, B.E. (Eds). Smithsonian Institution Press, Washington.

McCauley, R.D., Day, R.D., Swadling, K.M., Fitzgibbon, Q.P.,
Watson, R.A. et al., 2017. Widely used marine seismic sur-
vey air gun operations negatively impact zooplankton. Na-
ture Ecology & Evolution, 1, 0195.

Merchant, N.D., Fristrup, K.M., Johnson, M.P., Tyack, P.L.,
Witt, M.J. et al., 2015. Measuring acoustic habitats. Meth-
ods in Ecology and Evolution, 6, 257-265.

Merchant, N.D., Putland, R.L., André, M., Baudin, E., Felli,
M. et al., 2022. A decade of underwater noise research in
support of the European Marine Strategy Framework Direc-
tive. Ocean & Coastal Management, 228, 106299.

Nelms, S.E., Piniak, W.E., Weir, C.R., Godley, B.J., 2016. Seis-
mic surveys and marine turtles: An underestimated global
threat? Biological Conservation, 193, 49-65.

Nieukirk, S.L., Mellinger, D.K., Moore, S.E., Klinck, K., Dzi-
ak, R.P. et al., 2012. Sounds from airguns and fin whales re-
corded in the mid-Atlantic Ocean, 1999-2009. The Journal
of the Acoustical Society of America, 131 (2), 1102-1112.

Nowacek, D.P., Thorne, L.P., Johnston, D.W., Tyack, P.L., 2007.
Responses of cetaceans to anthropogenic noise. Mammal
Review, 37, 81-115.

Nowacek, D.P., Clark, C.W., Mann, D., Miller, J.P., Rosen-
baum, C.H. et al., 2015. Marine seismic surveys and ocean
noise: time for coordinated and prudent planning. Frontiers
in Ecology and the Environment, 13 (7), 378-386.

Nystuen, J.A., Anagnostou, M.N., Anagnostou, E.N. Papado-
poulos, A., 2015. Monitoring Greek Seas using passive
underwater acoustics. Journal of Atmospheric and Oceanic
Technology, 32 (2), 334-349.

Panou, A., Jacobs, J., Panos, D., 1993. The endangered Medi-
terrancan monk seal Monachus monachus in the Ionian Sea,
Greece. Biological Conservation, 64, 129-140.

Panou, A., Giannoulaki, M., Varda, D., Lazaj, L., Pojana, G. et
al.,2023. Towards a strategy for the recovering of the Med-
iterranean monk seal in the Adriatic-lonian Basin. Frontiers
in Marine Science, 10, 1034124.

Papazekou, M., Dimitriadis, C., Dalla, D., Comis, C.M., Spinos,

Mediterr. Mar. Sci., 27/2, 2026, 287-301



E.etal.,2024. The Ionian Sea in the ecastern Mediterranean:
Critical year-round habitats for sea turtles and diverse ma-
rine megafauna, spanning all life stages and genders. Ocean
& Coastal Management, 251, 107054.

Paxton, A.B., Taylor, J.C., Nowacek, D.P., Dale, J., Cole, E. et
al., 2017. Seismic survey noise disrupted fish use of a tem-
perate reef. Marine Policy, 78, 68-73.

Picciulin, M., Petrizzo, A., Madricardo, F., Barbanti, A., Bas-
tianini, M. et al., 2023. First basin scale spatial-temporal
characterization of underwater sound in the Mediterranean
Sea. Scientific Reports, 13 (1), 22799.

Pine, M.K., Jeffs, A.G., Wang, D., Radford, C.A., 2016. The
potential for vessel noise to mask biologically important
sounds within ecologically significant embayments. Ocean
& Coastal Management, 127, 63-73.

Podesta, M., Azzellino, A., Cafiadas, A., Frantzis, A., Mou-
lins, A. et al., 2016. Cuvier’s beaked whale, Ziphius cavi-
rostris, distribution and occurrence in the Mediterranean
Sea: High-use areas and conservation threats. p. 103-140.
In: Advances in Marine Biology 75. Notarbartolo Di Sciara,
G., Podesta, M., Curry, B.E. (Eds). Academic Press.

Prospathopoulos, A., Kassis, D., Anagnostou, M., Pagou, K.,
Panayotidis, P., 2017. Monitoring underwater noise in
Greek waters: Key issues in implementing the EU Marine
Strategy Framework Directive. p. 881-888. In: 4th Under-
water Acoustics Conference & Exhibition (UACE 2017),
Skiathos Island, 03-08 September 2017.

Putland, R.L., de Jong, C.A.F., Binnerts, B., Farcas, A., Mer-
chand, N.D., 2022. Multi-site validation of shipping noise
maps using field measurements. Marine Pollution Bulletin,
179, 113733.

Richardson, W.J., Greene, C.R., Malme, C.I., Thomson, D.H.,
1995. Marine mammals and noise. Academic Press, San
Diego, 576 pp.

Supplementary Data

Rigakis, N., Nikolaou, K., Marnelis, F., Pakos, Th., 2007. The
utility of oil shows in the hydrocarbon exploration of west-
ern Greece. Bulletin of the Geological Society of Greece, 40
(2), 959-971.

Ross, D., 1976. Mechanics of underwater noise. Pergamon
Press, New York, 375 pp.

Sigray, P., Andersson, M., André, M., Azzellino, A., Borsani et
al., 2023. Setting EU Threshold Values for impulsive under-
water sound. Technical Group on Underwater Noise (TG
NOISE), MSFD Common Implementation Strategy, Publi-
cations Office of the European Union, 38 pp.

Slabbekoorn, H., Bouton, N., van Opzeeland, 1., Coers, A., ten
Cate, C. et al., 2010. A noisy spring: the impact of globally
rising underwater sound levels on fish. Trends in Ecology &
Evolution, 25, 419-427.

Southall, B.L., Bowles, A.E., Ellison, W.T., Finneran, J.J., Gen-
try, R.L. et al., 2007. Marine mammal noise exposure crite-
ria. Aquatic Mammals, 33, 411-522.

Southall, B.L., Nowacek, D.P., Bowles, A.E., Senigaglia, V.,
Bejder, L. et al., 2021. Marine mammal noise exposure cri-
teria: Assessing the severity of marine mammal behavioral
responses to human noise. Aquatic Mammals, 47, 421-464.

Topouzelis, K., Makri, D., Stoupas, N., Papakonstantinou, A.,
Katsanevakis, S., 2018. Seagrass mapping in Greek territo-
rial waters using Landsat-8 satellite images. International
Journal of Applied Earth Observation and Geoinformation,
67, 98-113.

UNEP-MAP-RAC/SPA, 2010. Overview of scientific findings
and criteria relevant to identifying SPAMIs in the Mediter-
ranean open seas, including the deep sea. Notarbartolo di
Sciara, G., Agardy, T. (Eds). RAC/SPA, Tunis, 71 pp.

Walkinshaw, H.M., 2005. Measurements of ambient noise
spectra in the South Norwegian Sea. IEEE Journal of Oce-
anic Engineering, 30, 262-266.

The following supplementary information is available online for the article:

Fig. S1: Spectrogram of delphinid clicks, buzzes, and whistles recorded on 16-10-2022 (N

90% overlap).

er = 1024 samples, Hamming window,

Fig. S$2: Spectrograms of possible Mediterranean monk seal (Monachus monachus) vocalisations recorded on A-B) 13-08-2022
and C) 10-07-2022 (N, = 2048 samples, Hamming window, 90% overlap).

Fig. $3: Beginning of heavy rain shower recorded on 22-11-2022, 23:15 local time. A) Spectrogram (N, = 2048 samples, Ham-
ming window, 50% overlap) and B) spectral probability density plot (broadband) and corresponding RMS level.

Fig. §4: A) Waveform and B) spectrogram of an earthquake (magnitude 4.0 on the Richter scale) recorded underwater on 14-
08-2022, 13:47 local time. The earthquake’s epicentre was the marine area 9.3 km north of Fiskardo and its focal depth was 9 +
1 km, according to the Earthquake Catalogue maintained by the National and Kapodistrian University of Athens. Spectrogram
parameters are N, = 8192 samples, Hann window, 50% overlap. Note the clipped waveform in panel A upon first reception of
the signal (10 s timestamp).
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