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There is growing evidence that studying aquatic acoustic communities can
provide ecologically relevant information. Understanding these communities
may offer unique insights into species behaviour and ecology, while
consolidating passive acoustic monitoring as a tool for mapping the presence
of target species or estimating changes in aquatic biodiversity. Fish can be
significant soundscape contributors, but most soniferous fish species are yet
to be identified. Here, we crossed information of three key fish acoustic
communities in the Lusitanian Province of the Temperate Northern Atlantic
(the Madeira archipelago, the Azores archipelago and Arrábida in mainland
Portugal) to unveil potential sources of unidentified fish sounds. We found
that the three communities shared various sound types and we were able to
narrow down the list of possible fish sound sources. Several sound types were
suggested to be produced by species of the Pomacentridae, Scorpaenidae and
Serranidae families. We also observed that the sound type /kwa/, associated with
Scorpaena spp., exhibited more variations in the geographic area where more
species of this genus are known to be present. This study showcases that, as
databases of unidentified fish sounds continue to grow, future comparisons of
multiple acoustic communities may provide insights into unknown fish sound
sources and sound types.
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1 Introduction

Protecting marine biodiversity is crucial but challenging due
to the limitations of traditional survey methods in marine and
coastal environments. These methods are costly, weather-
dependent, restricted to daytime, and mainly suitable for
shallow areas. To improve management and regulatory
policies, new methodologies are required to autonomously
gather timely and accurate data on complex marine
ecosystems (European Commission, 2008; Shephard et al.,
2015; Cardoso-Andrade et al., 2022).

Acoustic communities can provide ecologically relevant
information about an ecosystem (Farina and James, 2016).
Monitoring biological sounds offers complementary insights into
species behaviour and ecology, since active fish sounds are produced
in ecologically relevant contexts like feeding, breeding, school
cohesion, and territorial defence (Amorim, 2006), providing a
means to map the presence of target species or to monitor
biodiversity changes. While there is a growing amount of data on
underwater sounds and their patterns in natural habitats, most
sounds in marine environments still lack an identified source
(Mouy et al., 2018; Carriço et al., 2019; Bolgan et al., 2022;
Looby et al., 2022; Parsons et al., 2022; Raick et al., 2023a). Also,
although passive acoustic monitoring (PAM) tools can provide
crucial information on marine biophony, their success will be
greatly enhanced by the identification of the soniferous species
behind each sound type and by the ability to automatically
extract relevant information from the complex polyphony of
acoustic recordings. This will contribute to drastically reduce data
processing times (Muoy et al., 2018; Parsons et al., 2022; Hawkins
et al., 2023).

Families with soniferous fish species make up almost two-
thirds of actinopterygian species (Rice et al., 2022), often being a
dominant component of acoustic communities (e.g., Di Iorio
et al., 2018; Vieira et al., 2021). However, it is estimated that only
4% of soniferous fish species have been reported so far (Lobel
et al., 2022), mostly based on recordings from captive fishes, and
sometimes during manipulation by the researcher (e.g., Fish and
Mowbray, 1970; Pereira et al., 2020). These approaches are highly
time-consuming, known to potentially change species’ acoustic
behaviour (Bolgan et al., 2019), and to underrepresent fishes’
acoustic repertoires. Identifying fish sounds and their sources in
nature can be achieved by combining acoustic and video
underwater recordings but it is both logistically and time-
demanding (Tricas and Boyle, 2014; Muoy et al., 2018;
Puebla-Aparicio et al., 2024). Despite the challenges in
assigning sounds to fish species, numerous studies are
documenting unidentified sounds, given their potential use for
marine environmental management and conservation (Raick
et al., 2023b; Hawkins et al., 2023).

Using PAM, researchers have described fish acoustic
communities by cataloguing a wide range of fish sound types
of unknown sources and identifying soniferous and potentially
soniferous fish species (e.g., Carriço et al., 2019; Parmentier et al.,
2021; Bolgan et al., 2022; Raick et al., 2023a; Puebla-Aparicio
et al., 2024). While understanding unidentified sounds can offer
insights into biodiversity, ecosystem dynamics, and ecosystem
health, there are clear benefits to identifying their sources,

including the ability to monitor target species, enhance our
understanding of aquatic acoustic diversity, deepen our
knowledge of taxonomic biodiversity and ecology, and enable
a more comprehensive assessment of biodiversity using PAM
(Parsons et al., 2022). The use of PAM in the marine environment
is still relatively new and, as a result, we lack the ability to
effectively use this data. However, these recordings can
provide different types of information depending on the
methodology used to analyse the complex data that captures
the soundscape of a specific location. Here, we cross-referenced
catalogues of fish acoustic communities in three regions within
the Lusitanian Province of the Temperate Northern Atlantic
(Spalding et al., 2007): the Azores archipelago, the Madeira
archipelago and coastal waters of mainland Portugal. The aim
was to compare species (soniferous and potentially soniferous
fishes) and sound types occurrences, to narrow down possible
sound producing candidates.

2 Materials and methods

2.1 Study areas

2.1.1 The Madeira archipelago
The Madeira archipelago (Portugal) is of volcanic origin and

belongs to the Macaronesian region, (Azores, Canaries and Madeira
Ecoregion; sensu Spalding et al., 2007; Figure 1). This archipelago
has two populated islands, Madeira and Porto Santo, and two
uninhabited sub-archipelagos, the Desertas Islands and the
Selvagens Islands. The Madeira Archipelago has a unique
biogeography which favours the presence of fauna by long-
distance dispersal from adjacent continental areas (Whittaker and
Fernández-Palacios, 2007) or, in certain cases, adjacent archipelagos
(Domingues et al., 2008). The recordings considered for the
purposes of the present study were obtained, as reported by
Muñoz-Duque et al. (2024), in the Garajau Partial Nature
Reserve on Madeira Island (32° 38.195′N 16° 51.204′ W, depth =
28 m in a rocky and sandy habitat) and in the Desertas Islands
Nature Reserve (32° 30.718′ N 16° 30.500′ W; depth = 16 m in a
rocky and sandy habitat) between June and September 2021.
Garajau Partial Nature Reserve was created in 1996 and is
located on the south-east coast of Madeira Island (Alves et al.,
2019; IFCN, 2022b). The Desertas Islands have been legally
protected since 1990, and became a Nature Reserve in 1995
(IFCN, 2022a).

2.1.2 The Azores archipelago
The Macaronesian Azorean archipelago is located in the

Temperate Northern Atlantic and comprises nine islands and
several seamounts of volcanic origin (Figure 1). It is considered a
hotspot of marine life, harbouring many resident and migratory
species of cephalopods, fish, marine turtles, sea birds and marine
mammals (Morato et al., 2008). The recordings used for this
study are from four seamounts distributed across the archipelago
(Carriço et al., 2019; Carriço et al., 2020b; Carriço, 2022):
Princesa Alice (38° 00.290′ N, 29° 17.917′ W, depth = 36 m),
Formigas (37 15.341 N 24 45. 604 W, depth = 35 m), Condor (38°

32.407′ N, 29° 02.627′ W, depth = 190 m), and Gigante (38°
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59.252′ N, 29° 52.830’ W, depth = 190 m) (details in
Supplementary Table S1). Note that seamounts are considered
biodiversity hotspots, with habitats hosting both migratory and
resident species (Pitcher et al., 2007).

2.1.3 The Professor Luiz Saldanha Marine Park
(Arrábida, mainland Portugal)

The Professor Luiz Saldanha Marine Park, sometimes also
referred as Arrábida Marine Park (hereafter named Arrábida), on
the west coast of mainland Portugal, is an important biodiversity
hotspot with diverse habitats ranging from sandy bottoms to
complex rocky shore habitats (Henriques et al., 2007; Figure 1). It
is located in a biogeographic transition zone and, as a result,
species of Mediterranean and subtropical areas as well as species
of northern temperate waters coexist (Henriques et al., 2007;
Cunha et al., 2014; Pita et al., 2020). Furthermore, its proximity to
the highly productive Sado and Tagus estuaries and submarine
canyons contributes to its status as a biodiversity hotspot
(Cabeçadas et al., 2004). Recordings were collected on three
sites between June 2021 and September 2022 (Pereira, 2023)
with increasing levels of protection: one in the complementary
protection area (38°25.701′ N, 09°09.907′ W, depth = 8.5 m in a
rocky habitat), another in the partially protected area (38°26.146′
N, 009°03.817′W, depth = 6.9 m in a rocky habitat) and the other
in the fully protected area (38°26.787′ N, 09°02.432’ W, depth =
6 m at an interface of a sandy and rocky habitat).

2.2 Cross-referencing of soniferous and
potentially soniferous fish species from
all locations

The cross-referencing of soniferous and potentially soniferous
fish species from all regions was based on the lists reported by
Muñoz-Duque et al. (2024; Madeira), Carriço et al. (2019; Azores)
and Pereira (2023; Arrábida). The list originally reported in Carriço
et al. (2019) was updated with new reports about sound producing
species (Looby et al., 2023). The above lists were in turn based on
Santos et al. (1997) and Wirtz et al. (2008), for Azores and Madeira
respectively. For Arrábida, in mainland Portugal, the list of
soniferous species was based on the fish database available on the
marine park’s geoportal https://arrabidaparquemarinho.ualg.pt/.
Given that chondrichthyan fishes are generally not considered
soniferous (Ladich and Winkler, 2017), they were not included.
Species with reported sounds were considered soniferous and
species belonging to families with soniferous species (but with no
reported sounds) were considered potentially soniferous species
(Carriço et al., 2019; Parmentier et al., 2021).

The list of soniferous and potentially soniferous fishes of the
three geographic regions were compared to find overlapping species.
Families with species occurring in more than one region were
selected for further analysis. However, sound production can vary
substantially according to species. Some families like
Pomacentridae, Gobiidae, Sciaenidae, and Batrachoididae are

FIGURE 1
The threemain regions of the fish acoustic communities used in this study: Azores andMadeira archipelagos and the Professor Luiz SaldanhaMarine
Park (Arrábida, mainland Portugal). Recording sites are marked as black circles.
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FIGURE 2
Schematic overview of the pipeline for cross-referencing unidentified fish sound data sets. The pipeline for cross-referencing unidentified fish
sound data sets to identify sound sources involves several key steps: (1) Checking previously reported lists of species at each location to identify vocal
soniferous and potentially vocal soniferous species. (2) Exclusion of families with doubtful records of soniferous fish species or species producing low
source level sounds. (3) Comparison of species lists to narrow down possible sound-producing candidates for sounds occurring at multiple
locations. (4) Comparison of sound catalogues from different locations to identify common similar sounds. (5) Comparison of narrowed-down list of
sounds with the narrowed list of possible sound sources to find potential sound sources. The focus of the analysis on a smaller number of possibilities
should optimize the results obtained. (6) Additionally, matching information about temporal patterns, behavior, or depth between the sounds and the
species will strengthen the results. By following this intuitive pipeline, researchers can now optimize the identification of sound sources in putative fish
sound data sets. Future tools should enable us to compare new databases of unidentified sounds (e.g., using newmachine learning tools to automate the
process), match the information on temporal and spatial patterns, and compare the obtained results with known sounds from the list of relevant
soniferous fish species.
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known to have soniferous species (Colleye and Parmentier, 2012;
Horvatic et al., 2021; Vieira et al., 2022; Han et al., 2023) while others
have been rarely reported (e.g., Kyphosidae and Sphyraenidae, only
described in Fish and Mowbray, 1970). Furthermore, some families
like the Gobiidae, Blenniidae and Syngnathidae are known to
produce sounds with a low source level which makes it
challenging to hear them even at a few centimeters away and
limits the possibility of being detected using PAM (discussed in
Carriço et al., 2020a). In this regard, families with doubtful records
of soniferous fish species or species producing low source level
sounds were not taken into account. The aim was to only consider
the soniferous families most probable to be detected by PAM
recordings on the three regions. The depth range and habitat of
each species was also considered as it can provide information to
exclude or confirm potential sound sources. Figure 2 shows a
schematic overview of the pipeline for cross-referencing
unidentified fish sound data sets.

2.3 Putative fish sound types

2.3.1 Acoustic recordings
Recordings were made using autonomous acoustic loggers at

the three regions described in section 2.1. The sites were mainly
characterized by rocky and sandy sea floors, with a prevalence of
rocky reef fish communities. Loggers were positioned at the
seafloor, except for the loggers at the two deeper sites in the
Azores that were in the water column, about 8–10 m above the
mooring weight. In Madeira and Arrábida, the acoustic loggers
were custom-made and had low-cost data loggers (Audiomoth
1.2.0; Hill et al., 2018) connected to custom-made hydrophones
(Piezo tubes PTZ-P5 with 24 × 20 × 20 mm, with a signal pre-
amplification of 50×). The piezoelectric sensor has a measured
response sensitivity of ca. −184.5 dB re 1 V/μPa at 1 kHz, and a
frequency response within ±3 dB in the range 150 Hz to 10 kHz.
The acoustic loggers recorded WAV audio files at a sampling rate
of 48 kHz. In Azores, autonomous Ecological Acoustic Recorders
(EARs) were used (Lammers et al., 2008) at a sampling rate of
40 or 50 kHz. EARs use Sensor Technology SQ26-01
hydrophones with a response sensitivity of −193.14/
−194.17 dB re 1 V/μPa (varying between deployments) with a
reported flat frequency response (±1.5 dB) from 1 Hz to 28 kHz,
and a total gain of 47.5 dB. All the recordings were downsampled
to 8 kHz, allowing spectrogram inspections for fish sounds up to
4 kHz. The sampling cycle varied between locations (details of the
deployments in Supplementary Table S1).

2.3.2 Catalogues of the acoustic fish communities
As mentioned above, this work used annotations and

catalogues created for different studies (Carriço et al., 2019;
2020b; Carriço, 2022; Pereira, 2023; Muñoz-Duque et al.,
2024). As such, the sampling scheme used differed between
locations. Madeira included the analysis of 32 h of acoustic
recording (2 h per day × 4 days per month × 2 months ×
2 sites), Azores included 48 h (2.4 h per day × 5 days per
month × 1 months × 4 sites) and Arrábida included 96 h (2 h
per day × 4 days per month × 4 months × 3 sites) (details in
Supplementry Table S1). The considered recordings covered

different times of day (dawn, day, dusk and night periods).
Note that for Azores, however, we updated the catalogue
reported by Carriço et al. (2019) using additional data from
Carriço et al. (2020b) and Carriço (2022), and reconsidering the
sound type units of the originally reported sequences of sounds.
These three studies classified putative fish sounds by aural and
visual analysis of the recordings (software: Raven Pro 1.6; Adobe
Audition 3.0). It is worth noticing that the fish sounds of each
catalogue were grouped using dichotomous classification keys to
facilitate the organization of the sound types (Desiderà et al.,
2019; Raick et al., 2023; Puebla-Aparicio et al., 2024).

2.3.3 Cross-referencing sound types between
acoustic communities

By leveraging the expertise of multiple bioacousticians, a
qualitative classification and comparison of sound types from
different regions was conducted to identify common sound types.
All putative fish sound types from the three regions were aurally
compared and their spectrograms visually inspected to detect
similarities. This analysis was conducted by five researchers who
were previosly trained to annotate recordings of these
soundscapes. The four researchers responsible for creating
each of the catalogues and their annotations (N.R and J.P. for
Arrábida; S.M.D. for Madeira and R.C. for Azores) were asked to
review the sound types from the other regions and classify them
based on their own catalogue. Finally, a discussion led by M.V.
was conducted to compile a list of similar and potentially
common sound types across regions. A final inspection was
done using the following parameters on Raven Pro 1.6: FFT
256 points, Hann window, sampling rate of 8 kHz, temporal
range up to 2 s and frequency range up to 1 kHz. Narrowing down
the list of sound types and species aimed to optimize the
identification of sound sources for the selected fish sounds
(see Figure 2).

3 Results

3.1 Cross-referencing lists of soniferous and
potentially soniferous species

A total of 212 soniferous and potentially soniferous fish
species were identified to occur in the three regions
(Supplementary Table S2). The Madeira archipelago, the
Azores archipelago and Arrábida, presented 137, 96 and
99 soniferous and potentially soniferous species, respectively.
Among these, 14 soniferous and 27 potentially soniferous species
occur in all three regions (Supplementary Table S2). As stated in
the methods, 37 families were disregarded as probable sources of
the detected sound types due to having only a few and doubtful
records, producing sounds with low source levels or for only
occurring in one region (see Supplementary Table S3). Also,
knowing the relative abundance of a species or family can give us
an insight into the probability of detecting their sounds. Hence,
we only considered families that have a clear presence in the
considered regions. By applying these criteria, we can consider
the following families as the most probable sources of the sounds
detected in more than one region: Balistidae, Haemulidae,
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TABLE 1 Summary of the soniferous families with species known to produce sounds easily detected with PAM and that are present on at least two of the
three analysed fish communities.

Family Species Occurrence Depth
(m)

Habitat Notes

Madeira Azores Arrabida

Balistidae C C C Some species produce short drum rolls calls, no.
(<0.1 s) and pulse trains (Tricas and Boyle, 2014; Raick
et al., 2018). B. capriscus and C. sufflamen were
described by Fish and Mowbray (1970) as producers of
toothy grunts and thumps

Balistes capriscus ○ ○* ○ 0–100 RA

Canthidermis
maculatus

○ 1–110 RA

Canthidermis
sufflamen

○ 5–60 RA

Haemulidae C C Grunt-thumps sounds are reported for several species
(Fish and Mowbray, 1970; Bertucci et al., 2014)

Parapristipoma
octolineatum

○ 1–60 D, S, R†

Pomadasys incisus ○ ○ 10–100 D, S, R†

Labridae C C C There are few recent descriptions of sounds in this
family. However, field studies in tropical coral reefs
have shown that several species of wrasses can produce
short pulsed sounds, several types of pulse trains
usually below 1 kHz and buzzes with a peak frequency
below 500 Hz (Boyle and Cox, 2009; Tricas and Boyle,
2014)

Acantholabrus palloni ○ ○ 30–500 RA

Bodianus scrofa ○* ○ 20–200 RA

Centrolabrus exoletus ○ 3–10 RA

Coris julis ○ ○* ○* 0–120 RA

Ctenolabrus rupestris ○* 1–50 RA

Labrus bergylta ○ ○* ○* 1–50 RA

Labrus mixtus ○ ○ ○ 2–200 RA

Labrus viridis ○ - RA

Lappanella fasciata ○ 35–200 RA

Symphodus bailloni ○* 1–50 RA

Symphodus cinereus ○ 1–50 D, S, SG†

Symphodus
mediterraneus

○ ○* ○ 1–50 D, S, SG†

Symphodus melops ○* 1–30 RA

Symphodus ocellatus ○ 1–30 RA

Symphodus roissali ○* 1–30 RA†

Symphodus rostratus ○ 1–50 RA

Symphodus trutta ○ ○ 5–15 RA

Thalassoma pavo ○* ○* 1–150 RA

Xyrichtys novacula ○ ○ 1–90 RA

Lotidae C C C Thump-like sounds are reported to G. mediterraneus
(Almada et al., 1996). Also isolated thumps, widely
spaced thump trains, drumrolls, and their
combinations are described (Rountree and Juanes,
2010)

Gaidropsarus granti ○ 20–250 D

Gaidropsarus guttatus ○ ○ 5–10 D, R

Gaidropsarus mauli ○ 850–1,685 D

Gaidropsarus
mediterraneus

○ 1–450 D, R†

Gaidropsarus vulgaris ○ 20–120 D, S, R

(Continued on following page)
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TABLE 1 (Continued) Summary of the soniferous families with species known to produce sounds easily detected with PAM and that are present on at least
two of the three analysed fish communities.

Family Species Occurrence Depth
(m)

Habitat Notes

Madeira Azores Arrabida

Mullidae C C C Sounds from several tropical species were described by
Tricas and Boyle (2014). Species produced mostly low-
frequency pulses and train soundsMullus surmuletus ○* ○* ○* 5–409 D, S, R

Ophidiidae C C ? Several species of this family are reported to produce
train sounds and even choruses in the field (Rountree
and Bowers, 2002; Parmentier et al., 2010). Parophidion
vassali has been described to produce a train of pulses
with a dominant frequency between 450 and 650 Hz
(Parmentier et al., 2022)

Brotulotaenia
brevicauda

○ 0–2,650 BP

Brotulotaenia crassa ○ 249–1,100 BP

Holcomycteronus
squamosus

○ 1,147–5055 BD

Monomitopus
metriostoma

○ 235–1,570 BD

Parophidion vassali ○ ○ ?–600 D

Spectrunculus grandis ○ 800–4,300 BD

Pomacentridae C C C Highly soniferous family, mostly described to produce
short fast pulse trains, several described as purr-like
sounds and single pulsed sounds. Three of the four
species present are reported as soniferous (Fish and
Mowbray, 1970; Santiago and Castro, 1997; Picciulin
et al., 2002; Parmentier et al., 2010)

Abudefduf saxatilis ○ 0–20 RA

Chromis chromis ○ 2–40 RA

Chromis limbata ○* ○* ○ 5–45 RA

Similiparma lurida ○* ○* 0–25 RA

Scorpaenidae C C C Several studies have reported /Kwa/ sounds produced
by species of the genus Scorpaena (Di Iorio et al., 2018).
S. porcus sounds are reported in Bolgan et al. (2019).
The same study indicates other species of the same
genera share the same sonic apparatus (S. notata and S.
scrofa). Furthermore, Bolgan et al., 2022 reported /kwa/s
at two different frequency ranges that might be associated
with different species: according to the discussion in
this study, sounds peak around 800 Hz in a location
dominated by S. porcus, S. notata and S. scrofa and peak
around 1,100 Hz in a location with higher presence of
S. maderensis

Helicolenus
dactylopterus

○ ○ 50–1,100 BD, S

Pontinus kuhlii ○ 100–600 BD, R

Scorpaena azorica ○ — D, R

Scorpaena canariensis ○ — D, R

Scorpaena laevis ○ 1–100 D, R

Scorpaena maderensis ○* ○* ○ 20–40 D, R†

Scorpaena notata ○ ○* 10–700 D, R

Scorpaena plumieri ○ 1–70 RA, SW

Scorpaena porcus ○ ○ ?–800 D, R, SG

Scorpaena scrofa ○ ○ ○ 20–500 D, R, S, SG

Setarches guentheri ○ 150–840 BP, S

Trachyscorpia
echinata

○ 200–2,500 BP, S

Serranidae C C C In the subfamily Epinephelidae, there are several
descriptions of low frequency (<200 Hz) continuous
sounds. Some short tonal-like grunts usually in a grunt
train, downsweep tones, and some more complex
combinations (Bertucci et al., 2015; Wilson et al., 2020;
Desiderà et al., 2022). Furthermore, groupers like E.
marginatus can also produce low-frequency /boom/s
(<100 Hz; Bertucci et al., 2015). For other Serranidae
species, only some descriptions of short low frequency
grunts have been reported (Fish and Mowbray, 1970)

Anthias anthias ○ ○ ○ 30–358 RA

Epinephelus
marginatus

○* ○* ○ 8–300 RA

Mycteroperca fusca ○* ○ 1–200 D, R

Serranus atricauda ○* ○* ○ 3–150 D, R

Serranus cabrilla ○ ○ ○* 5–500 D, R, S, SG

Serranus hepatus ○ ○ ○ 5–100 D, R, S, SG

(Continued on following page)
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Labridae, Lotidae, Mullidae, Ophidiidae, Pomacentridae,
Scorpaenidae, Serranidae, Triglidae and Zeidae (Table 1).
Table 1 summarises the presence of species from these
families for each region. Regarding these 11 selected families,
some key differences between fish communities were identified
that could be relevant in the identification of sound sources, namely
1) several species of the Labridae family are considered common but
none is reported as soniferous and in general there are few
descriptions of sounds in this family; 2) Ophidiidae are known to
be vocal species, but otherwise cryptic, so their presence and
distribution may require additional clarification (Parmentier
et al., 2022). 3) within the Pomacentridae family, Chromis
limbata and Similiparma lurida are usually the most commonly
observed species in both archipelagos (only at shallower waters,
depth up to 45 m; and associated to rocky reefs habitats), albeit not
present in Arrábida; 4) Azores has a high diversity of Scorpaenidae
species and the most common species in both archipelagos is
Scorpaena maderensis, while in Arrábida this species is rare and
the most common species are Scorpaena notata and Scorpaena
porcus; 5) within Serranidae, the dusky grouper Epinephelus
marginatus is common in both archipelagos and considered rare
in Arrábida, while the island grouperMycteroperca fusca only occurs
in the archipelagos. In all three regions it is easy to encounter species
of the genus Serranus - Serranus atricauda is more common in the
archipelagos, and Serranus cabrilla is more common in Arrábida; 6)
Triglidae species are only common in Arrábida, namely
Chelidonichthys lastoviza and Chelidonichthys lucernus, but there
are species of this family in all three regions. Note that most species
occur in environments with rocky substrate (Table 1).

3.2 Known characteristics of the sounds
produced by species in the selected families

Table 1 summarises some of the major known characteristics
that might help suggest sound sources for each sound type.
Pomacentridae, Scorpaenidae and Serranidae have some well-
characterised sound types, which should be easier to distinguish
from sounds produced by other families. Although there may
produce other sound types, including sounds yet to be described,
Pomacentridae typically produce low frequency fast pulse trains
down to single pulse sounds (Santiago and Castro, 1997; Picciulin
et al., 2002; Parmentier et al., 2010, see Table 1). Serranidae have
several descriptions of low frequency tonal sounds and of short
/boom/ sounds (Bertucci et al., 2014b; Wilson et al., 2020).
Scorpaenidae emit, for example, a characteristic pulse train with
short pulse periods (ca. 13 ms) and a peak frequency around 800 Hz,
referred to as /kwa/. (Di Iorio et al., 2018; Bolgan et al., 2019).
Furthermore, the presence of several species from each of these
families suggests that each soundscape might contain several similar
sound types. Note that species of Pomacentridae and Serranidae are
also known to produce several sound types like pulse series or
downsweeps (e.g., Parmentier et al., 2010: Bertucci et al., 2014b).

3.3 Cross-referencing sound types between
acoustic communities

A total of 153 putative fish sound types were identified in the
Azores archipelago, the Madeira archipelago and Arrábida in

TABLE 1 (Continued) Summary of the soniferous families with species known to produce sounds easily detected with PAM and that are present on at least
two of the three analysed fish communities.

Family Species Occurrence Depth
(m)

Habitat Notes

Madeira Azores Arrabida

Triglidae C C C Several species have been described to produce
wideband pulsed knocks, grunts and growls ranging up
to 3 kHz. Growls can last up to 3s (Amorim and
Hawkins, 2000; Amorim et al., 2004; Amorim, 2006)

Chelidonichthys
cuculus

○ ○ ○ 15–400 D, S, R

Chelidonichthys
lastoviza

○ ○ ○* 10–150 D, S, R

Chelidonichthys
lucernus

○ ○* 20–318 D, S, R

Chelidonichthys
obscurus

○ ○ 20–170 D, S, R

Eutrigla gurnardus ○ 10–340† D, S

Lepidotrigla cavillone ○ 30–450 D, S

Trigla lyra ○ ○ ?-700 BD, S

Zeidae C C C Zeus faber has been described to produce short barking
sounds (200–600 Hz, ca. 140 ms; Radford et al., 2018)

Zenopsis conchifer ○ 50–600 BP, S

Zeus faber ○ ○ ○ 5–400† BP, S, R

All species that occur in these families are listed (known soniferous species in bold; * common species in the deployment sites based on Afonso, 2016; Assis, 2022 and Muñoz-Duque, 2024).

Closed circles were used on family level and open circles to species. Range of depths andmain habitats according to fishbase.org (BD-bathydemersal, BP- bathypelagic, D- Demersal, S- soft sand

or mud bottom, SG-seagrass, SW- seaweed, RA-reef-associated, R–Rocky bottom, †species that additionally also occur on brackish waters).
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mainland Portugal. Seven groups of similar sounds were identified
among regions (Figure 3; Supplementary Table S4 describes each
sound type). Note that some sound types are so similar among
regions that they could be considered the same (e.g., sounds “1” in
Azores and Arrábida as shown in Figure 2A), while others are
similar sounds but with significant variations (e.g., sounds “a,” “b,”
“c” and “d” in Figure 3C differ in frequency range but are
similar otherwise).

Figure 3A shows a short tonal sound type that usually
occurred in a train (annotated as “2”) and a longer
downsweep sound type (annotated as “3”). These sound types
occurred in both Azores (in all considered seamounts) and
Arrábida. Furthermore, these sound types sometimes occurred
as a sequence possibly produced by a single individual. In both
regions, these sound types were more common during dusk and
night (Carriço et al., 2020a; Pereira, 2023) and are similar to the
sounds produced by E. marginatus (listed on Table 1) and other

species of the subfamily Epinephelidae, reported by Bertucci et al.
(2014a) and Wilson et al. (2020). Additionally, another sound
similar to sound type “3” was also detected (annotated as “1” in
Figure 3A). This sound type was shorter, had lower frequency
components, and could be a variation of sound type “3.”
Nevertheless, similar sound types denominated as “1” occur in
Madeira, Azores, and Arrábida. Altogether, the sounds
characteristics point to these sound types being produced by
grouper species of the Epinephelidae subfamily. However, it is
currently estimated that very few individuals of E. marginatus
and none M. fusca occur in Arrábida (down to a depth of 10 m),
which raises the possibility of other species of Serranidae (listed
on Table 1) being the source of these sound types. Taking into
account that these sounds occurred down to 190 m deep, the
other species of this family that occur at those depths are Anthias
anthias and S. cabrilla (Table 1). Therefore, these species are
candidates for sound “1.”

FIGURE 3
Similar sound types detected in multiple soundscapes. (A) Three tonal sound types detected mostly during the night, similar to sounds reported for
subfamily Epinephelinae; (B) Low frequency sound type consistent with the reported serial /boom/ sound produced by Epinephelusmarginatus; (C) Four
high frequency /kwa/ sound types, similar to sounds reported for the genus Scorpaena; (D, E) Short pulsed sound types consistent with sounds reported
for Similiparma lurida; (F) Grunt-like similar sound types encountered in all three regions; (G) two similar “noisy” low frequency sound types
encountered in Madeira and Azores.
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Figure 3B shows serial /boom/ sounds that were detected in
Madeira, Azores, and Arrábida. Similar sound types with
frequencies below 100 Hz were previously reported in E.
marginatus (Bertucci et al., 2014a). These sounds were rare in all
three soundscapes and were also rarely detected by Bertucci et al.
(2014a). However, Bertucci et al. (2014a) reports these sounds with
dominant frequencies still below the ones detected in these three
regions (see Supplementary Table S4), so further investigation is
needed to understand if these sounds are produced by this species.
Bertucci et al. (2014a) also reports single /boom/s, which are not
reported in these three catalogues. However, these single /boom/s
can easily be disregarded as abiotic noise, especially when the signal-
to-noise ratio is low. Therefore, future work analysing these
soundscapes should be aware of these types of sounds that could
easily be disregarded.

Figure 3C displays several sounds similar to /kwa/ sound type (Di
Iorio et al., 2018; Bolgan et al., 2019; Table 1). It is possible to observe
substantial differences in the frequency range, as represented by the
examples labelled as “a,” “b,” “c,” and “d” in Figure 3C. In a previous
study, Bolgan et al. (2019) used Scorpaena scrofa and S. porcus in a
controlled experiment to identify the source of /kwa/ s similar to the
ones presented as “a” (with a peak frequency around 800 Hz). Later,
Bolgan et al. (2022) observed the presence of /kwa/ s with higher peak
frequencies in the Eastern Mediterranean region, which the authors
discuss to be due to the higher abundance of S. maderensis. This
difference was also observed in a study that compared /kwa/ sounds
from Corsica (France) and Sicily (Italy), with peak frequency at ca.
800 Hz and 1,000 Hz, respectively (Raick et al., unpublished data).
Moreover, Raick et al. (2023a) suggested that two /kwa/ -like sound
types (differing in peak frequency) in French Polynesia are produced
by different species of Scorpaenidae. In the current study, we observed
/kwa/ s with peak frequencies around 800 Hz, 1,000–1,100 Hz,
1,265 Hz, and 1,570 Hz. The region with the most diversity of
/kwa/ s was the Azores (only on the shallower seamounts; depth at
ca. 35 m), and Arrábida (depth between 6 and 8 m) presented only a
few examples of a /kwa/ with a peak frequency of around 1,000 Hz.
Note that in Arrábida this sound type was rare and only detected with
a low signal to noise ratio.

In the Azores andMadeira, several short, pulsed sounds occur
mostly during the day, and they are the most similar to reported
Pomacentridae sound types (Amorim, 1996; Picciulin et al., 2002;
Table 1). The sounds represented in Figure 3E are the most
similar and might be produced by the same species. These pulsed
sounds are one of the most common sound types reported during
the day in both regions (Carriço et al., 2020b; Muñoz-Duque
et al., 2024). Moreover, these sounds were not detected in deeper
water (Carriço et al., 2020b), which is in agreement with the
depth range of this family (Table 1). This information, along with
the report on S. lurida (Santiago and Castro, 1997), makes this
species a plausible candidate for the source of this sound type.
Figure 3D also shows sounds consistent with sounds reported by
Pomacentridae. Other pulse trains with similarities to those of
Pomacentridae were also found in each soundscape, but they had
different frequency ranges, dominant frequencies, and temporal
patterns, making them distinct from each other and we lack
information to suggest plausible sources.

Figure 3F shows three similar sound types but with different
duration and frequency ranges. All these sounds are grunt-like

sounds. As different families/species produce these types of
sounds it is difficult to propose a possible candidate.

Figure 3G shows two similar ‘noisy’ sound types with high
entropy and not well-defined pulses. Both have a frequency range of
up to approximately 1,000 Hz. For example, Balistidae, Haemulidae
and Lotidae species have sound descriptions of toothy grunts and
thumps that could be similar and have species on the range of depths
where these sounds were recorded (e.g., Fish and Mowbray, 1970;
Rountree and Juanes, 2010; Raick et al., 2018; Table 1).

4 Discussion

As databases of passive acoustic recordings and unidentified fish
sound types continue to expand, new opportunities arise (Parsons
et al., 2022). Comparing multiple fish acoustic communities in the
future may offer insights into the sound-producing fish and provide
new perspectives on using these data. In the current study, recently
catalogued fish acoustic communities from the Temperate Northern
Atlantic (Carriço et al., 2019; 2020b; Carriço, 2022; Pereira, 2023;
Muñoz-Duque et al., 2024) were compared to potentially uncover
sound sources of unidentified putative fish sounds. In this pursuit,
several sound types were identified in recordings collected in regions
spaced by more than 1,000 km, including sounds similar to those
reported for species of the Serranidae, Scorpaenidae and
Pomacentridae families.

4.1 Is it possible to find similarities to
previously reported fish sounds?

To better understand unidentified sound types an important
step is to compare them with documented fish sounds. It is
important to gather more reports on fish sound production to
determine if certain sounds are unique to specific species and to
link sounds with specific contexts, such as reproduction. Currently,
only a low percentage of species are reported as soniferous (Lobel
et al., 2022). Many of the reported soniferous species were not
studied after the 1970s (e.g., Fish and Mowbray, 1970) and although
the rate of studies examining fish species for sound production has
been steadily increasing it cannot accompany the pace of unknown
sound recordings (Parson et al., 2022). Nevertheless, with the limited
information available, it is already possible to propose with
reasonable confidence potential sources for the sound types
encountered in the three fish acoustic communities assessed in
the present study.

4.2 How to compare sounds from different
soundscapes?

A total of 26 potential fish sound types, from a pool of
153 identified sounds, were categorized into seven groups.
However, to identify sound types is a time-consuming approach,
that can be subjective even if performed by trained experts, and lacks
quantitative characterization of the similarities between sounds.
Quantifying these similarities could potentially increase our
ability to compare the fish communities and characterize their
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differences. A common approach to compare sound types is the use
of data-reduction statistical techniques, such as principal
component analysis (PCA), using traditional spectral and
temporal features (Carriço et al., 2019; Odom et al., 2021;
Puebla-Aparicio et al., 2024). However, these features may have
limitations in their ability to properly represent the properties that a
human can use to classify a sound through visual and aural
inspection (Carriço et al., 2019; Puebla-Aparicio et al., 2024).
Recent advances in machine learning and artificial intelligence,
such as deep learning techniques using neural embedding
representations, may provide more robust features to
discriminate sounds, either based on supervised or self-supervised
models (Julião et al., 2022; Stowell, 2022; Williams et al., 2024). The
use of these neural embeddings has been successful in representing
“fingerprints” of sounds from terrestrial and marine environments
(Sethi et al., 2020; Ozanich et al., 2021; Best et al., 2023; Williams
et al., 2024), suggesting this methodology as a promising approach.
However, developing neural network models for underwater fish
sounds faces challenges due to the need for large annotated training
sets and difficulties with recordings of varying characteristics
(Hamer et al., 2023), especially the typical low signal-to-noise
ratio sounds detected with PAM. Accurately defining and
grouping unidentified sounds as putative fish sound types
remains an open challenge. Maintaining global sound databases,
with an increased number of recordings from different species and
soundscapes can help increase our knowledge while also improving
the performance of these models for a wide range of applications
(Parsons et al., 2022). It is thus a critical research priority to develop
and test robust methods to compare and quantify similarities
between sound types, and even acoustic communities as a whole,
from different recordings and soundscapes.

4.3 Which soniferous families should be
considered?

More than 200 soniferous and potentially soniferous fish species
were identified to occur in the three considered soundscapes.
However, not all species have the same potential to be detected
in field passive acoustic recordings. Carriço et al. (2020a) highlighted
that some species might be detected at greater distances than others.
For example, most known Gobiidae and Blenniidae species can only
be recorded up to a few centimeters from the hydrophone (de Jong
et al., 2007; Lugli and Fine, 2007; Amorim et al., 2018), thus having a
low probability of being detected with PAM. But other species, like
the Pomacentridae or Scorpaenidae, produce sounds that can be
detected several metres away (Carriço et al., 2020a; Bolgan et al.,
2022). Furthermore, not every species might produce sounds, at least
regularly. Some species of the families Pomacentridae, Sciaenidae or
Batrachoididae are known to produce sounds at a substantial calling
rate, or even to produce choruses during the breeding season (Mann
and Lobel, 1997; Carriço et al., 2020b; Vieira et al., 2021), but other
families have been rarely reported to produce sounds (Rice et al.,
2022). It is also important to note that some species produce
significantly fewer sounds outside the breeding season although
they can be very active acoustically during the reproductive period
(e.g., Vieira et al., 2021). As such, some families are more likely to be
detected than others, and in different times of the year. In this study,

the following families were considered the most likely sound
sources: Balistidae, Haemulidae, Labridae, Lotidae, Mullidae,
Ophidiidae, Pomacentridae, Scorpaenidae, Serranidae, Triglidae
and Zeidae. Note that, for example, Scorpaena sp. can now be
referred to as highly soniferous but was only identified as
soniferous in a recent field study (Bolgan et al., 2019), or that
only a few reports exist on deeper environments so far (e.g., Mann
and Jarvis, 2004; Carriço et al., 2020a). As such, the exclusion of
some families could be revised with the publication of more studies.

4.4 Can we suggest sound sources by
crossing information from several
soundscapes?

Now-a-days, one of the most challenging tasks in the study of
fish acoustic communities is identifying the species responsible for
producing the numerous sounds detected using PAM (Lobby et al.,
2022; Parsons et al., 2022). It is almost like playing a “Who’s Who?”
game, considering not only the sounds described elsewhere but also
the presence/absence information about the types of sounds and the
list of species responsible for them. However, comparing sound
types from different acoustic communities may provide a broader
perspective on common sound types and their respective sources. In
this study, we compared the list of soniferous fishes and the
catalogue of putative fish sounds for three different soundscapes
and discussed the observed similarities. We were able to identify
certain groups of species as potential sources of several sound types,
with some sounds likely produced by Serranidae, Scorpaenidae, and
Pomacentridae.

The sounds suggested to be produced by Serranidae (Figures
3A,B) are similar to sounds reported for species of the subfamily
Epinephelidae and are mostly produced at night, which is typical of
these species (Bertucci et al., 2014a; Wilson et al., 2020). Further
studies should focus on validating this possibility. Note that despite
the depth variability of the recorded sites among regions some
sounds were present both in shallow and deeper seamounts in
Azores (Carriço et al., 2020b), highlighting the ubiquitousness of
some sound types.

The distinctive /kwa/ sounds reported for species of the
Scorpaenidae family (Di Iorio et al., 2018; Bolgan et al., 2022)
were detected. Scorpaena spp. are very common in the recording
regions of Madeira (recording depths between 16–28 m) and Azores
(present on the recordings made at ca. 35 m). In Arrábida (<10 m),
although the species are common, they do not appear to be usually
present at the sites where the recordings were made. This seems to be
reflected in the likelihood to detect /kwa/ sounds, as more of these
sounds were detected in Azores and Madeira than in Arrábida.
Furthermore, in the Azores, seven species of the genus
Scorpaena have been described, which might explain the higher
diversity of /kwa/ s encountered. It is worth noting that the most
common species in Madeira and Azores is S. maderensis and that the
most common /kwa/ in both regions had a peak frequency of around
1,000–1,100 Hz. This is consistent with the findings of Bolgan et al.
(2022), who noted an increased prevalence of /kwa/ with a peak
frequency of around 1,000–1,100 Hz in a location with a higher
abundance of S. maderensis. We are confident that these sounds
might be produced by Scorpaena species, but further studies should
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be conducted to understand if the observed differences are related to
the differences between species of this genus.

Two Pomacentridae species are common in the Azores and
Madeira (Chromis limbata and S. lurida), but are only found down
to 45 m deep (Table 1). Sound types similar to those described for
this family are prominent contributors to the soundscapes of the
shallow waters of Azores and Madeira, but are not present in deeper
waters of Azores (Carriço et al., 2020b; Muñoz-Duque et al., 2024).
Double pulsed sound types with a peak frequency of around 500 Hz
were found to be similar in both soundscapes. The sound types
reported in Figures 3D,Fmight be produced by the dominant species
in Madeira and Azores, C. limbata and S. lurida. In fact, the sound
reported in Figure 3D is similar to that reported by Santiago and
Castro (1997) for S. lurida. To confirm C. limbata as a sound source,
the sounds produced by this species still need to be described (see
Table 1). Note that several factors, including temperature, size, and
background noise, can influence acoustic parameters, thus
complicating comparisons (Parmentier et al., 2016).

4.5 Implications for monitoring programmes

Fish sound types could be used to track the temporal and spatial
dynamics of target species, but also to survey their respective
communities or habitats. For passive acoustics, specific sounds
have been used for detecting and tracking natural fish
populations (Luczkovich et al., 1999; Stratoudakis et al., 2024).
However, these studies are typically limited to specific regions
(Parmentier et al., 2018). An important criterion for using fish
sounds as effective indicators of distinct species occurrence is that it
should be identifiable or measurable over large geographical scales
(Di Iorio et al., 2018; Parmentier et al., 2018). Parmentier et al.
(2018) observed that reproductive sounds from a commercial
sciaenid species could be unequivocally identified on recordings
spanning 17 years and two regions within the Mediterranean Sea,
highlighting that PAM can be confidently used to monitor this
population and contribute towards its management. Another
example of the use of PAM to monitor target fish species comes
from studies on groupers. The sounds of groupers have been used to
track spawning aggregations and courtship behaviour (Bertucci
et al., 2015; Wilson et al., 2020; Desiderà et al., 2022). Since
groupers play an important ecological role as top predators, their
presence and abundance might provide ecologically relevant
information about their communities (Shertzer and Williams,
2008; Hackradt et al., 2014). Also, fish sounds have been
proposed as environmental proxies for habitat monitoring (Di
Iorio et al., 2018). Within the Mediterranean Sea, Di Iorio et al.
(2018) reported /kwa/ sound, produced by Scorpaena species
(Bolgan et al., 2019), as an ubiquitous sound type that could be
detected on locations covering a distance of more than 200 km. In
addition to its wide geographic range and easily identifiable spectral
features, it can be detected throughout seasons, is minimally affected
by noise interference, and exhibits acoustic diversity. As the sound is
associated with seagrass meadows (Posidonia oceanica), these
authors proposed that the /kwa/ sound could be tested as an
ecological indicator for habitat monitoring, and contribute
towards the management of this critical Mediterranean habitat.
Further work should be done to validate the source and use of

these sound types as reliable indicators to assess the condition of the
environment or to diagnose the cause of environmental change
(Niemi and McDonald, 2004). Moreover, note that the possibility of
tracking a well-characterised group of sound types is a major
advantage, as it offers the possibility to use supervised machine
learning to automatically annotate them in different soundscapes
with lower efforts and higher precision (Barroso et al., 2023).

5 Conclusion

Unidentified underwater biological sounds can provide valuable
information about the local acoustic community, serving as a proxy
for biodiversity and ecosystem health, even if the source is unknown
(Desiderà et al., 2019; Mooney et al., 2020; Raick et al., 2023). As
databases of passive acoustic recordings and unidentified fish sound
types continue to grow, comparing multiple fish acoustic
communities may offer insights into the sound sources and
provide new perspectives for research. Moreover, such
comparisons should take into account ecological parameters that
may drive/restrict the presence/acoustic activity of soniferous
species, such as depth of the recording sites and time of day.
This study demonstrates how comparing fish acoustic
communities from different regions within the Temperate
Northern Atlantic can provide a better understanding of possible
sources for sounds that occur in more than one region and supports
the need for identified and unidentified fish sound libraries (Parsons
et al., 2022).
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