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State of Play in Marine
Soundscape Assessments
Michelle-Nicole Havlik1*†, Milica Predragovic1,2† and Carlos Manuel Duarte1,3

1 Red Sea Research Centre (RSRC), King Abdullah University of Science and Technology, Thuwal, Saudi Arabia, 2 Centre of
Marine Sciences (CCMAR), University of Algarve, Faro, Portugal, 3 Computational Bioscience Research Center (CBRC), King
Abdullah University of Science and Technology, Thuwal, Saudi Arabia

A soundscape is the recording of all sounds present in an area, creating a holistic view of
the acoustic profile in an ecosystem. Studying acoustic parameters of marine
soundscapes as a whole has been shown to give an indication of the health status of
the location, as well as correlate to which species may be present and using the area. With
the rapid innovation of technology, especially data storage and declining cost of
equipment, marine soundscape research is fast increasing, and these previous
limitations have been switched for computing capacity for data analysis. Here, we
perform a systematic assessment of literature of marine soundscape studies, from
1978, when the first soundscape study was reported, until 2021. We identified 200
primary research studies that recorded soundscapes and captured their geographical
location, depth, habitat, duration of the study, and number of sites in each study. Using
this data, we summarize the state of play in marine soundscapes studies, and identify
knowledge gaps in the spatial coverage, depth profiles, habitat representation and study
duration. Spatially, studies are biased towards the northern hemisphere. They are also
more prevalent in more easily accessible ecosystems, in order from most to least studied,
in coastal (38%), pelagic (20%), tropical coral reef (17%), rocky reef (7%), polar (5.5%),
seagrass meadows, oyster reef and kelp/algal forest (<5% each) areas, with zones of
cold-water coral the least studied (0.3%). Continuing the trend of accessibility, studies
also tended to focus on shallow ecosystems. Most recordings (68%) were conducted in
the upper 50 m, with 13% in 50-200 m depths, and only 0.6% at a depth >4000 m. With
anthropogenic noise and other pollution sources increasing globally, these gaps in
research should be further addressed, especially as they pertain to vulnerable
ecosystems, many of which are affected by global climate change and anthropogenic
influences. It is crucial that marine soundscape studies continue to be developed and
pursued, to establish baselines for healthy ecosystems and/or document recovery
following management actions.
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INTRODUCTION

A soundscape is the result of a holistic recording of all acoustic
activities present within an ecosystem or area of biological,
geological, or man-made (anthropological) origin (Southworth,
1967; Schafer, 1969). Soundscapes, therefore, contain a
fingerprint of biological, human and geological activities and
dynamics in the ecosystem, which can be retrieved from analyses
of their acoustic patterns and spectral characteristics to provide
an integrative metric of the status, dynamics and health of an
ecosystem (Pijanowski et al., 2011). Terrestrial soundscapes have
been a focus of environmental study for over 40 years (Truax,
1978) as proxies for ecosystem health, however it is only recently
that acoustic soundscape studies have moved underwater in
earnest, where similar indices have been seen to discover
parallel trends (Bertucci et al., 2016).

Owing in great part to the vast distances potentially travelled
by underwater sound compared to any other cue, chemical or
optical, soundscapes studies are particularly useful in marine
ecosystems, providing the important role of sound on the
ecology of marine organisms (Harris and Radford, 2014;
Duarte et al., 2021). Advances in acoustic-recording technology
have allowed scientists to characterize soundscapes for longer
periods of time and at greater depths than previously possible
(Howe et al., 2019). In parallel, new tools for data-rich
soundscape analysis have emerged, facilitating both species-
specific call recognition and summative approaches to analyze
the entire acoustic spectrum, yielding important insights. For
example, coastal habitats often have distinct acoustic signatures
(Radford et al., 2010) that are used by a range of larval organisms
to locate and select suitable settlement habitats (Simpson et al.,
2005; Montgomery et al., 2006; Vermeij et al., 2010). Though
methods for soundscape analyses continue to be improved to
address their inherent complexities (Mckenna et al., 2021),
underwater sound recording is an easily obtained metric that
complements other ecosystem health measurements (Staaterman
et al., 2017 Peck et al., 2021). Soundscape monitoring allows for
long-term detection of change in a habitat, offering potential to
contribute to future ecosystem monitoring and conservation
research (Mooney et al., 2020).

Underwater, sound propagates approximately five times
faster than in air, and is integral to marine species’ activities
such as communication, navigation, and foraging. Larval fish
have been found to use the sound created on reefs to navigate
after pelagic development back to their home reef (Simpson et al.,
2005). Other marine ecosystems in which soundscape studies
have been conducted include rocky reefs, seagrass meadows,
kelp/algal forests, oyster reefs, estuarine zones, mangrove forests
and deep-sea zones such as canyons and seamounts. Marine
soundscapes in the Anthropocene are now unavoidably
punctuated with man-made noise such as pile-driving, deep-
sea mining, seismic testing, and shipping noise (Miksis-Olds and
Nichols, 2016; Howe et al., 2019; Duarte et al., 2021) which have
been shown to have detrimental effects on marine life (Popper
et al., 2003; Williams et al., 2015; Duarte et al., 2021). The low
frequency nature of these sounds enables them to travel long

distances underwater, rendering them prevalent components of
contemporary marine soundscapes.

Some common acoustic indices to reduce the complexity of
soundscape data, (candidates to provide proxy for ecosystem health
and biodiversity), are the Acoustic Complexity Index (Pieretti et al.,
2011), Broadband or overall sound pressure levels, Third Octave
Levels, and distinguishing characteristic frequencies and spectra of
specific marine species (Au and Hastings, 2008). For example,
higher sound-pressure levels in low frequencies in coral reef
ecosystems have correlated positively with visual measures of fish
diversity, coral cover, and invertebrate abundance (Kennedy et al.,
2010; Bertucci et al., 2016; Staaterman et al., 2017; Peck et al., 2021).
However, these indices also require a degree of prior knowledge on
the sound origins and characteristics, and are therefore
complementary to traditional monitoring methods (Staaterman
et al., 2017). Indeed, degraded marine ecosystems have been shown
to exhibit simplified soundscapes (Butler et al., 2016; Gordon et al.,
2018). A successful acoustic index of marine ecosystem health
should be positively correlated with traditional measurements of
species’ assemblages, be robust to changes in spectral and temporal
resolution, and cope with potential interference by both natural
(e.g., wind) and anthropogenic noise (Bohnenstiehl et al., 2018
Howe et al., 2019). Robust acoustic indices derived from ocean
soundscapes may serve multiple purposes, such as provide targets
for acoustic restoration of healthy soundscapes (Gordon et al.,
2019), monitor illegal fishing where satellite-based methods fail
(e.g., at night-time, by small vessels, or in remote locations), and
monitor impacts of human activities such as climate change,
habitat loss, overfishing and pollution events.

Because of the unique nature of sound propagation
underwater, sound generated at the surface can travel to the
deepest part of the ocean (Dziak et al., 2017). Studying
ecosystems at extreme depths is complex, and benthic
assessment of these areas using sound is an invaluable tool with
no impact on the surrounding environment (Dziak et al., 2017).
However, although sounds may propagate to the deep sea, the
study of biological sounds originating in surface waters is not
effective from deep sea recording, with the sound levels (decibels,
or dB) greatly reduced, and therefore recordings offer a much
lower spectral resolution for analysis than recordings closer to
the source.

It is crucial that marine soundscape studies continue to be
developed and pursued, in order to establish baselines for healthy
ecosystems and/or document recovery following management
actions (Lamont et al., 2021). With the rapid innovation of
technology, especially data storage and declining cost of
equipment, marine soundscape research is rapidly increasing.
Soundscapes are typically recorded using underwater
microphones, i.e. hydrophones, which are becoming more
available for personal not only commercial use. It has also
allowed the duration of recordings to greatly increase, delivering
huge volumes of data. The duration of studies has also increased
with higher connectivity between sites and availability of equipment,
allowing patterns to be observed over years tomonths. The baselines
of these soundscapes, and continued survey are vital in determining
changes caused by anthropogenic influence.
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Here we present an assessment of publishedmarine soundscape
studies, the habitats surveyed and their depth distribution, to assess
the growth of marine soundscape assessments and detect research
gaps that need to be targeted to derive a more comprehensive
understanding of marine soundscapes. We do so based on a
systematic assessment of literature, from 1978, when the first
soundscape study was reported, to 2021.

METHODS

We systematically searched the records of the Web of Science to
retrieve the studies focusing on marine soundscapes, using the
PRISMAmethod (Figure 1) (Moher et al., 2015). To detect those
studies, we used a topic string on February 8th 2021: (Ocean*
AND soundscape* OR marine AND soundscape* OR marine
AND chorus* OR marine AND biodiversity AND bioacoustic*
OR marine AND sound AND production AND pattern*). The
string resulted in 492 articles published between 1900 and 2021.

Identifying Relevant Papers
Studies were only screened if they were full-text, original and
peer-reviewed, and focused on marine soundscapes. We define a
marine soundscape study, as that which records all sonic aspects
of a marine ecosystem or area. All studies with ambient in-situ
marine recordings were included. However, if a study focused
solely on a specific sonic quality (e.g. the call of a single species),
or on sound propagation modelling, without taking into account
the entire soundscape, it was excluded. Ex-situ experiments,
recordings from rivers upstream of an estuary and terrestrial
recordings above water near a marine ecosystem, were also not
included. A large number of studies captured by our search string
were not relevant, since they focused on acoustic telemetry.
Following this criteria 200 papers in total were eligible for
assessment, and 292 were excluded (Moher et al., 2015).

Information Extraction and Categorization
From each eligible study, the following information categories
were extracted: location (latitude and longitude), depth of sound
measurements, habitat type, duration of recordings, and number

of sites. If the exact geographic coordinates were not specified in
the paper, the approximate location was used. The depth of
sound measurements was divided into five categories: 0-50 m,
50-200 m, 200-1000 m, 1000-4000 m, >4000 m, based on
ecosystem characteristics. Habitat type was divided into eleven
different categories including: tropical coral reef, rocky reef,
oyster reef, cold water coral reef, mangrove, seagrass meadow,
kelp/algal forest, estuary, polar (ice cover), pelagic, and coastal.
Habitats were selected as the area where the recordings were
taken (Table 1). The duration of recordings was defined as the
length of the entire study and divided into five categories:
minutes, hours, days, months and years (e.g. a study recording
one hour per day for several months in the same location was
classified as “months”). When studies contained multiple
geographic locations, and/or depth ranges, and/or habitat
types, each category was documented separately and called a
recording. This means that each study can have more than one
recording. If a recording performed in a certain habitat type and
at a certain depth had several different locations of soundscape
measures (i.e. the front and the back of a reef), the number of
those locations were captured and called sites. Following this
procedure, from 200 studies, we extracted 305 recordings and
991 sites in total (Figure 1).

RESULTS

The first study focusing on underwater soundscapes was
published in 1978, describing marine animals’ choruses in the
tropical waters of Australia (Cato, 1978). Twenty-eight years
later, in 2006, a study focusing on a seagrass meadow in northern
Sicily, including its soundscape, was published (Hermand, 2006).
Between the years 2010 and 2012 one to two soundscape studies
were published annually, increasing to six publications in 2013,
and since then, the number of soundscape studies increased
rapidly peaking at 30 papers in 2016 (Figure 2A).

Number of Sites
Most recordings had only one site per recording (140,
Figure 2B). The number of recordings with between two and

FIGURE 1 | PRISMA diagram (Moher et al., 2015) of meta-analysis process.
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ten sites ranged between two and 36 recordings, and recordings
with more than ten sites were very few and sporadic. Most
recordings (68%) were conducted in the upper 50 m, with 13% in
50-200 m depths, followed by 14.2% in the mesopelagic region
(200-1000 m), 3.6% in the bathypelagic zone (1000-4000 m) and
only 0.6% (two recordings) at a depth >4000 m. In total, there
were 757 sites out of 991 (76.4%) in the upper 50 m of depth, 130
sites (13%) in 50-200 m depths, 76 sites in the mesopelagic region
(200-1000 m), 26 sites in the bathypelagic zone (1000-4000 m),
and two sites at depth >4000 m (Figure 2C).

Spatial distribution of soundscape recordings in the upper 50
m of the ocean shows that the most represented regions were the
East coast of the United States, the Caribbean and most of
Western and Southern European countries (Figure 3).
Accordingly, these regions also had the highest number of
sites, with the maximum number of sites (40) on the West

coast of Florida. Less represented, but still with significant effort
were Canada, the West coast of the United States, the Pacific
Islands, Brazil, Australia, New Zealand, and Southeast Asia. The
regions with very low research effort were the Arctic, Antarctica,
Africa, South America (except Brazil), and the Middle East
(Figure 3). Similar distribution of effort was found on depths
lower than 50 m, but with much less spatial coverage and lower
number of sites. The maximum number of sites (17) was
recorded on the Canadian Arctic Archipelago at depths
between 200 m and 1000 m (Figure 4). Two sites measured
soundscapes at depths deeper than 4000 m, one in the abyssal
plain around the Minamitorishima Island in Japan (5500 m), and
the other one in one of the deepest parts of the ocean, the
Mariana Trench (10,829.7 m) (Figure 4).

Out of the 305 recordings we extracted from 200 studies, most
(38%) were conducted in coastal habitats (Figure 5, cf. Table 1).

A
BC

FIGURE 2 | (A) Cumulative number of studies published on ocean soundscapes through time (see Supplementary Material for data sources). (B) Number of
recordings extracted from all the studies versus their number of sites. (C) Number of recordings and their sites in different depth ranges.

TABLE 1 | Habitat types and relative definitions upon which soundscapes were classified.

Habitat type Definition

Coastal Receivers placed in any area proximal to a coast, still pertaining to the continental shelf or <200m in depth. This included sandy bottom and
gravel areas

Pelagic Receivers placed on an area with a depth of >200m, or offshore to the continental shelf
Rocky Reef Receivers placed in hard-rock, or rock of varying relief, allowing colonization of algae, invertebrates and fish. For our analysis, this included

maerl beds and seamounts, and coralligenous rocky reef.
Tropical Coral Reef Receivers placed in close proximity to or on a tropical coral reef ecosystem
Mangrove Receivers placed in or next to a mangrove forest underwater
Seagrass Receivers placed in a seagrass meadow, or area dominated by seagrass
Kelp/Algal forest Receivers placed inside a Kelp or Algal forest stand
Oyster Reefs Receivers placed in habitats specifically described as oyster reef, rock-like temperate reefs formed and dominated by oysters
Polar (Partial/completely
ice-covered)

Receivers placed in the Arctic/Antarctic polar environment when ice-cover is partial or complete. If study was made during ice-free period,
the respective habitat was used (e.g. coastal)

Estuary Receivers place in estuarine area with direct connection to the ocean - if placed outside of estuary, it is defined as coastal (or respective
habitat)

Cold-water coral reef Receivers placed in or next to a cold-water coral reef
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Recordings focusing on pelagic habitats and tropical coral reefs
received a similar effort, 20% and 17% of the total volume,
respectively. This contrasts with underrepresented habitats
including rocky reefs (7%), polar (5.5%), and seagrass meadow,
oyster reef, and kelp/algal forest habitats (<5% of effort,
Figure 5). Cold-water coral reef soundscapes were measured
only in one location, a marine protected area that connects
Norway and Sweden (De Clippele and Risch, 2021), accounting
for 0.3% of the total volume (Figure 5).

Most soundscapes were recorded during a span of a couple of
months (40%, Figures 6, 7). Close to 30% of recordings were
lasting several days, and around 25% were conducted over a
period of several years (Figure 6). A small percentage of
recordings were lasting several hours (7.2%) and minutes
(1.3%). Longer recordings (days to years) were mostly
concentrated in the United States, the Caribbean, Europe,
Australia, and New Zealand. Shorter recordings (hours and
minutes) were carried out across the world but tended to be
the only recordings conducted in underrepresented regions, such
as the West coast of South America, Africa, and the Arabian
Peninsula (Figure 6). The duration of recordings increased
throughout the years, especially in 2016 onwards, extending to
months and years (Figure 7A).

An overall decrease of published recordings was evident in
2020 with publication effort raising again by February 2021
(where this metanalysis dataset ends) (Figure 7A). In the
upper 200 m depth, the most frequent durations of
measurements were months, followed by days, years, hours,
and minutes respectively (Figure 7B). On depths between 200
and 1000 m, most recordings lasted several years, followed by
months, days, and hours. Between 1000 and 4000 m several
recordings were carried out for several months, and few over the
course of several days and years. The abyssal ocean (>4000 m)

was recorded in only two studies, lasting several hours and
days (Figure 7B).

DISCUSSION

Research efforts to record and analyze entire soundscapes have
increased over the past 50 years, with an exponential rise beginning
at the turn of the century (Figure 2), in line with research on
anthropogenic noise in the ocean (Duarte et al., 2021). The first
marine soundscape study was undertaken in 1978 (Cato, 1978),
followed by a large gap until 2006, attributed to the lack of
affordable and accessible technology at the time. An increase
occurred in earnest after 2010, with a peak in studies occurring
with 30 papers in 2016, accompanied with technological and
methodological advancements. The discovery that soundscapes
can represent integrative proxies of ecosystem health and human
pressures (Pijanowski et al., 2011; Harris and Radford, 2014;
Bohnenstiehl et al., 2018), in great part contributed to this increase.

Learning From Disruption
The decrease of reported soundscapes in 2020 corresponds with
the disruptions on field studies derived from confinement
measures during the beginning of the COVID pandemic, which
has greatly impacted on field research (Bates et al., 2020), but also
provided opportunities to learn on the impacts of human activity
on ocean soundscapes (Rutz et al., 2020). This decline is
unfortunate, as previously unimaginable in an ever increasingly
loud ocean, with levels rising by 3.3 dB since 1950 (Frisk, 2012),
the mass pause in human activity and marine traffic in 2020-2021
gave an unprecedented look into how the ocean would sound
without anthropogenic influence (Bates et al., 2021). Soundscape
recordings that continued into this period reported an overall

FIGURE 4 | Spatial distributions of recordings extracted from published
studies on ocean soundscapes (see Supplementary Material for data
sources) recorded at depths greater than 50 m. Closed circles on the map
represent areas where soundscape recordings were obtained, with the size of
the symbol being proportional to the number of sites of each recording, and
the color indicating the depth range of the recording.

FIGURE 3 | Spatial distributions of recordings extracted from published
studies on ocean soundscapes (see Supplementary Material for data
sources) recorded between 0 and 50 m depth. Points on the map represent
areas where underwater recordings were made, with the size of the point
being proportional to the number of sites of each recording.
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reduction in noise, especially in low-frequencies associated with
vessel noise (Basan et al., 2021; De Clippele and Risch, 2021;
Gabriele et al., 2021; Ryan et al., 2021) with one study showing a
reduction in noise from terrestrial traffic influence (Leon-Lopez
et al., 2021), owing mainly to the widespread border closures and
lock-downs put in place during the pandemic. In one case, low-
frequency sound pressure decreased by up to 13% (1.2 dB) in an
area of usual high traffic (Basan et al., 2021). These insights
support the notion that hydrophone recordings should be part of
monitoring systems, and should be designed to gain in autonomy,
so they can continue to operate unassisted when disruptive
events, such as the pandemic, impacts on human availability to
operate the systems.

Proximity Means More Studies
The most studied ecosystem soundscapes are sandy-bottom
coastal, pelagic, and tropical coral reef ecosystems (between 17-
38% of studies each). Coastal ecosystems, due to their proximity
to humanity, including research labs, are both easier to study and
rank amongst the most influenced by anthropogenic noise.
Furthermore, increasing intensity of storms in coastal
ecosystems, will require acoustic baseline indices to aid in
restoration efforts (Michener et al., 1997).

As one of the most visually drastic changing ecosystems, coral
reefs also garner a significant amount of studies (17%, Figure 5).
Impoverished reefs have been paired with quieter, less complex
soundscapes (Gordon et al., 2018), so this monitoring tool is an
essential key ecosystem variable, which can provide a collective
metric of habitat simplification with increasing impacts of
climate change, including acidification and ocean warming.

Vulnerable Shallow Soundscapes
Forming similar sized gaps in research, in order from least to
most studied, are the ecosystems of cold-water coral reefs, kelp/

algal forests, mangroves, seagrass meadows, polar (ice-cover),
estuaries, and rocky reefs (between 0.3-7% of studies each). This
is a surprising paucity of records provided the important role of
all these (mostly benthic) habitats in supporting biodiversity.
Tropical coral reef soundscape studies have shown that in
addition to reflecting ecosystem health (Gordon et al., 2018;
Peck et al., 2021) soundscapes play a key role in guiding
recruitment of larvae and juvenile organisms to these habitats
where they will spend their adult lives (Simpson et al., 2005;
Montgomery et al., 2006; Vermeij et al., 2010), suggesting that
exploring the soundscapes of these and other neglected coastal
habitats will greatly accelerate our understanding of their heath
and restoration potential.

Mangroves, kelp and seagrasses are all considered ecosystem
engineers, biogenic habitat providers, are important in coastal
processes and are pivotal to carbon sequestration (Alongi, 2012;
Fourqurean et al., 2012; Krause-Jensen et al., 2018), yet only 1%,
1.3% and 3.2% respectively of all soundscape studies focus on
them. Acoustic monitoring could provide a solution to the
observation of the remote and inaccessible areas where these
habitats commonly thrive.

Kelps are some of the most diverse and productive habitats
globally (Teagle et al., 2017), amounting, in global area and
productivity, to the Amazonian forest [Duarte et al., 2022 (in
press)]. Kelp forests create biogenic habitat structures supporting
secondary productivity, and provide billions of dollars of
essential ecosystem services to humanity (Beaumont et al.,
2008). They are key players in blue carbon capture and climate
control (Krause-Jensen et al., 2018). The current limited studies
on algal/kelp forest soundscapes indicate correlations between
acoustic parameters and the state of the ecosystem (Gottesman

FIGURE 6 | The distribution of the duration of soundscape recordings
extracted from published studies on ocean soundscapes (see
Supplementary Material for data sources). The pie chart shows the
percentage of recordings (out of 305 recordings) conducted for different
lengths of time. The duration represents the time elapsed from the first to the
end of the last recording in each site, regardless of the frequency of recording
within the time period covered.

FIGURE 5 | Distribution of habitats where soundscape recordings have been
reported (see Supplementary Material for data sources). The pie chart in
the insert indicates the percentage of recordings (out of 305 recordings)
conducted in different habitats.
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et al., 2020; Butler et al., 2021), as well as any regime shifts
occurring (Rossi et al., 2017).

Seagrass ecosystems, stretching from Tropical-Polar regions,
support a major global blue carbon stock (Fourqurean et al., 2012),
and can be considered “coastal canaries” (Krause-Jensen et al.,
2018), being one of the first to show decline in deteriorating coastal
conditions. They are in serious threat by deleterious effects of
climate change, such as regression of surface area (Chefaoui et al.,
2018), making it imperative to monitor changes. Seagrass habitats
often co-occur with other habitats such as mangroves, tropical
coral and rocky reefs (Butler et al., 2016; Staaterman et al., 2017;
Lyon et al., 2019). In the few studies available on seagrass meadow
soundscapes, it is clear that acoustics play a large role in their
ecological importance. Certain fish may dominate seagrass
meadow soundscapes during calling (Staaterman et al., 2017;
Boyd et al., 2021) potentially spanning months, such as in
Posidonia oceanica meadows in the Mediterranean (Di Iorio
et al., 2018), and complexity indexes have correlated with
biodiversity of fish (La Manna et al., 2021). In other locations
and/or seasons, sound pressure levels in seagrass meadows can be
lowered, potentially due to the dominant presence of juvenile fish,
which are seen to vocalize less frequently (Lyon et al., 2019).
Seagrass meadows can also produce lower complexity of

soundscape than other adjacent habitats, such as mangrove
(Butler et al., 2016) but have higher complexity than sandy
bottom habitats (Ceraulo et al., 2018). The bubbles on the foliage
created by photosynthesis can also attenuate sounds (Hermand,
2006), creating a potential acoustic refuge for fish from detection by
the echolocation of marine mammals (Wilson et al., 2013).

Like seagrass, mangrove ecosystems also represent a significant
percentage of tropical coastlines, protecting land from wave
pressure and providing high bio-complexity in ecological
assemblages (Feller et al., 2010). With 20-25% of the world’s
mangroves destroyed in the past 50 years by anthropogenic
pressures such as coastal development and sea-level rise
(Polidoro et al., 2010) monitoring ongoing changes in pristine
and restored areas is of utmost importance to conservation. The
three mangrove soundscape studies indicate that like seagrass,
mangroves could provide acoustic refuges for certain species with
potentially higher attenuation of sounds than adjacent ecosystems
(Staaterman et al., 2017), but have alternatively also shown higher
sound pressure levels than adjacent areas such as seagrass, due to
presence of fish and alpheid shrimp (Butler et al., 2016).

Polar regions, although arguably at the forefront of climate
change policy focus, have been largely neglected in holistic
soundscape measurements. The soundscape of the polar

FIGURE 7 | Temporal distribution of the duration of recordings extracted from published studies on ocean soundscapes (see Supplementary Material for data
sources) indicating the year in which the study was carried out, and how long the study was undertaken for (A). (B) shows the depth range of recordings versus the
length of time studied.
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regions is not only rich with the biophony of marine mammals,
invertebrates and fish, found to correlate positively with
biodiversity assessments (Roca and Van Opzeeland, 2020;
Heimrich et al., 2021), but as ice melts, it produces a
recognizable sound signature (Mahanty et al., 2020) allowing
for acoustic observation of climate change. Calving of icebergs,
and glaciers is also recordable and present in analyses. The
melting of polar icecaps was predicted almost 50 years ago
(Mercer, 1968), and since then the phenomena is accelerating
(Melia et al., 2016; Parkinson, 2019). As the polar oceans rapidly
warm and change (Schofield et al., 2010), it is imperative that
monitoring continues. Soundscape monitoring is a particularly
robust tool for polar regions, where access is cumbersome,
particularly in winter. The predicted shift to more kelp
dominated areas in polar regions (Krause-Jensen and Duarte,
2014) should also be reflected in soundscape recordings, which
could provide an approach to identifying these areas of shift, due
to difficulty of access.

Cold-water reefs, although they have been known to exist
since the 18th century, have been recently revealed to cover a
much larger spatial extent than previously thought (Roberts
et al., 2006). Only one soundscape study exists (De Clippele
and Risch, 2021) off the coast of Norway and Sweden. These
long-lived (often thousands of years old), slow-growing,
underwater oases can create 300 m high carbonate pinnacles,
and be as wide as kilometers across (Freiwald et al., 2004).
Existing at depths between 40 to several hundreds of meters,
they are at threat to bottom trawling fishing practices. Although
banned in the UK, the destructive practice of bottom trawling is
still permitted in many places globally (Freiwald et al., 2004).
Another pertinent stressor is rising sea temperatures, as many
cold-water corals are currently existing at their thermal
thresholds such as in the Mediterranean. Experiments using a
2°C rise, resulted in lower energy reserves and slower growth in
cold water corals, and 4°C in death (Chapron et al., 2021).

Sounding Out the Deep to Protect It
Although advances in acoustic-recording technology has allowed
scientists to characterize soundscapes for longer periods of time and
at greater depths than previously possible, most of all recordings
were taken in shallow depths of 0-50 m (68%, Figure 2C) and only
0.2% of soundscape studies represented depths lower than 4000m,
and 3.6% of 1000-4000 m. The mesopelagic layer, 200-1000 m, or
off the continental shelf is only represented in 14.2% of records,
despite it containing the largest stock of fish in the ocean (Irigoien
et al., 2014). Below 50 m lie understudied ecosystems, insofar
blocked from in-depth research by technological limitation.
Hence, available soundscape data is biased toward shallow,
nearshore environments. Research on Mesophotic reefs so far
show a hugely diverse, and fragile ecosystem (Lesser et al., 2009),
that provide fascinating insight into corals adapted to thrive under
colder and dimmer light conditions than their shallow counterparts.

Compared with the upper ocean, very limited data is available
for the deep sea (Figure 4). Deep-sea ecosystems have traditionally
been inaccessible, but as technology advances allowing deep-sea
mining, exploration, and deep-sea fishing, they have become one

of the ecosystems most vulnerable to change. Evidence has shown
with their extremely slow ecosystem turnover and growth-rates,
recovery capacity is greatly reduced, and degradation can be
potentially irreversible (Clark et al., 2016). Soundscapes hold
vital information to these cryptic environments, with larval
recruitment and settlement thought to be driven potentially by
sonic signatures of thermal vents (Lin et al., 2019). Making these
geophonic and biophonic acoustic studies evenmore critical, is the
increasing interference of anthropogenic factors such as shipping
and seismic testing (Miksis-Olds and Nichols, 2016; Duarte et al.,
2021), which can mask biological sound-cues. Monitoring deep
sea soundscapes is likely to produce new insights into deep-sea
ecology while also alerting of disruptive practices, such as deep-sea
mining, trawling, and drilling.

Duration and Sites
A single site within amarine habitat can have great variationwithin
it. Sound may propagate differently according to the topography
and placement of the hydrophone, or biological components may
differ affecting the spectral characteristics (Bertucci et al., 2016).
Duration, we defined as the length of the study between the first
recording in a site and the last. The specific timing of the recording
can also change the spectral results, as seasonal and lunar cycles can
influence the presence and propagation of biological sound. These
cycles can be invaluable to understand for the management of an
area and its surrounding waters, and assess future changes
responding to altering ambient conditions (Radford, 2008;
Staaterman et al., 2014; Ricci et al., 2016; Mcwilliam et al., 2017;
Lillis and Mooney, 2018).

Amain issueof extendedsoundscape studies of large areas is that
they rely on collaboration, but rarely are protocols universally
agreed upon (Howe et al., 2019) making data difficult to share,
reproduce, integrate and use. Though preferable to determine
changes over time, studies that last years are not as popular as
months and days, andmonth-long studies seem to dominate efforts
as technology improves. A push to publish data quickly may also
contribute to studies lasting for years being less represented.

The global distribution of sites where soundscape analyses
have been conducted is unsurprisingly spatially unbalanced, like
most research efforts on oceans that are characteristically biased
toward the north hemisphere, where most marine research
institutions are located. There is a clear need to extend efforts
to areas underrepresented, such as seagrass meadows, kelp/algal
forests, polar and deep-sea ecosystems, and an increase in spatial
replication and temporal coverage are also required.

CONCLUSION

With the advancements of the past 50 years, soundscape studies have
demonstrated their worth in marine ecosystem characterization,
impact detection, and restoration. Looking ahead, to take full
advantage of the utility of soundscape studies, there must be more
focus on seagrass, kelp and mangrove, polar, cold water coral and
deep-sea ecosystemsvulnerable to climate changeandanthropogenic
influence, especially due to their vital role in carbon drawdown
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[seagrass (Fourqurean et al., 2012), mangrove (Alongi, 2012), polar
ecosystems (Schofield et al., 2010) and deep sea ecosystems (Clark
et al., 2016)].More integrative studies to link soundwith biodiversity
assessments, possibly using emerging technologies such as
environmental DNA, for example, will allow sound to become a
more efficient, accurate and simpler analytical tool.

On-going monitoring efforts must be made resilient to
disruptions while new tools and concepts to analyze them and
derive useful metrics and diagnostics are needed. Developing these
tools further can draw from developments in big-data and artificial
intelligence, such as speech recognition, for automatic classification
and simulation of ocean soundscapes, thus enhancing the
diagnostic value of ocean soundscapes. These advances in
processing will also allow more sites per study. Finally,
soundscapes are a non-invasive study that would generate a
wealth of information on understudied areas and areas difficult to
access, tobetter informconservationdecisions. In this post-COVID
era where we have seen the ecological changes brought about in the
absence of anthropogenic sound (Rutz et al., 2020; Bates et al., 2021)
wehave a unique opportunity to use these results to create adequate
quiet zones (see International Quiet Ocean project).
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