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contacts to reach a comprehensive coverage for the database.
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Permits
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Main Text
Title
Worldwide Soundscapes: a synthesis of passive acoustic monitoring across realms

Running Title
passive acoustic monitoring synthesis

Abstract and keywords
Aim: The urgency for remote, reliable, and scalable biodiversity monitoring amidst mounting 
human pressures on ecosystems has sparked worldwide interest in Passive Acoustic 
Monitoring (PAM), which can track life underwater and on land. However, we lack a unified 
methodology to report this sampling effort and a comprehensive overview of PAM coverage 
to gauge its potential as a global research and monitoring tool. To remediate this, we created 
the Worldwide Soundscapes project, a collaborative network and growing database 
comprising metadata from 409 datasets across all realms (terrestrial, marine, freshwater, 
and subterranean).

Location: Worldwide, 12 200 sites, all ecosystems.

Time period: 1991 to present.

Major taxa studied: All soniferous taxa.

Methods: We synthesise sampling coverage across spatial, temporal, and ecological scales 
using metadata describing sampling locations, deployment schedules, focal taxa, and 
recording parameters. We explore global trends in biological, anthropogenic, and 
geophysical sounds based on 168 recordings from twelve ecosystems across all realms.

Results: Terrestrial sampling is spatially denser (45 sites/Mkm2) than aquatic sampling (0.3 
and 1.8 sites/Mkm2 in oceans and fresh water) with only two subterranean datasets. 
Although diel and lunar cycles are well-covered in all realms, only marine datasets (56%) 
comprehensively sample all seasons. Across twelve ecosystems, biological sounds show 
contrasting diel patterns, decline with distance from the equator and negatively correlate with 
anthropogenic sounds.

Main conclusions: PAM can inform macroecology studies as well as global conservation 
and phenology syntheses, but representation can be improved by expanding terrestrial 
taxonomic scope, sampling coverage in the high seas and subterranean ecosystems, and 
spatio-temporal replication in freshwater habitats. Overall, this global PAM network holds 
promise to support global biodiversity research and monitoring efforts.

Keywords: ARU, automated sound recorder, biodiversity, conservation biology, 
ecoacoustics, ecology, IUCN GET realm, passive acoustic monitoring, phenology, 
soundscape ecology
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Introduction
Sounds permeate all realms on Earth — terrestrial, freshwater, marine, and subterranean1. 
Passive Acoustic Monitoring (PAM) captures soundscapes that document soniferous (i.e., 
sound-producing) organisms, human activities, and some geophysical events (i.e., biophony, 
anthropophony, and geophony, respectively). In ecoacoustics and soundscape ecology2,3, 
PAM can measure levels and impacts of global change (e.g., climate change, urbanization, 
deep-sea mining)4–6; monitor ecosystem health, recovery, and restoration7–9; assess human-
environment interactions (e.g., public health, cultural ecosystem services)10,11; and guide 
environmental management and conservation policies (e.g., protected areas, landscape 
planning)12,13.

Despite the wide-ranging and increasing soundscape sampling effort14,15, its global 
distribution across realms remains undescribed. Soundscape-recording communities are 
currently only networked within realms, often differing methodologically. Previous reviews 
focused on single realms and were either systematic14–17 or non-systematic qualitative18,19 
reviews that cannot describe data trends. The systematic reviews did not quantitatively 
address taxonomic focus in marine studies, nor ecosystemic terrestrial coverage, or spatio-
temporal sampling distribution in the freshwater realm, while the subterranean realm has not 
been reviewed yet. Notably, all reviews so far used only published data and involved only a 
small part of their respective communities. Marine scientist networks using PAM exist20, but 
the freshwater community is nascent, and the terrestrial community is fragmented among 
single taxa. Methodological differences are also striking: acoustic calibration and sound 
propagation modelling are advanced in aquatic studies21 but seldom considered in terrestrial 
ones (but see22,23); artificial intelligence can identify increasing numbers of species on land24, 
whereas most aquatic sounds are still challenging to identify25,26.

Overall, building a united global PAM network can increase knowledge transfer resulting in 
more efficient and consistent methods, analyses, and cross-system syntheses14. Cross-
realm PAM studies can yield new theoretical answers27 and applied solutions: organisms' 
sound durations follow a common distribution across multiple realms28; soundscapes track 
terrestrial and marine resilience to disturbance regimes29. Transnational sampling could form 
the basis for comprehensive soniferous biodiversity monitoring, just as community-initiated 
telemetry databases30 and collaborative camera trap surveys31 have advanced entire 
research fields. A global PAM network could complement existing biodiversity-monitoring 
networks, establish historical biodiversity baselines, support systematic long-term and large-
scale monitoring, and connect with the public through citizen science. Such information is 
critical to inform global biodiversity policies32 such as the Kunming-Montreal Global 
Biodiversity Framework.

We present the “Worldwide Soundscapes” project, the first global PAM meta-database and 
network (https://ecosound-web.de/ecosound_web/collection/index/106). We used it to 
quantify the known state of PAM efforts, highlight apparent sampling gaps and biases, 
illustrate the potential of cross-realm PAM syntheses for research, and federate PAM users. 
The project currently comprises 351 active contributors who collated metadata from 409 
passively-recorded, stationary, replicated soundscape datasets. Metadata describe the exact 
spatio-temporal coverage, sampled ecosystems (International Union for Conservation of 
Nature Global Ecosystem Typology: IUCN GET), transmission medium (air, water, or soil), 
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focal taxa (IUCN Red list), recording settings, as well as data and publication availability. We 
inferred coverage within administrative (Global ADMinistrative Database: GADM; 
International Hydrographic Organisation: IHO) and protected areas (World Database on 
Protected Areas: WDPA) from geographic locations. We selected recordings referenced in 
the meta-database to quantify soundscape components (biophony, anthropophony, and 
geophony) across twelve ecosystems from all realms. We showcase their relevance to 
exemplary macroecology, conservation biology, and phenology research questions and 
identify opportunities to advance the global PAM network. The publicly-accessible meta-
database33 continues to grow to enhance accessibility of data and remains open for 
metadata contributions, facilitating future syntheses.

Methods
Database construction

The database construction started in August 2021 within the frame of the Worldwide 
Soundscapes project using collaborative, peer-driven metadata collation33. It represents the 
current state of knowledge of PAM within our network. We additionally conducted focal 
publication searches to plug coverage gaps by inviting the respective corresponding authors. 
We posted the call for contributors on specialised ecoacoustics platforms and social media, 
and keep the project open for any contributor owning suitable soundscape recordings. We 
communicated by emails in English, Spanish, French, Portuguese, German, Russian, and 
Chinese to federate users in our network. Out of 592 contacted contributors potentially 
involved in PAM, 63% already provided metadata, 23% have not yet responded, 12% are 
pending, and 2% have declined. We included metadata from larger groups such as the 
Silent Cities project, Ocean Networks Canada, and the Australian Acoustic Observatory. 
Primary contributors provided the metadata and bear the responsibility of their accuracy. 
Research assistants checked the coherence of the metadata input (beyond automated data 
format checks) and primary contributors cross-validated metadata displayed as maps and 
graphical timelines. The database information page and content is integrated in our online 
collaborative ecoacoustics platform ecoSound-web34 that also hosts the annotated 
soundscape recordings of the case study 
(https://ecosound-web.de/ecosound_web/collection/show/49).

Soundscape recording datasets were required to meet four criteria: 1) stationary — mobile 
recorders have variable spatial assignments, thus we excluded recordings from cars, 
transect walks, or towed deployments; 2) passive — obtained from unattended recorders; 3) 
ambient — omni-directional, non-triggered recordings, under non-experimental conditions; 4) 
spatially or temporally replicated (Fig. 1) — as to disentangle spatial and temporal effects 
from other soundscape determinants. Datasets were defined as spatially replicated when 
several sites were sampled simultaneously, and temporally replicated when a site was 
sampled over multiple days at the same time of day. Sampling sites and days were our 
elemental units for defining replication, however, in other contexts, spatial replicates may for 
instance be required to be in the same habitat, and temporal replicates could be defined 
across multiple full moon nights. Taken together, our requirements homogenise the dataset 
to enable general, unified statistical analyses across datasets for future syntheses.
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Time and space

Soundscapes result from geophysical phenomena as well as wildlife and human activities 
that are broadly determined by solar and lunar cycles, and geographical positions on the 
planet relative to the poles or equator, or the land and water surface. We defined and 
calculated spatial coverage as the number of sites, and spatial density as the number of 
sites per the containing realms' areal extent. Alternatively, spatial extent could have been 
defined as the area bounded by sites, but calculating extents on the world sphere is 
conceptually challenging for large extents. Further, the sampling area covered at each site is 
generally unknown: they are rarely measured in terrestrial sites but sometimes simulated in 
marine environments35. Detection spaces vary with sound source intensity, frequency, 
directivity; recording medium temperature, currents, pressure; habitat structure; and ambient 
sound level. Underwater, detection spaces are greater due to the higher density of the 
recording medium. Our measure of spatial sampling density using points per area is thus 
provisional. Temporal extent was defined and calculated as the time range from the start of 
the first to the end of the last recording, temporal coverage as the time sampled per site, and 
temporal density as the proportion of time sampled within the temporal extent.

We quantified latitudinal and topographical distribution by collecting coordinates, altitude, 
and depth data for each site. Topography values on land were either provided by the 
contributors or filled in using General Bathymetric Chart of the Oceans surface elevation 
data36. For underwater sites, depth values below the water surface were provided by the 
contributors, and for subterranean sites, depth below the land surface was recorded. We 
assigned sampling sites to administrative areas (GADM divisions for freshwater and land, 

IHO for sea areas) and extracted their WDPA category. Sites' climates were 
geographically classified into tropical (between 23.5° and 23.5° latitude), polar (below−  

66.5° or above − 66.5° latitude), and temperate (between polar and tropical regions).

Primary contributors coded their exact recording times for each site using deployment start 
and end dates and times and operation modes (or combinations thereof). Continuous 
operations lasted from the deployment start to its end; scheduled operations had daily start 
and end times; periodical operations used duty cycles. A temporal framework was devised to 
quantify sampling coverage in three solar and lunar cycles using the timing of sound 
recordings relative to time events (Fig. 3). Seasonal coverage was inferred only for 
temperate sites, by splitting the year into four meteorological seasons (winter: December-
February, spring: March-May, summer: June-August, fall: September-November, reversed 
for Southern latitude sites). The daily cycle was split into four diel windows delimiting dawn 
(from astronomical dawn start at -18° solar altitude until 18° solar altitude), day, dusk (from 
18° solar altitude to astronomical dusk end at -18° solar altitude), and night. The lunar 
illumination cycle was split into two time windows centred on the full and new moon phases. 
Thus, extrema and ecotones in the temporal cycles define time windows, and in temperate 
zones, equinoxes roughly correspond to thermal ecotones. Seasonal cycles in tropical and 
polar regions arising from precipitation patterns were not considered in this analysis.

Ecological characterisation

We assigned individual sampling locations to ecosystem types following the IUCN GET 
(https://global-ecosystems.org). Sites were assigned hierarchically to realms (core or 
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transitional ones, which represent the interface between core realms), biomes, and 
functional groups. We calculated major occurrence areas of all functional groups based on 
ecosystem maps37 to quantify spatio-temporal extent, coverage, and sampling density within 
realms and biomes. Notably, only the result section "Sampling in ecosystems'' separates 
results among core and transitional realms. For the spatial and temporal result sections, 
sites were assigned to their "parent" realm (i.e., the first mentioned realm in the compound 
transitional realm names). Deployments were linked to IUCN Red List taxa (class, order, 
family, or genus) when studies were designed for monitoring these taxa, and other 
deployments could be collected without taxonomic focus.

Acoustic frequency ranges

Sound recordings store a representation of the original soundscape, so we needed to 
determine their spectral scope. Microphones (including hydrophones and geophones) have 
variable frequency responses, usually declining with frequencies above the human-audible 
range. Additionally, digital recorders restrict the spectral scope of the recording with the 
sampling frequency. Contributors provided audio parameters for their deployments: sampling 
rate, high-pass filters, microphone and recorder models.

Soundscape case studies

To illustrate how the database can be used for macroecology, conservation biology, and 
phenology analyses, we selected 168 recordings across a variety of topographical, 
latitudinal, and anthropisation conditions — all fundamental gradients of assembly filters in 
both terrestrial and marine realms1 — belonging to 12 IUCN GET functional groups. We 
aimed for four spatial replicates within the same functional group, with 10-minute audible 
sound recordings (at least 44.1 kHz sampling frequency) starting at sunrise, solar noon, 
sunset, and solar midnight from the same date during the biologically active season. The 
available data did not always allow this (Table S2). We acknowledge that this targeted, non-
systematic selection is not statistically representative of global patterns but rather illustrative 
of the database potential.

Each soundscape recording was analysed with respect to the three fundamental 
soundscape components: biophony, anthropophony, and geophony. Soundscape recordings 
were uploaded to ecoSound-web34 for annotation 
(https://ecosound-web.de/ecosound_web/collection/show/49): KD listened to them while 
visually inspecting their spectrograms (Fast Fourier Transform window size of 1 024) at a 
density of 1 116 pixels per 10 minutes. Annotations were rectangular boxes with defined 
coordinates in the time and frequency dimensions on the spectrogram, bounding only the 
annotated sound. Annotations of different soundscape components could overlap if they 
were simultaneously visible or audible. The total expanse of annotations of the same 
soundscape component was computed, excluding overlaps. Soundscape components above 
22.05 kHz and sounds caused by microphone or recorder self-noise were excluded. All 
annotations were reviewed by the recordists using the peer-review mode on ecoSound-web. 
Acoustic space occupancy for each soundscape component in each recording was 
calculated as the proportion of the sampled spectro-temporal space38 (i.e., total annotation 
area divided by total area of spectrogram; range: 0-1).
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We asked whether biophony occupancy increases with proximity to the equator, whether 
biophony was negatively correlated with anthropophony, and whether phenology patterns 
differ across realms. Statistical models predicting biophony occupancy were Bayesian beta 
regression models (4 chains of 1000 sampling iterations with 1000 warmup iterations) fitted 
with the R package brms39. Models converged as determined by trace plots and R hat values 
smaller than 1.1. The number of samples equaled the number of recordings (N=168). The 
models using latitude and anthropophony were mixed-effect models including the functional 
group as a random intercept. The phenology model used diel time windows and realms, as 
well as their interactions, as predictors.

Results
Summary dataset statistics

To date, 409 validated soundscape meta-datasets (hereafter "datasets") have been 
registered in our database from across the globe, dating back to 1991 (Fig. 1D). A dataset 
gathers a team's metadata on a study or project. Based on the IUCN GET definition of four 
'core' realms, our database includes 277, 104, 26, and 2 validated datasets from the 
terrestrial, marine, freshwater, and subterranean realms, respectively. The transmission 
medium was air for terrestrial datasets (except for soil in one dataset), mostly water for 
aquatic datasets (eight above-water datasets mostly in freshwater realm). In the 
subterranean realm, one dataset did aerial recordings, while the other did underwater 
recordings. The majority of datasets (84%) include both spatial and temporal replicates (Fig. 
1B). Few datasets have openly-accessible recordings (10-12% excluding subterranean 
realm, Fig. S1). Presently, few terrestrial and freshwater datasets (27% and 19%, 
respectively) are associated with DOI-referenced publications in contrast to marine datasets 
(44%, excluding subterranean realm) (Fig. S1).

Spatial sampling coverage and density

The database contains 12 220 sampling sites, including 147 polar, 9 194 temperate, and 2 
859 tropical sites (Fig 1C). On land, 11 229 sites are located within 85 (out of 263) GADM 
level 0 areas (i.e., countries, Fig. 2B), primarily in the Northern Hemisphere (Table S1). 
Administratively, most terrestrial sites occur in Canada (27%), followed by the United States 
(18%), but a significant proportion is globally widely distributed (25% do not belong to the top 
10 GADM areas). Few terrestrial sites (8%) are located in WDPA category Ia, Ib, or II areas, 
corresponding to the highest protection levels. Our database currently lacks data from vast 
areas in Russia, Greenland, the Antarctic, North Africa, and Central Asia. Site elevations 
range from sea level up to 4 548 m (Fig. 2A), but mountains above 4 000 m in the Northern 
Hemisphere, and above 2 000 m in the Southern Hemisphere (except for the Kilimanjaro), 
as well as the Transantarctic Mountains, are currently not represented in the data. At sea, 
634 sites are located within 35 (out of 101) IHO sea areas. Administratively, most marine 
sites are widespread among IHO areas (23% do not belong to the top 10 IHO areas), but the 
North Pacific Ocean and the Southeast Alaskan and British Columbian coastal waters 
contain large parts of marine sites (16% and 13%, respectively). Many sites are situated in 
WDPA high-protection category Ia and II areas (12%). Our database currently lacks datasets 
from Arctic waters off Eurasia, and Southeast Asian coastal areas. Sampling sites span 
ocean depths from sea water surface to depths of 10 090 m, but tropical bathypelagic and 
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Southern benthic areas are poorly represented (Table S2). Few GADM areas (16) are 
represented in the 324 freshwater sites. Spain holds most freshwater sites (56%), followed 
by China (21%), and few freshwater sites (2%) are in WDPA category II or Ib areas. 
Freshwater bodies are sampled at elevations from sea level up to 3 770 m and were 
sampled up to 25 m depth. Mountain freshwater bodies and those in Africa, Asia, and 
Oceania are currently poorly represented in our database (only one site at 3770 m). The 
database contains 13 subterranean sites situated in Brazil and Mexico between 277 and 810 
m elevation, and up to a depth of 1 546 m (horizontal projection).

Temporal sampling extent, coverage, and density

We compare sampling coverage (in years sampled by recordings, summed over sites) 
across time windows of the diel cycle, the lunar phases, and the seasons (Fig. 3A). Dawn 
and dusk diel windows are shorter than day and night diel windows for most locations and 
correspondingly less intensively sampled. The lunar phase cycle is evenly covered across 
realms and comprehensively covered within datasets (Fig. S2). In the terrestrial realm, 
daytime coverage surpasses nighttime coverage (606 vs. 395 years), while 74% of datasets 
sampled all diel time windows. Terrestrial temperate datasets mostly sampled spring (411 
years, 32%) and summer (559 years, 44%) while 26% sampled all seasons. Terrestrial 
temporal coverage per site is highest in Australia (1541 days). In the marine realm, diel 
coverage is even, as 89% of marine datasets sampled all diel time windows. Marine 
temperate datasets have high and similar coverage for winter and spring (117 and 122 
years, combined 59% of seasonal coverage) and 64% cover the full seasonal cycle. Marine 
temporal coverage per site is highest in the Balearic (2771 days). In the freshwater realm, 
temporal coverage among diel time windows is even and 81% of freshwater temperate 
datasets sampled all diel time windows. Similarly, 13% sampled all seasons. Freshwater 
temporal coverage per site is highest in Portugal (3 009 days). The subterranean tropical 
sites primarily covered the nighttime.

Sampling in ecosystems

Our database includes 83 of the 110 IUCN GET functional groups and all biomes except 
anthropogenic shorelines, the subterranean tidal biome, anthropogenic subterranean voids, 
and anthropogenic subterranean freshwaters (Table S2). The terrestrial realm has the third-
largest extent and the highest spatial sampling density among realms (45 sites per Mkm2 
over entire temporal extent), but temporal coverage is comparatively low (30% sampled out 
of 203 days of mean extent per site). The most commonly sampled terrestrial biome is the 
temperate-boreal forests and woodlands biome (56% of sites). The marine realm is the most 
extensive but spatial sampling density is the lowest (0.3 sites per Mkm2), while temporal 
sampling coverage is the highest among all realms (66% out of 379 days sampled). The 
most commonly sampled marine biomes are the marine shelf and pelagic ocean waters 
(56% and 33% of sites respectively). The freshwater realm has low spatial sampling 
densities (1.8 sites per Mkm2) and high temporal sampling densities (67% out of 238 days 
sampled). Lakes are the most commonly sampled freshwater biome (48% of sites). The 
terrestrial-freshwater realm, representing 81% of the area of non-subterranean realms, has 
the third-highest spatial sampling density (7.9 sites per Mkm2) and similar temporal sampling 
density to the terrestrial realm (18% out of 233 days sampled). The marine-freshwater-
terrestrial realm (including 26 sites in coastal river deltas, saltmarshes, and intertidal forests) 
has the largest temporal extent (465 days per site). The subterranean realm, though second-
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largest, includes seven tropical sites (all in tropical aerobic caves) sampled with a low 
temporal coverage (1% out of 129 days sampled), and the subterranean-freshwater realm 
includes five sites in underground streams and pools, sampled with a high temporal 
coverage (17% out of 507 days sampled).

Target taxa and frequency ranges

Most marine datasets do not target specific taxa (66%) and use wide frequency ranges from 
0.01 to 31 kHz (mean bounds of frequency ranges across datasets, Fig. 4B). Marine 
datasets that focus on single taxa comprise fish (12%, 0.002 - 20 kHz) and cetaceans (6%, 
0.006 - 7 kHz). Similarly, most freshwater datasets are taxonomically unspecific (56%) and 
cover frequencies from 1 to 29 kHz. Some datasets (14%) focus on ray-finned fish, covering 
frequencies from 0.001 to 23 kHz. In contrast, terrestrial datasets mostly target single taxa 
and have narrow frequency ranges. Bird-focused datasets are most common (44%), 
spanning frequencies from 0.06 to 21 kHz, while bat-focused datasets are next (12%) and 
range from 5 to 139 kHz. Taxonomically unspecific datasets account for 24% of terrestrial 
datasets, covering a broad range from 0.2 to 23 kHz. Generally, datasets targeting multiple 
taxa use wider frequency ranges than those targeting single taxa.

Soundscape case studies

We analysed 168 recordings from twelve ecosystems (corresponding to different IUCN GET 
functional groups) representing the diversity of soundscapes on Earth, spanning latitudes 
from 69 degrees South to 67 degrees North (Table S3, Fig. 5A). Biophony dominated with 
an average soundscape occupation of 28% across all ecosystems. Notable examples 
include the photic coral reefs in Okinawa, Japan, with snapping shrimps and grunting fish 
choruses, and the tropical lowland rainforests in Jambi, Indonesia, with buzzing insects and 
echoing bird and primate songs, showing soundscape occupancy of 75% and 61%, 
respectively40. Only marine island slopes (off Sanriku, Japan) and polar outcrops (Antarctic) 
contained no or very little (2%) biophony, respectively. Geophony was absent in most of our 
soundscape samples, with the exception of high wind noise in polar outcrops (14%) and 
some wind in montane tropical forests and urban ecosystems (both 5%). Anthropophony 
occupied on average 11% of the soundscapes. Cities (Jambi, Indonesia; Montreal, Canada) 
exhibited the highest anthropophony (43%) with prevalent engine noise and human voices, 
while deep-sea mining and vessel communication signals caused high anthropophony in 
marine island slopes (32%)41. Silence occupancy was highest in bathypelagic ocean water 
(96%) and polar outcrops (82%).

The selected soundscapes reveal greater biological activity closer to the equator, a negative 
relationship between biophony and anthropophony, and variable phenology patterns of 
soniferous organisms over the diel cycle (Fig. 5). We detected a negative correlation of 
biophony occupancy with increasing distance from the equator (Pnegative=1) and with 
anthropophony occupancy (Pnegative=0.98). The phenology model predicted biophony 
occupancy values for each diel time window and realm (Fig. 5B), revealing similar phenology 
for the terrestrial and marine realm, and opposed freshwater and freshwater-marine realm 
phenology.
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Discussion
The "Worldwide Soundscapes" project has — to our knowledge — assembled the first global 
meta-database of PAM datasets across realms. We analysed its current content to quantify 
sampling extent, coverage, and density across spatiotemporal and ecological scales. We 
analysed soundscapes from twelve ecosystems to investigate macroecological, conservation 
biology, and phenological trends. The database remains open for contributions and can be 
openly accessed to source datasets and initiate collaborative studies33. Next, we discuss the 
state and potential of PAM globally (Table 1). While we focuse on large-scale research 
questions here, the database can also be used to address more focused questions, for 
instance using the finely-resolved taxonomic information that we recorded, or for within-
realm syntheses.

Our results likely represent global PAM trends, even though they may be biased by the 
project contributors' background. Our terrestrial spatial coverage is similar to a recent 
systematic review14. Our database gaps in North Africa and Northeastern Europe correspond 
with the paucity of bioacoustic datasets for these regions in the Xeno-Canto bioacoustic 
repository42. Our database comprises 634 marine sampling locations, while a recent 
systematic review compiled 99115 from published data. Although the latter review's locations 
are represented at the dataset level (which can comprise several sites), most overlap with 
our finer site-level locations (Fig S4). Marine tropical waters that are under-represented in 
our database reflect gaps found in the International Quiet Ocean Experiment network 
coverage43. Our marine and terrestrial database's spatial coverage is thus broadly 
comparable with published data, but it is more detailed as the exact sampling times and 
locations are known. Our database's temporal coverage is also more finely resolved and 
thus not directly comparable with previous work. To our knowledge, no other spatially-explicit 
review of freshwater sampling or synthesis of subterranean PAM coverage exists for 
comparison. Finally, as our database originates from an active network of researchers, it 
represents the current availability of mostly as-yet unpublished data (Fig. S1).

Geographic coverage strikingly differs among realms: marine coverage is sparse but 
widespread; terrestrial coverage is comparatively intensive in the Americas, Australia, and 
Western Europe; freshwater coverage is scattered. This partly reflects the gap between 
high-income countries, which have the resources to carry out conservation and active 
ecosystem management actions; and developing countries, which paradoxically contain the 
majority of biodiversity hotspots (and some of the most densely populated areas). 
Accessibility and technical limits in extreme environments also drive geographic patterns: 
high latitudes and elevations entail extremely cold temperatures that present challenges for 
operation and maintenance, some of which can be solved with robust power setups (solar 
panels, freeze-resistant batteries). Marine deployments are generally even more constrained 
due to costly and demanding underwater work, but some deployments reach the polar 
regions as water temperatures are buffered below the freezing point. Affordable underwater 
recorders44 may help to intensify sampling of marine coastal areas and close gaps in 
freshwater coverage. By contrast, terrestrial monitoring is often straightforward. Northern 
temperate areas outside of Northeastern Europe are comparatively better covered, and the 
tropics outside of Africa better represented. It appears that gaps in North Africa, Central 
Asia, and Northeastern Europe arise from unequal research means and priorities between 
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countries. Taken together, these gaps will help to correct spatial biases45 and to identify 
high-priority, unique research areas that should be included in global assessments.

Currently, only marine studies achieve relatively even coverage of temporal cycles. Indeed, 
offshore deployments — especially in the deep sea — are expensive and limited duration 
deployments are not cost-effective46. Marine soundscapes fluctuate stochastically47, but the 
ocean buffers water temperatures so that animals retain a basal activity level year-round. 
Although lunar phases affect marine life48–50 and shape tidal ecosystems, we did not consider 
lunar tides. In the terrestrial and freshwater realms, most deployments cover the entire diel 
cycle but monitoring on land often focuses either on diurnal birds or on nocturnal bats, as 
found in the literature14. In contrast, although seasons also drive acoustic activity cycles on 
land51,52, spring- and summertime monitoring is disproportionately common and we lack a 
thorough understanding of seasonal dynamics. Terrestrial deployments in particular may be 
short for logistic reasons: in the cold, batteries struggle and access is harder; in arid regions, 
fire hazards complicate long-term deployments; recorders are generally at risk of theft; and 
limited equipment may cycle between sites53. Lunar phases — probably evenly sampled by 
chance — also influence land animals54 but should be explicitly considered in study designs. 
Overall, we encourage longer-duration setups with regularly-spread sampling inside 
temporal cycles to alleviate the higher expenses for energy and storage, as well as trade-
offs with spatial coverage55. Global changes impact soundscapes in largely unpredictable 
ways through changing species distributions and phenology, necessitating higher and 
unbiased coverage across multiple time scales — including inter-annual ones — to 
successfully monitor ongoing changes56.

Re-use of soundscape datasets is restricted by their taxonomic focus. Admittedly, 
taxonomically untargeted, long, and regular deployments in oceans, coupled to large 
detection ranges, concurrently sample many taxa57. However, many soundscape recordings 
sample particular frequencies, often in the human-audible range38, although biophony ranges 
from infrasound to ultrasound. For instance, studies of toothed whales or bats often use 
triggers and high-pass filters to cope with high data storage demands by recording purely 
ultrasonic recordings only when signals are detected, resulting in spectrally-restricted and 
temporally-biased soundscape recordings. Less-studied taxa, such as anurans and insects, 
could effectively be co-sampled by adjusting ongoing terrestrial deployments. We encourage 
terrestrial researchers to maximise frequency ranges (and to broaden diel coverage — see 
above) to enhance interdisciplinary collaboration. These collaborations can help to mutualise 
resources for mitigating potentially prohibitive power, storage, transportation, and post-
processing costs22. Emerging embedded-AI audio detectors may offer an alternative to 
continuous and broadband recording58, but whole soundscape recordings will remain 
essential for broader application.

In every realm, ecosystems await acoustic discovery. Except for one dataset from aerobic 
caves, we currently lack data from all subterranean realms (anthropogenic voids, ground 
streams, sea caves), while endolithic systems may be the only ecosystem for which PAM is 
probably irrelevant. Access is usually challenging or restricted for non-specialists, but 
subterranean biodiversity shows high spatial turnover59. Freshwater data were less rare, and 
several datasets with unreplicated sampling could not be included. Temporary, dynamic 
water bodies (seasonal, episodic, and ephemeral ecosystems), although prevalent60, are not 
yet well-studied (Table S2) although most are accessible from land. Notably, aquatic realms 
feature important peculiarities: extraneous sounds from the air can be captured in so-called 
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holo-soundscapes in freshwater and shallow coastal areas61, and particle motion (that 
accompanies sound) impacts aquatic organisms62. Advances in soundscape research are 
imminent as the freshwater acoustic research community is growing rapidly63. In the oceans, 
sound propagates comparatively far and multiple biomes can be sampled at once (e.g., 
recorders on the seafloor sample pelagic waters too) so that most ecosystems are covered. 
Still, coverage gaps may exist in rhodolith/Maërl beds. On land, sampling is biased towards 
biodiverse forests, and rocky habitats (young rocky pavements, lava flows and screes) but 
also some vegetated temperate ecosystems (cool temperate heathlands, temperate 
subhumid grasslands) are poorly sampled. Within the IUCN GET framework, soil 
soundscapes also belong to the terrestrial realm and to date only one spatio-temporally 
replicated dataset is in our database, despite recent studies64,65. Soil and benthic habitats 
may also be sampled with geophones to record infrasonic vibrations used to sense the 
environment (e.g., by insects, frogs, elephants, interstitial fauna and benthic fish)66.

Our database highlights well-known global sampling biases67 which could be resolved with 
collaboration and communication to remove cultural and socioeconomic barriers68. 
Technological progress for more affordable equipment renders PAM more accessible in 
lower-income countries44,69. However, high- and deep-sea work remains considerably more 
expensive, and tropical developing countries in particular often lack funding for marine 
programmes requiring large vessels, underwater vehicles, or cabled stations on the 
seafloor46. Our network currently consists of active members from 56 countries. 
Collaborative projects, shared sea missions, and equipment loans should promote the 
establishment of soundscape research communities70. However, equitable, collaborative 
efforts will also require capacity-building so that local researchers can independently 
process, analyse, and interpret PAM-derived data. Increased international collaboration with 
scientists and local stakeholders supporting citizen-science71 in heavily underrepresented 
regions would improve not only data coverage, but also representation and dialogue within 
the field.

Collaborative soundscape research relies on interoperable data. We harmonised metadata 
with a bottom-up approach leading to our global inventory. Comprehensive standards for 
PAM deployment, reporting, and data analysis are needed for enabling comparative, global 
analyses. However, such standards do not currently exist, even though initiatives for the 
marine realm are ongoing72,73. Few affordable solutions exist for sharing large audio data 
volumes34, underlining the need for distributed soundscape recording repositories74. Marine 
oil and gas industry projects routinely upload data as part of their efforts to mitigate noise 
impacts on marine animals75, but these recordings often focus on frequencies relevant to 
seismic prospecting and access may be restricted76. Furthermore, recording equipment 
requires calibration, sound detection spaces need to be measured23,77, and data privacy must 
be ensured on land78. In parallel, species sound libraries42,79–81 grow and continue to provide 
invaluable acoustic and taxonomic references without which soundscape analysis for 
soniferous organisms would be futile. International organisations such as the Global 
Biodiversity Information Facility (GBIF) will be key to roll-out standards (e.g., Darwin Core) in 
a top-down manner. For the moment, we encourage early planning of data archival. In the 
future, the Worldwide Soundscapes will interoperate with other databases to close remaining 
coverage gaps and enhance standardisation.

A unified approach to ecology with PAM is now possible. More comprehensive coverage is 
needed to decisively answer research, conservation, and management questions that PAM 
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can address, so we encourage prospective contributors to curate their metadata and join our 
inclusive project. We show that a large portion of the PAM community is willing to collaborate 
across realms and form a global network. We advocate for a bolder PAM effort to inform the 
agenda of soundscape ecology82, reaching out to places where no sound has been recorded 
before as well as to urban settings83. The research community may open new avenues to 
study environmental effects on acoustic activity56, social species interactions84, human-
wildlife relationships40, function and phylogeny85, soundscape effects on human health86, 
acoustic adaptation and niche hypotheses87,88, macroecological patterns across 
ecosystems1, and initiate an integrated approach to noise impacts on wildlife.

PAM is an established method that can be applied over large spatial and temporal scales. 
However, consistent, large-scale monitoring of the Earth’s soundscapes is direly needed and 
essential to establish baselines for historical trends89 and quantify rapid changes in 
biodiversity and natural systems. International funding schemes should integrate PAM into 
biodiversity monitoring platforms such as GBIF90 and GEO BON91,92. Soundscapes are just 
starting to be used in legislation as an ecosystem feature to be preserved93. Occupancy 
maps for soniferous wildlife obtained from PAM would underpin the evaluation of progress 
towards threat reduction and ecosystem service provision of the Kunming-Montreal Global 
Biodiversity Framework94. By building collaborations around the knowledge frontiers 
identified here, we can aim to comprehensively describe and understand the acoustic make-
up of the planet.

1061
1062
1063
1064
1065
1066
1067
1068
1069

1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?Nkf3jZ
https://www.zotero.org/google-docs/?PHAhmT
https://www.zotero.org/google-docs/?cTGXqD
https://www.zotero.org/google-docs/?lQ8kdB
https://www.zotero.org/google-docs/?aU0zgv
https://www.zotero.org/google-docs/?nQ5wWe
https://www.zotero.org/google-docs/?8WYn3u
https://www.zotero.org/google-docs/?UtZNc3
https://www.zotero.org/google-docs/?IFK3wh
https://www.zotero.org/google-docs/?Jwdwwn
https://www.zotero.org/google-docs/?jI6hcO
https://www.zotero.org/google-docs/?oxhdRU
https://www.zotero.org/google-docs/?nM43P2
https://www.zotero.org/google-docs/?wCkNEU
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


References
1. Keith, D. A. et al. A function-based typology for Earth’s ecosystems. Nature 1–6 (2022) 

doi:10.1038/s41586-022-05318-4.

2. Pijanowski, B. C., Farina, A., Gage, S. H., Dumyahn, S. L. & Krause, B. L. What is 

soundscape ecology? An introduction and overview of an emerging new science. 

Landsc. Ecol. 26, 1213–1232 (2011).

3. Sueur, J. & Farina, A. Ecoacoustics: the Ecological Investigation and Interpretation of 

Environmental Sound. Biosemiotics 8, 493–502 (2015).

4. Kang, J. et al. Supportive soundscapes are crucial for sustainable environments. Sci. 

Total Environ. 855, 158868 (2023).

5. Sueur, J., Krause, B. & Farina, A. Climate Change Is Breaking Earth’s Beat. Trends 

Ecol. Evol. 34, 971–973 (2019).

6. Williams, R. et al. Noise from deep-sea mining may span vast ocean areas. Science 

377, 157–158 (2022).

7. Müller, J. et al. Soundscapes and deep learning enable tracking biodiversity recovery in 

tropical forests. Nat. Commun. 14, 6191 (2023).

8. Ross, S. R. P.-J. et al. Divergent ecological responses to typhoon disturbance revealed 

via landscape-scale acoustic monitoring. Glob. Change Biol. 30, e17067 (2024).

9. Sethi, S. S. et al. Characterizing soundscapes across diverse ecosystems using a 

universal acoustic feature set. Proc. Natl. Acad. Sci. (2020) 

doi:10.1073/pnas.2004702117.

10. Alvarsson, J. J., Wiens, S. & Nilsson, M. E. Stress Recovery during Exposure to Nature 

Sound and Environmental Noise. Int. J. Environ. Res. Public. Health 7, 1036–1046 

(2010).

11. Chen, Z., Hermes, J., Liu, J. & von Haaren, C. How to integrate the soundscape 

resource into landscape planning? A perspective from ecosystem services. Ecol. Indic. 

141, 109156 (2022).

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


12. Haver, S. M. et al. Comparing the Underwater Soundscapes of Four U.S. National Parks 

and Marine Sanctuaries. Front. Mar. Sci. 6, 500 (2019).

13. Holgate, B., Maggini, R. & Fuller, S. Mapping ecoacoustic hot spots and moments of 

biodiversity to inform conservation and urban planning. Ecol. Indic. 126, 107627 (2021).

14. Sugai, L. S. M., Silva, T. S. F., Ribeiro, J. W. & Llusia, D. Terrestrial Passive Acoustic 

Monitoring: Review and Perspectives. BioScience 69, 15–25 (2019).

15. Havlik, M.-N., Predragovic, M. & Duarte, C. M. State of Play in Marine Soundscape 

Assessments. Front. Mar. Sci. 9, (2022).

16. Greenhalgh, J. A., Genner, M. J., Jones, G. & Desjonquères, C. The role of freshwater 

bioacoustics in ecological research. WIREs Water 7, e1416 (2020).

17. Scarpelli, M. D. A., Ribeiro, M. C., Teixeira, F. Z., Young, R. J. & Teixeira, C. P. Gaps in 

terrestrial soundscape research: It’s time to focus on tropical wildlife. Sci. Total Environ. 

707, 135403 (2020).

18. Duarte, C. M. et al. The soundscape of the Anthropocene ocean. Science 371, (2021).

19. Lindseth, A. V. & Lobel, P. S. Underwater Soundscape Monitoring and Fish 

Bioacoustics: A Review. Fishes 3, 36 (2018).

20. Boyd, I. et al. An International Quiet Ocean Experiment. Oceanography 24, 174–181 

(2015).

21. Wang, L. S. et al. Review of Underwater Acoustic Propagation Models. 

https://eprintspublications.npl.co.uk/6340/ (2014).

22. Sousa-Lima, R. A Review and Inventory of Fixed Autonomous Recorders for Passive 

Acoustic Monitoring of Marine Mammals. Aquat. Mamm. 39, 23–53 (2013).

23. Haupert, S., Sèbe, F. & Sueur, J. Physics-based model to predict the acoustic detection 

distance of terrestrial autonomous recording units over the diel cycle and across 

seasons: Insights from an Alpine and a Neotropical forest. Methods Ecol. Evol. n/a, 

(2022).

24. Nieto-Mora, D. A., Rodríguez-Buritica, S., Rodríguez-Marín, P., Martínez-Vargaz, J. D. & 

Isaza-Narváez, C. Systematic review of machine learning methods applied to 

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


ecoacoustics and soundscape monitoring. Heliyon 9, e20275 (2023).

25. Looby, A. et al. Global inventory of species categorized by known underwater sonifery. 

Sci. Data 10, 1–10 (2023).

26. Parsons, M. J. G. et al. A Global Library of Underwater Biological Sounds (GLUBS): An 

Online Platform with Multiple Passive Acoustic Monitoring Applications. in The Effects of 

Noise on Aquatic Life: Principles and Practical Considerations (eds. Popper, A. N., 

Sisneros, J., Hawkins, A. D. & Thomsen, F.) 1–25 (Springer International Publishing, 

Cham, 2023). doi:10.1007/978-3-031-10417-6_123-1.

27. Ross, S. R. P.-J. et al. Passive acoustic monitoring provides a fresh perspective on 

fundamental ecological questions. Funct. Ecol. 37, 959–975 (2023).

28. de Sousa, I. P. et al. Scale-free distribution of silences. Phys. Rev. E 105, 014107 

(2022).

29. Gottesman, B. L. et al. What does resilience sound like? Coral reef and dry forest 

acoustic communities respond differently to Hurricane Maria. Ecol. Indic. 126, 107635 

(2021).

30. Kays, R. et al. The Movebank system for studying global animal movement and 

demography. Methods Ecol. Evol. 13, 419–431 (2022).

31. Kays, R. et al. SNAPSHOT USA 2020: A second coordinated national camera trap 

survey of the United States during the COVID-19 pandemic. Ecology 103, e3775 (2022).

32. Moersberger, H. et al. Biodiversity monitoring in Europe: User and policy needs. 

Conserv. Lett. n/a, e13038.

33. Darras, K. F. A. et al. Worldwide Soundscapes project meta-data. Zenodo 

https://doi.org/10.5281/zenodo.10598949 (2024).

34. Darras, K. F. A. et al. ecoSound-web: an open-source, online platform for ecoacoustics. 

F1000Research vol. 9 1224 Preprint at https://doi.org/10.12688/f1000research.26369.2 

(2023).

35. Exploring Animal Behavior Through Sound: Volume 1: Methods. (Springer International 

Publishing, Cham, 2022). doi:10.1007/978-3-030-97540-1.

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


36. GEBCO. Gridded bathymetry data (General Bathymetric Chart of the Oceans). GEBCO 

https://www.gebco.net/data_and_products/gridded_bathymetry_data/.

37. Keith, D. A. et al. Indicative distribution maps for Ecosystem Functional Groups - Level 3 

of IUCN Global Ecosystem Typology. Zenodo https://doi.org/10.5281/zenodo.4018314 

(2020).

38. Luypaert, T. et al. A framework for quantifying soundscape diversity using Hill numbers. 

Methods Ecol. Evol. 13, 2262–2274 (2022).

39. Bürkner, P.-C. brms: An R Package for Bayesian Multilevel Models Using Stan. J. Stat. 

Softw. 80, 1–28 (2017).

40. Lin, T.-H., Sinniger, F., Harii, S. & Akamatsu, T. Using Soundscapes to Assess Changes 

in Coral Reef Social-Ecological Systems. Oceanography (2023) 

doi:10.5670/oceanog.2023.s1.7.

41. Chen, C., Lin, T.-H., Watanabe, H. K., Akamatsu, T. & Kawagucci, S. Baseline 

soundscapes of deep-sea habitats reveal heterogeneity among ecosystems and 

sensitivity to anthropogenic impacts. Limnol. Oceanogr. 66, 3714–3727 (2021).

42. Xeno-canto Foundation. Xeno-Canto: Sharing Bird Sounds from around the World. 

(Xeno-canto Foundation Amsterdam, 2012).

43. IQOE. Acoustic Capabilities of Existing Observing Systems. 

https://www.iqoe.org/systems.

44. Lamont, T. A. C. et al. HydroMoth: Testing a prototype low-cost acoustic recorder for 

aquatic environments. Remote Sens. Ecol. Conserv. 8, 362–378 (2022).

45. Beck, J., Böller, M., Erhardt, A. & Schwanghart, W. Spatial bias in the GBIF database 

and its effect on modeling species’ geographic distributions. Ecol. Inform. 19, 10–15 

(2014).

46. Rountree, R. et al. Towards an Optimal Design for Ecosystem-Level Ocean 

Observatories. in 79–106 (2020). doi:10.1201/9780429351495-2.

47. Siddagangaiah, S., Chen, C.-F., Hu, W.-C. & Farina, A. The dynamical complexity of 

seasonal soundscapes is governed by fish chorusing. Commun. Earth Environ. 3, 1–11 

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


(2022).

48. Hernández-León, S. et al. Zooplankton abundance in subtropical waters: is there a lunar 

cycle? Sci. Mar. 65, 59–64 (2001).

49. Simonis, A. E. et al. Lunar cycles affect common dolphin Delphinus delphis foraging in 

the Southern California Bight. Mar. Ecol. Prog. Ser. 577, 221–235 (2017).

50. Mougeot, F. & Bretagnolle, V. Predation risk and moonlight avoidance in nocturnal 

seabirds. J. Avian Biol. 31, 376–386 (2000).

51. Krause, B., Gage, S. H. & Joo, W. Measuring and interpreting the temporal variability in 

the soundscape at four places in Sequoia National Park. Landsc. Ecol. 26, 1247 (2011).

52. Grinfeder, E. et al. Soundscape dynamics of a cold protected forest: dominance of 

aircraft noise. Landsc. Ecol. 37, 567–582 (2022).

53. Sugai, L. S. M., Desjonquères, C., Silva, T. S. F. & Llusia, D. A roadmap for survey 

designs in terrestrial acoustic monitoring. Remote Sens. Ecol. Conserv. 6, 220–235 

(2020).

54. Kronfeld-Schor, N. et al. Chronobiology by moonlight. Proc. R. Soc. B Biol. Sci. 280, 

20123088 (2013).

55. Wilgenburg, S. L. V. et al. Evaluating trade-offs in spatial versus temporal replication 

when estimating avian community composition and predicting species distributions. 

Avian Conserv. Ecol. 19, (2024).

56. Desjonquères, C. et al. Acoustic species distribution models ( aSDMs ): A framework to 

forecast shifts in calling behaviour under climate change. Methods Ecol. Evol. 13, 2275–

2288 (2022).

57. Lillis, I. V. & Boebel, O. Marine soundscape planning: Seeking acoustic niches for 

anthropogenic sound. J. Ecoacoustics 2, 1–1 (2018).

58. Höchst, J. et al. Bird@Edge: Bird Species Recognition at the Edge. in Networked 

Systems: 10th International Conference, NETYS 2022, Virtual Event, May 17–19, 2022, 

Proceedings 69–86 (Springer-Verlag, Berlin, Heidelberg, 2022). doi:10.1007/978-3-031-

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


17436-0_6.

59. Zagmajster, M., Malard, F., Eme, D. & Culver, D. C. Subterranean Biodiversity Patterns 

from Global to Regional Scales. in Cave Ecology (eds. Moldovan, O. T., Kováč, Ľ. & 

Halse, S.) 195–227 (Springer International Publishing, Cham, 2018). doi:10.1007/978-3-

319-98852-8_9.

60. Messager, M. L. et al. Global prevalence of non-perennial rivers and streams. Nature 

594, 391–397 (2021).

61. Rountree, R. A., Juanes, F. & Bolgan, M. Temperate freshwater soundscapes: A 

cacophony of undescribed biological sounds now threatened by anthropogenic noise. 

PLOS ONE 15, e0221842 (2020).

62. Popper, A. N. & Hawkins, A. D. The importance of particle motion to fishes and 

invertebrates. J. Acoust. Soc. Am. 143, 470–488 (2018).

63. Linke, S. et al. Freshwater ecoacoustics as a tool for continuous ecosystem monitoring. 

Front. Ecol. Environ. 16, 231–238 (2018).

64. Metcalf, O. C. et al. Listening to tropical forest soils. Ecol. Indic. 158, 111566 (2024).

65. Maeder, M., Guo, X., Neff, F., Mathis, D. S. & Gossner, M. M. Temporal and spatial 

dynamics in soil acoustics and their relation to soil animal diversity. PLOS ONE 17, 

e0263618 (2022).

66. Šturm, R., López Díez, J. J., Polajnar, J., Sueur, J. & Virant-Doberlet, M. Is It Time for 

Ecotremology? Front. Ecol. Evol. 10, (2022).

67. Hughes, A. C. et al. Sampling biases shape our view of the natural world. Ecography 44, 

1259–1269 (2021).

68. Amano, T., González-Varo, J. P. & Sutherland, W. J. Languages Are Still a Major Barrier 

to Global Science. PLOS Biol. 14, e2000933 (2016).

69. Hill, A. P., Prince, P., Snaddon, J. L., Doncaster, C. P. & Rogers, A. AudioMoth: A low-

cost acoustic device for monitoring biodiversity and the environment. HardwareX 6, 

e00073 (2019).

70. Reboredo Segovia, A. L., Romano, D. & Armsworth, P. R. Who studies where? Boosting 

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


tropical conservation research where it is most needed. Front. Ecol. Environ. 18, 159–

166 (2020).

71. Newson, S. E., Evans, H. E. & Gillings, S. A novel citizen science approach for large-

scale standardised monitoring of bat activity and distribution, evaluated in eastern 

England. Biol. Conserv. 191, 38–49 (2015).

72. Wall, C. C. et al. The Next Wave of Passive Acoustic Data Management: How 

Centralized Access Can Enhance Science. Front. Mar. Sci. 8, (2021).

73. Roch, M. A. et al. Management of acoustic metadata for bioacoustics. Ecol. Inform. 31, 

122–136 (2016).

74. Sugai, L. S. M. & Llusia, D. Bioacoustic time capsules: Using acoustic monitoring to 

document biodiversity. Ecol. Indic. 99, 149–152 (2019).

75. Southall, B. L. et al. MARINE MAMMAL NOISE-EXPOSURE CRITERIA: INITIAL 

SCIENTIFIC RECOMMENDATIONS. Bioacoustics 17, 273–275 (2008).

76. Haver, S. M. et al. Monitoring long-term soundscape trends in U.S. Waters: The 

NOAA/NPS Ocean Noise Reference Station Network. Mar. Policy 90, 6–13 (2018).

77. Darras, K., Pütz, P., Fahrurrozi, Rembold, K. & Tscharntke, T. Measuring sound 

detection spaces for acoustic animal sampling and monitoring. Biol. Conserv. 201, 29–

37 (2016).

78. Cretois, B., Rosten, C. M. & Sethi, S. S. Voice activity detection in eco-acoustic data 

enables privacy protection and is a proxy for human disturbance. Methods Ecol. Evol. 

13, 2865–2874 (2022).

79. Görföl, T. et al. ChiroVox: a public library of bat calls. PeerJ 10, e12445 (2022).

80. Parsons, M. J. G. et al. Sounding the Call for a Global Library of Underwater Biological 

Sounds. Front. Ecol. Evol. 10, (2022).

81. Looby, A. et al. FishSounds version 1.0: A website for the compilation of fish sound 

production information and recordings. Ecol. Inform. 101953 (2022) 

doi:10.1016/j.ecoinf.2022.101953.

82. Pijanowski, B. C. et al. Soundscape Ecology: The Science of Sound in the Landscape. 

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


BioScience 61, 203–216 (2011).

83. Hao, Z. et al. Can urban forests provide acoustic refuges for birds? Investigating the 

influence of vegetation structure and anthropogenic noise on bird sound diversity. J. For. 

Res. 35, 33 (2024).

84. Briefer, E. F. et al. The power of sound: unravelling how acoustic communication shapes 

group dynamics. Philos. Trans. R. Soc. B Biol. Sci. 379, 20230182 (2024).

85. Gasc, A. et al. Assessing biodiversity with sound: Do acoustic diversity indices reflect 

phylogenetic and functional diversities of bird communities? Ecol. Indic. 25, 279–287 

(2013).

86. Buxton, R. T., Pearson, A. L., Allou, C., Fristrup, K. & Wittemyer, G. A synthesis of 

health benefits of natural sounds and their distribution in national parks. Proc. Natl. 

Acad. Sci. 118, (2021).

87. Hart, P. J. et al. Timing Is Everything: Acoustic Niche Partitioning in Two Tropical Wet 

Forest Bird Communities. Front. Ecol. Evol. 9, (2021).

88. EY, E. & FISCHER, J. The “Acoustic Adaptation Hypothesis”—a Review of the Evidence 

from Birds, Anurans and Mammals. Bioacoustics 19, 21–48 (2009).

89. Pilotto, F. et al. Meta-analysis of multidecadal biodiversity trends in Europe. Nat. 

Commun. 11, 3486 (2020).

90. Global Biodiversity Information Facility (2024). Free and Open Access to Biodiversity 

Data. What is GBIF? https://www.gbif.org/what-is-gbif (2024).

91. Gonzalez, A. et al. A global biodiversity observing system to unite monitoring and guide 

action. Nat. Ecol. Evol. 1–5 (2023) doi:10.1038/s41559-023-02171-0.

92. Towards a Transnational Acoustic Biodiversity Monitoring Network (TABMON). 

https://www.nina.no/english/TABMON.

93. Leiper, A. What does the consultancy industry need from academia? A soundscape and 

planning perspective. in ACOUSTICS 2020 (Institute of Acoustics, Virtual, 2020). 

doi:10.25144/13347.

94. Batist, C. & Campos-Cerqueira, M. Harnessing the Power of Sound and AI to Track 

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 17, 2024. ; https://doi.org/10.1101/2024.04.10.588860doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://www.zotero.org/google-docs/?C6432H
https://doi.org/10.1101/2024.04.10.588860
http://creativecommons.org/licenses/by/4.0/


Global Biodiversity Framework (GBF) Targets. (2023).

95. Keith, D. A., Ferrer-Paris, J. R., Nicholson, E. & Kingsford, R. T. The IUCN Global 

Ecosystem Typology 2.0: Descriptive Profiles for Biomes and Ecosystem Functional 
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Tables
Table 1: An agenda towards a global PAM coverage and network

Aims Opportunities

Increasing spatial and 
ecosystemic coverage

- Affordable underwater recorders
- Autonomous setups for extreme environments on land
- Deploy in subterranean realm
- Deploy in dynamic freshwater bodies
- Deploy at high latitude and elevation on land

Increasing temporal and 
taxonomic coverage

- Longer deployments with duty cycles on land
- Cover all seasons in freshwater and on land
- Scale up to inter-annual cycles
- Higher sampling frequencies
- Disabling high-pass filters and triggers

Increasing collaboration - Work interdisciplinarily with speleologists, urban 
ecologists, soil and deep-sea benthic scientists
- Foster international missions to work at large scales
- Collaborate, invest, and fund work with under-represented 
countries
- Disseminate results in more languages

Interoperability - Calibrate equipment and consider detection ranges
- Build accessible and sustainable data repositories
- Design and adopt standards for deployment, reporting, 
and analysis
- Integrate PAM into biodiversity and remote sensing 
databases
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Figure Legends
Figure 1: Overview of Worldwide Soundscapes meta-database. A) Framework used to 
define spatial and temporal replicates. B) Number of datasets in each core realm for the 
different replication levels. C) Spatial extent and coverage, based on sampling sites, split by 
core realm. Due to their higher representation and to avoid overlapping site clusters, 
terrestrial site densities were plotted on a 3 degree resolution raster (Interactive map: 
https://ecosound-web.de/ecosound_web/collection/index/106). D) Temporal extent and 
coverage, based on recorded days, split by core realm. An enlarged version of panel D 
without terrestrial sites can be found in Fig S3. For panels C and D, sites from transitional 
realms were assigned to their parent core realm.

Figure 2: Spatial distribution of sampling sites. A) Latitudinal and topographic distribution 

of sampling sites across core realms. Due to their higher representation and to avoid 

overlapping site clusters, terrestrial sites are shown with transparency. The minimum 

(deepest seafloor) and maximum (highest elevation of land or sea level) topographical limits 

(dark grey lines) are shown against latitude, based on General Bathymetric Chart of the 

Oceans data36. Minimum topography above the sea level and maximum topography under 

the sea level were set to zero as the sea level represents the minimum and maximum in 

these cases. B) Number of sampling sites within different administrative regions (GADM 

level 0 and IHO sea areas), split by core realm, across WDPA categories (Ia: strict nature 

reserve; Ib: wilderness area, II: national park). The areas that do not belong to the top 10 in 

terms of datasets have been aggregated under “others”. Six subterranean sites in Brazil are 

not shown. Sites from transitional realms were assigned to their parent core realm.

Figure 3: Temporal sampling distribution. A) Temporal sampling coverage across solar 

and lunar cycles for the three core realms. Cycles consist of solar (daily and seasonal) and 

lunar time cycles (lunar phase), subdivided in time windows. Seasons were only analysed in 

temperate regions. Sampling coverage is represented with sampling days in number labels. 

B) Mean number of sampling days per site within different administrative regions (GADM 

level 0, IHO areas, WDPA categories), split by core realm. WDPA categories (Ia: strict 

nature reserve; Ib: wilderness area, II: national park) are shown separately. Six subterranean 

sites in Brazil are not shown. Numbers to the right of bars indicate the number of sites the 

means were calculated from. Sites from transitional realms were assigned to their parent 

core realm.

Figure 4: Sampling distribution across ecological scales. A) Spatial extent of realms, 

based on major areas according to IUCN GET (coloured disk area proportional to area); 
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spatial sampling density (in sites per Mkm2) and coverage (in number of sites); temporal 

extent (mean range between first and last recording day), coverage (days sampled per site 

and density (proportion of days sampled per extent). B) Frequency ranges of datasets 

across realms (using Nyquist frequency i.e., actual recorded frequencies) for the main 

studied taxa. The dots at the ends of coloured lines represent means of the lowest and 

highest recorded frequencies, and the range between the minimum and maximum of these 

values are indicated with black error bars. The limits of human hearing are indicated with 

dashed lines. Number of datasets indicated above lines - datasets can be counted several 

times if they contain deployments targeting different taxa. Data from transitional realms were 

assigned to their parent core realm in panel B.

Figure 5: Soundscape components analysis. A) Mean acoustic space occupancy of 
soundscape components (biophony, geophony, anthropophony) as calculated from 
annotations for twelve selected ecosystems, measured in proportion of spectro-temporal 
space used, over 168 recordings covering the time windows of the diel cycle. Annotated 
recordings are accessible at https://ecosound-web.de/ecosound_web/collection/show/49. 
Sample spectrograms are shown in the background. B) Soundscape component occupancy 
data illustrate three research questions linked to macroecology (i.e., biophony with distance 
from equator relationship), conservation biology trade-offs (i.e., biophony with 
anthropophony relationship); and phenological trends (i.e., mean biophony along diel time 
windows for each realm). Gray ribbons indicate 95% credible intervals and numbers indicate 
probabilities of positive or negative relationships.
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