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316 Institute of Oceanography, 1 Challenger Drive, Dartmouth, Nova Scotia, B2Y42, Canada
317 120: Ecology and Nature Management, Geosciences and Natural Resource Management,
318 University of Copenhagen, Rolighedsvej 23, Frederiksberg, 1958, Denmark

319 121: Department of Agricultural Biology, Faculty of Agriculture, University of Ruhuna,

320 Mapalana, Kamburupitiya, x, Sri Lanka

321 122: Product R&D Department, Xueging Road, Beijing, 100091, China
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123: Fundacidn de Conservacion Jocotoco, Fundacion de Conservacioén Jocotoco,
Fundacion de Conservacion Jocotoco, Valladolid N24-414 y Luis Cordero, Quito, 170525,
Ecuador

124: Landscape Conservation Programme, Conservation Division, BirdLife South Africa,
Gauteng, South Africa

125: Afromontane Research Unit, Department of Zoology and Entomology, University of the
Free State, Phuthaditjhaba, South Africa

126: Centre for Statistics in Ecology, the Environment and Conservation, Department of
Statistical Sciences, University of Cape Town, Cape Town, South Africa

127: Nature Coast Biological Station, Institute of Food and Agricultural Sciences, University
of Florida, 552 1st Street, Cedar Key, Florida, 32625, U.S.A.

128: Fisheries and Aquatic Sciences, Institute of Food and Agricultural Sciences, University
of Florida, 136 Newins-Ziegler Hall, Florida, 32611, U.S.A.

129: Sound Forest Lab, The Nelson Institute of Environmental Studies and The Department
of Forest and Wildlife Ecologz, University of Wisconsin-Madison, 1650 Linden Drive,
Wisconsin, 53706, U.S.A.

130: DYNI, Laboratoire Informatique et Systéemes (LIS) CNRS UMR 7020, Université de
Toulon, Université d’Aix Marseille, La Garde, 83 130, France

131: Nature Conservation Unit, Frederick University, 7, Yianni Frederickou Street, Nicosia,
1036, Cyprus

132: Madagascar Programme, Chances for Nature, Brauweg 9a, Géttingen, 37073,
Germany

133: Cologne Zoo, Riehler StraRe 173, KdIn, Lower Saxony, 50735, Germany

134: Biodiversity, Macroecology and Biogeography, Faculty of Forest Sciences and Forest
Ecology, University of Goettingen, Blisgenweg 1, Goéttingen, Niedersachsen, 37077,
Germany

135: Plant Ecology, Institute of Plant Sciences, University of Bern, Altenbergrain 21, Bern,
Bern, 3013, Switzerland

136: Pacific Wildlife Research Center, Environment and Climate Change Canada, 5421
Robertson Road, Delta, British Columbia, V4K 3Y3, Canada

137: Migratory Bird Unit, Northern Region, Canadian Wildlife Service, Environment and
Climate Change Canada, 91780 Alaska Highway, Whitehorse, Yukon Territory, Y1A 5B7,
Canada

138: Lancaster Environment Centre, Lancaster University, Library Ave, Bailrigg, Lancaster,
LA1 4YQ, United Kingdom

139: Environmental Research and Innovation Centre, School of Science, Engineering and
Environment, University of Salford, Peel Building, Salford, M5 4WT, United Kingdom

140: School for Forest Management, Swedish University of Agricultural Sciences SLU, Box
43, Skinnskatteberg, SE-739 21, Sweden

141: MARE — Marine and Environmental Sciences Centre / ARNET - Aquatic Research
Network, Agencia Regional para o Desenvolvimento da Investigacdo Tecnologia e Inovacao
(ARDITI), Faculty of Life Sciences of University of Madeira, , Funchal, 9020-105, Portugal
142: Chair of Geobotany, Chair of Geobotany, University of Freiburg, Schaenzlestr. 1,
Freiburg im Breisgau, 79104, Germany

143: Fish Bioacoustics Lab, Departamento de Biologia Animal, Faculdade de Ciéncias da
Universidade de Lisboa, Campo Grande, Lisbon, 1749-016 , Portugal

144: Fisheries Ecology and Conservation Lab, Department of Biology , University of Victoria,
3800 Finnerty Rd., Victoria, British Columbia, V8P 5C2, Canada

145: Southern Seas Ecology Laboratories, School of Biological Sciences, The University of
Adelaide, DX 650 418, Adelaide, SA, 5005, Australia

146: Department of Botany and Biodiversity Research, Faculty of Life Sciences, University of
Vienna, Rennweg 14, Vienna, 1030, Austria

147: Agroecology, Department of Crop Sciences, University of Goéttingen, Grisebachstrasse
6, Gottingen, Niedersachsen, 37077, Germany
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376 148: Alliance Bioversity International - CIAT, Lima Office, NA, Av. La Molina 1084, La

377 Molina, Lima, Peru

378 149: School of Aquatic and Fishery Sciences, University of Washington, 1122 NE Boat

379 Street, Seattle, Washington, 98105, U.S.A.

380 150: Polar Ecology Group, Department of Vertebrate Ecology and Zoology, University of
381 Gdansk, Poland, Wita Stwosza 59, Gdansk, 80-308, Poland

382 151: Department of Ecology, University of Alicante, Cra. San Vicente del raspeig sn,

383 Alicante, 3690, Spain

384 152: Laboratério de Ecologia, Instituto de Biociéncias, Universidade Federal de Mato Grosso
385 do Sul, Brazil

386 153: CHESS Lab, Biology, Furman University, 3300 Poinsett Hwy, Greenville, SC, USA,
387 USA

388 154: Institute of Marine Science, University of Auckland, Private Bag 92019. Auckland Mail
389 Centre, Auckland, 1142, New Zealand

390 155: Freshwater and Oceanic Sciences Unit of Research, Deparment of Biology, Ecology,
391 and Evolution, University of Liege, allée du six aolt B6c, Liége, Belgium

392 156: DECA, Neuropsi, CNRS - University Paris Saclay,

393 157: Department of Soil, Water, and Ecosystem Sciences, Institute of Food and Agricultural
394 Sciences, University of Florida, 2181 McCarty Hall A, Florida, 32611, U.S.A.

395 158: MARE - Marine and Environmental Sciences Centre/ARNET - Aquatic Research

396 Network, ISPA, Instituto Universitario, Lisbon, Portugal, Ecological behaviour, ISPA Instituto
397 Universitario, Jardim do Tabaco 34, Lisbon, 1149-041, Portugal

398 159: QUT Ecoacoustics, Centre for the Environment, Queensland University of Technology,
399 Brisbane, Queensland, 4001, Australia

400 160: Integrative Community Ecology Unit, Okinawa Institute of Science and Technology
401 Graduate University, 1919-1 Tancha, Onna-son, Kunigami-gun, Okinawa, 904-0495, Japan
402 161: Salmonid fishes, Norwegian Institute for Nature Research, Hggskoleringen 9,

403 Trendelag, Trondheim, 7034, Norway

404 162: Cold Climate Research Lab, School of Art, RMIT University, 124 La Trobe Street,

405 Melbourne, Victoria, 3000, Australia

406 163: Fisheries and Oceans Canada, Freshwater Institute, 501 University Crescent,

407 Winnipeg, Manitoba, R3T 2N6, Canada

408 164: Centre for Marine Science and Technology, Curtin University, Perth, 6102, Western
409 Australia

410 165: Forest Zoology, TUD Dresden University of Technology, Pienner Str. 7, Tharandt,

411 1737, Germany

412 166: Ecosystem Sensing group, Department of Life Sciences, Imperial College London,
413 White City Campus, 84 Wood Ln, London, W12 0BZ, United Kingdom

414 167: Fisheries Management Branch, Department of Forestry, Fisheries and the

415 Environment, Foreshore, Cape Town, 8000, South Africa

416 168: Mammal Research Institute Whale Unit, Department of Zoology and Entomology,

417 University of Pretoria, Hatfield, Pretoria, 28, South Africa

418 169: State Key Laboratory of Vegetation and Environmental Change, Institute of Botany,
419 Chinese Academy of Sciences, Beijing, 100093, China

420 170: Trondhjem Biological Station, Department of Biology, Norwegian University of Science
421 and Technology, Bynesveien 46, Trondheim, 7018, Norway

422 171: Coastal Marine Field Station, School of Science, University of Waikato, 58 Cross Road,
423  Sulphur Point, Tauranga, 3110, New Zealand

424 172: Museu Paraense Emilio Goeldi, Belém, PA, Brazil

425 173: Universidade Federal da Paraiba, Jodo Pessoa, PB, Brazil

426 174: Ocean Acoustics Group, Alfred Wegener Institute Helmholtz Centre for Polar and

427 Marine Research, Klussmannstr. 3d, Bremerhaven, 27570, Germany

428 175: College of Marine Living Resource Sciences and Management, Shanghai Ocean

429 University, 999 Huchenghuan Road, Pudong New District, Shanghai, 201306, China
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176: Department of Ecology, Universidad Auténoma de Madrid, Darwin 2, Madrid, 28049,
Spain

177: Centro de Investigacion en Biodiversidad y Cambio Global, Universidad Autonoma de
Madrid, Darwin 2, Madrid, 28049, Spain

178: Wildlife Research Division, Environment and Climate Change Canada, 801-1550,
avenue d’Estimauville, Québec (Québec) , G1J 0C3, Canada

179: Natural Resources & Environmental Studies, University of Northern British Columbia,
3333 University Way, British Columbia, V2N 4Z9, Canada

180: Asian Soundscape Monitoring Network, Biodiversity Research Center, Academia
Sinica, 128 Academia Road, Section 2, Nankang, Taipei, 11529, Taiwan

181: Department of Ecology and Evolutionary Biology & K. Lisa Yang Center for
Conservation Bioacoustics, Cornell University, Corson Mudd, 215 Tower Road, Ithaca, New
York, 14853, U.S.A.

182: Department of Biology, Whitman College, 345 Boyer AVe, Walla Walla, Washington,
99362, U.S.A.

183: Talarak Foundation, Inc., Negros Forest Park, Bacolod City, Negros Occidental, 6100,
Philippines

184: Department of Forest Ecosystems and Society, Oregon State University, 3180 SW
Jefferson Way, Corvallis, Oregon, 97331, U.S.A.

185: Centre for Research and Conservation, Royal Zoological Society of Antwerp, Belgium
186: Department of Physical Geography, Stockholm University, SE-106 91 Stockholm,
Stockholm, 10691, Sweden

187: Ordway Lab of Ecosystem Conservation, Department of Biology, University of Florida,
876 Newell Dr, Gainesville, FL, 32611, USA

188: Ordway Lab of Ecosystem Conservation, Florida Museum of Natural History, University
of Florida, 1659 Museum Rd, Gainesville, FL, 32611, USA

189: State Key Laboratory of Biocontrol, School of Ecology, Sun Yat-sen University,
Shenzhen, China

¢: corresponding authors

Ethics & Integrity

Authorship

The present study has involved people who carried out PAM-based studies as primary
contributors. Their willingness to be informed through a mailing list, responsibility for their
metadata, approval for sharing the meta-data publicly, and willingness to participate in this
study as co-authors were explicitly stated in an online form-based collaboration agreement.
Primary contributors who became co-authors all fulfilled either data curation (e.g., as
providers of structured metadata) or project administration (e.g., as principal investigators
designing the corresponding study) roles and additionally a manuscript revision role. They
could be corresponding authors for published studies, referred contacts for unpublished
studies, or principal investigators, and were asked to identify further primary and secondary
contributors of their study. Primary contributors could become co-authors, and secondary
contributors are acknowledged here. Some primary contributors were invited as co-leads to
expand the network for particular realms or biomes and are listed in the first-tier authors list.
Primary contributors who provided soundscape recordings additionally to metadata are also
listed in the first-tier authors list. All primary contributors were asked to identify further
contacts to reach a comprehensive coverage for the database.
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Permits

Necessary permits from landowners or environmental protection agencies, precautions to
limit biological contaminations (e.qg., biofilm on marine recorders), approvals for animal
welfare, and local ethics committee reviews were the responsibility of the respective primary
contributors.

Data availability

The metadata used for all analyses except the case studies are archived in Zenodo:
https://zenodo.org/records/12675124. We provide the R script for reproducing the metadata
analysis and graphs, as well as the R script and data for reproducing the case study analysis
and graph. The demonstration collection providing all case study recordings is hosted here:
https://ecosound-web.de/ecosound_web/collection/show/49.
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s94 Abstract and keywords

595 Aim: The urgency for remote, reliable, and scalable biodiversity monitoring amidst mounting
596 human pressures on ecosystems has sparked worldwide interest in Passive Acoustic

597 Monitoring (PAM), which can track life underwater and on land. However, we lack a unified
598 methodology to report this sampling effort and a comprehensive overview of PAM coverage
599 to gauge its potential as a global research and monitoring tool. To remediate this, we created
600 the Worldwide Soundscapes project, a collaborative network and growing database

601 comprising metadata from 409 datasets across all realms (terrestrial, marine, freshwater,
602 and subterranean).

603 Location: Worldwide, 12 200 sites, all ecosystems.
604 Time period: 1991 to present.
605 Major taxa studied: All soniferous taxa.

606 Methods: We synthesise sampling coverage across spatial, temporal, and ecological scales
607 using metadata describing sampling locations, deployment schedules, focal taxa, and

608 recording parameters. We explore global trends in biological, anthropogenic, and

609 geophysical sounds based on 168 recordings from twelve ecosystems across all realms.

610 Results: Terrestrial sampling is spatially denser (45 sites/Mkm?) than aquatic sampling (0.3
611 and 1.8 sites/Mkm? in oceans and fresh water) with only two subterranean datasets.

612 Although diel and lunar cycles are well-covered in all realms, only marine datasets (56%)
613 comprehensively sample all seasons. Across twelve ecosystems, biological sounds show
614 contrasting diel patterns, decline with distance from the equator and negatively correlate with
615 anthropogenic sounds.

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

621

622 Keywords: ARU, automated sound recorder, biodiversity, conservation biology,
623 ecoacoustics, ecology, IUCN GET realm, passive acoustic monitoring, phenology,
624 soundscape ecology
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Introduction

Sounds permeate all realms on Earth — terrestrial, freshwater, marine, and subterranean®.
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 ecology??,
PAM can measure levels and impacts of global change (e.g., climate change, urbanization,
deep-sea mining)*°; monitor ecosystem health, recovery, and restoration’®; assess human-
environment interactions (e.g., public health, cultural ecosystem services)'®*; and guide
environmental management and conservation policies (e.g., protected areas, landscape
planning)***2,

Despite the wide-ranging and increasing soundscape sampling effort'***, 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 systematic'**’ or non-systematic qualitative’®*°
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 exist?, 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 studies* but seldom considered in terrestrial
ones (but see??%); artificial intelligence can identify increasing numbers of species on land®,
whereas most aquatic sounds are still challenging to identify?°.

Overall, building a united global PAM network can increase knowledge transfer resulting in
more efficient and consistent methods, analyses, and cross-system syntheses®. Cross-
realm PAM studies can yield new theoretical answers®” and applied solutions: organisms'
sound durations follow a common distribution across multiple realms?®; soundscapes track
terrestrial and marine resilience to disturbance regimes®. Transnational sampling could form
the basis for comprehensive soniferous biodiversity monitoring, just as community-initiated
telemetry databases® and collaborative camera trap surveys® 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 policies®* 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-
database® 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 collation®. 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-web* 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 environments®. 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
data®. 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 maps®’ 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 realms® — 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-web** 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 space® (i.e., total annotation
area divided by total area of spectrogram; range: 0-1).
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796 We asked whether biophony occupancy increases with proximity to the equator, whether
797 biophony was negatively correlated with anthropophony, and whether phenology patterns
798 differ across realms. Statistical models predicting biophony occupancy were Bayesian beta
799 regression models (4 chains of 1000 sampling iterations with 1000 warmup iterations) fitted
800 with the R package brms*. Models converged as determined by trace plots and R hat values
801 smaller than 1.1. The number of samples equaled the number of recordings (N=168). The
802 models using latitude and anthropophony were mixed-effect models including the functional
803 group as a random intercept. The phenology model used diel time windows and realms, as
804 well as their interactions, as predictors.

g8os Results

806 Summary dataset statistics

807 To date, 409 validated soundscape meta-datasets (hereafter "datasets") have been

808 registered in our database from across the globe, dating back to 1991 (Fig. 1D). A dataset
809 gathers a team's metadata on a study or project. Based on the IUCN GET definition of four
810 ‘'core' realms, our database includes 277, 104, 26, and 2 validated datasets from the

811 terrestrial, marine, freshwater, and subterranean realms, respectively. The transmission
812 medium was air for terrestrial datasets (except for soil in one dataset), mostly water for

813 aquatic datasets (eight above-water datasets mostly in freshwater realm). In the

814 subterranean realm, one dataset did aerial recordings, while the other did underwater

815 recordings. The majority of datasets (84%) include both spatial and temporal replicates (Fig.
816 1B). Few datasets have openly-accessible recordings (10-12% excluding subterranean

817 realm, Fig. S1). Presently, few terrestrial and freshwater datasets (27% and 19%,

818 respectively) are associated with DOI-referenced publications in contrast to marine datasets
819 (44%, excluding subterranean realm) (Fig. S1).

820 Spatial sampling coverage and density

821 The database contains 12 220 sampling sites, including 147 polar, 9 194 temperate, and 2
822 859 tropical sites (Fig 1C). On land, 11 229 sites are located within 85 (out of 263) GADM
823 level 0 areas (i.e., countries, Fig. 2B), primarily in the Northern Hemisphere (Table S1).

824  Administratively, most terrestrial sites occur in Canada (27%), followed by the United States
825 (18%), but a significant proportion is globally widely distributed (25% do not belong to the top
826 10 GADM areas). Few terrestrial sites (8%) are located in WDPA category la, Ib, or Il areas,
827 corresponding to the highest protection levels. Our database currently lacks data from vast
828 areas in Russia, Greenland, the Antarctic, North Africa, and Central Asia. Site elevations
829 range from sea level up to 4 548 m (Fig. 2A), but mountains above 4 000 m in the Northern
830 Hemisphere, and above 2 000 m in the Southern Hemisphere (except for the Kilimanjaro),
831 as well as the Transantarctic Mountains, are currently not represented in the data. At sea,
832 634 sites are located within 35 (out of 101) IHO sea areas. Administratively, most marine
833 sites are widespread among IHO areas (23% do not belong to the top 10 IHO areas), but the
834 North Pacific Ocean and the Southeast Alaskan and British Columbian coastal waters

835 contain large parts of marine sites (16% and 13%, respectively). Many sites are situated in
836 WDPA high-protection category la and Il areas (12%). Our database currently lacks datasets
837 from Arctic waters off Eurasia, and Southeast Asian coastal areas. Sampling sites span

838 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 Il 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 Mkm?
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 Mkm?), 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 Mkm?) 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 Mkm?) 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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884 largest, includes seven tropical sites (all in tropical aerobic caves) sampled with a low
885 temporal coverage (1% out of 129 days sampled), and the subterranean-freshwater realm
886 includes five sites in underground streams and pools, sampled with a high temporal

887 coverage (17% out of 507 days sampled).

888 Target taxa and frequency ranges

889 Most marine datasets do not target specific taxa (66%) and use wide frequency ranges from
890 0.01 to 31 kHz (mean bounds of frequency ranges across datasets, Fig. 4B). Marine

891 datasets that focus on single taxa comprise fish (12%, 0.002 - 20 kHz) and cetaceans (6%,
892 0.006 - 7 kHz). Similarly, most freshwater datasets are taxonomically unspecific (56%) and
893 cover frequencies from 1 to 29 kHz. Some datasets (14%) focus on ray-finned fish, covering
894 frequencies from 0.001 to 23 kHz. In contrast, terrestrial datasets mostly target single taxa
895 and have narrow frequency ranges. Bird-focused datasets are most common (44%),

896 spanning frequencies from 0.06 to 21 kHz, while bat-focused datasets are next (12%) and
897 range from 5 to 139 kHz. Taxonomically unspecific datasets account for 24% of terrestrial
898 datasets, covering a broad range from 0.2 to 23 kHz. Generally, datasets targeting multiple
899 taxa use wider frequency ranges than those targeting single taxa.

900 Soundscape case studies

901 We analysed 168 recordings from twelve ecosystems (corresponding to different IUCN GET
902 functional groups) representing the diversity of soundscapes on Earth, spanning latitudes
903 from 69 degrees South to 67 degrees North (Table S3, Fig. 5A). Biophony dominated with
904 an average soundscape occupation of 28% across all ecosystems. Notable examples

905 include the photic coral reefs in Okinawa, Japan, with snapping shrimps and grunting fish
906 choruses, and the tropical lowland rainforests in Jambi, Indonesia, with buzzing insects and
907 echoing bird and primate songs, showing soundscape occupancy of 75% and 61%,

908 respectively®. Only marine island slopes (off Sanriku, Japan) and polar outcrops (Antarctic)
909 contained no or very little (2%) biophony, respectively. Geophony was absent in most of our
910 soundscape samples, with the exception of high wind noise in polar outcrops (14%) and
911 some wind in montane tropical forests and urban ecosystems (both 5%). Anthropophony
912 occupied on average 11% of the soundscapes. Cities (Jambi, Indonesia; Montreal, Canada)
913 exhibited the highest anthropophony (43%) with prevalent engine noise and human voices,
914 while deep-sea mining and vessel communication signals caused high anthropophony in
915 marine island slopes (32%)*'. Silence occupancy was highest in bathypelagic ocean water
916 (96%) and polar outcrops (82%).

917 The selected soundscapes reveal greater biological activity closer to the equator, a negative
918 relationship between biophony and anthropophony, and variable phenology patterns of

919 soniferous organisms over the diel cycle (Fig. 5). We detected a negative correlation of

920 biophony occupancy with increasing distance from the equator (Pregaive=1) and with

921 anthropophony occupancy (Pregaive=0.98). The phenology model predicted biophony

922 occupancy values for each diel time window and realm (Fig. 5B), revealing similar phenology
923 for the terrestrial and marine realm, and opposed freshwater and freshwater-marine realm
924 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 studies®. 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 review'*. Our database gaps in North Africa and Northeastern Europe correspond
with the paucity of bioacoustic datasets for these regions in the Xeno-Canto bioacoustic
repository*?. Our database comprises 634 marine sampling locations, while a recent
systematic review compiled 991*° 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
coverage®. 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
recorders* 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 biases* 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-effective*®. Marine soundscapes fluctuate stochastically*’, but the
ocean buffers water temperatures so that animals retain a basal activity level year-round.
Although lunar phases affect marine life***° 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 literature®. In contrast, although seasons also drive acoustic activity cycles on
land®-*2, 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 sites®®. Lunar phases — probably evenly sampled by
chance — also influence land animals® 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 coverage®. 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 changes®®.

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 taxa®’. However, many soundscape recordings
sample particular frequencies, often in the human-audible range®, 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 costs?. Emerging embedded-Al audio detectors may offer an alternative to
continuous and broadband recording®®, 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 turnover®. 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 prevalent®, 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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1015 holo-soundscapes in freshwater and shallow coastal areas®, and particle motion (that
1016 accompanies sound) impacts aquatic organisms®?. Advances in soundscape research are
1017 imminent as the freshwater acoustic research community is growing rapidly®®. In the oceans,
1018 sound propagates comparatively far and multiple biomes can be sampled at once (e.g.,
1019 recorders on the seafloor sample pelagic waters too) so that most ecosystems are covered.
1020 Still, coverage gaps may exist in rhodolith/Maérl beds. On land, sampling is biased towards
1021 biodiverse forests, and rocky habitats (young rocky pavements, lava flows and screes) but
1022 also some vegetated temperate ecosystems (cool temperate heathlands, temperate

1023 subhumid grasslands) are poorly sampled. Within the IUCN GET framework, soil

1024 soundscapes also belong to the terrestrial realm and to date only one spatio-temporally
1025 replicated dataset is in our database, despite recent studies® . Soil and benthic habitats
1026 may also be sampled with geophones to record infrasonic vibrations used to sense the
1027 environment (e.g., by insects, frogs, elephants, interstitial fauna and benthic fish)®.

1028 Our database highlights well-known global sampling biases®” which could be resolved with
1029 collaboration and communication to remove cultural and socioeconomic barriers®.

1030 Technological progress for more affordable equipment renders PAM more accessible in
1031 lower-income countries*%°. However, high- and deep-sea work remains considerably more
1032 expensive, and tropical developing countries in particular often lack funding for marine
1033 programmes requiring large vessels, underwater vehicles, or cabled stations on the

1034 seafloor*. Our network currently consists of active members from 56 countries.

1035 Collaborative projects, shared sea missions, and equipment loans should promote the
1036 establishment of soundscape research communities’. However, equitable, collaborative
1037 efforts will also require capacity-building so that local researchers can independently

1038 process, analyse, and interpret PAM-derived data. Increased international collaboration with
1039 scientists and local stakeholders supporting citizen-science’ in heavily underrepresented
1040 regions would improve not only data coverage, but also representation and dialogue within
1041 the field.

1042 Collaborative soundscape research relies on interoperable data. We harmonised metadata
1043 with a bottom-up approach leading to our global inventory. Comprehensive standards for
1044 PAM deployment, reporting, and data analysis are needed for enabling comparative, global
1045 analyses. However, such standards do not currently exist, even though initiatives for the
1046 marine realm are ongoing’*®. Few affordable solutions exist for sharing large audio data
1047 volumes®*, underlining the need for distributed soundscape recording repositories™. Marine
1048 oil and gas industry projects routinely upload data as part of their efforts to mitigate noise
1049 impacts on marine animals’, but these recordings often focus on frequencies relevant to
1050 seismic prospecting and access may be restricted™. Furthermore, recording equipment
1051 requires calibration, sound detection spaces need to be measured®’’, and data privacy must
1052 be ensured on land’. In parallel, species sound libraries**’*® grow and continue to provide
1053 invaluable acoustic and taxonomic references without which soundscape analysis for

1054 soniferous organisms would be futile. International organisations such as the Global

1055 Biodiversity Information Facility (GBIF) will be key to roll-out standards (e.g., Darwin Core) in
1056 a top-down manner. For the moment, we encourage early planning of data archival. In the
1057 future, the Worldwide Soundscapes will interoperate with other databases to close remaining
1058 coverage gaps and enhance standardisation.

1059 A unified approach to ecology with PAM is now possible. More comprehensive coverage is
1060 needed to decisively answer research, conservation, and management questions that PAM
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1061 can address, so we encourage prospective contributors to curate their metadata and join our
1062 inclusive project. We show that a large portion of the PAM community is willing to collaborate
1063 across realms and form a global network. We advocate for a bolder PAM effort to inform the
1064 agenda of soundscape ecology®, reaching out to places where no sound has been recorded
1065 before as well as to urban settings®. The research community may open new avenues to
1066 study environmental effects on acoustic activity®®, social species interactions®*, human-

1067 wildlife relationships®, function and phylogeny®®, soundscape effects on human health®,
1068 acoustic adaptation and niche hypotheses®#, macroecological patterns across

1069 ecosystems', and initiate an integrated approach to noise impacts on wildlife.

1070 PAM is an established method that can be applied over large spatial and temporal scales.
1071 However, consistent, large-scale monitoring of the Earth’s soundscapes is direly needed and
1072 essential to establish baselines for historical trends® and quantify rapid changes in

1073 biodiversity and natural systems. International funding schemes should integrate PAM into
1074 biodiversity monitoring platforms such as GBIF*® and GEO BON®*%?, Soundscapes are just
1075 starting to be used in legislation as an ecosystem feature to be preserved®. Occupancy
1076 maps for soniferous wildlife obtained from PAM would underpin the evaluation of progress
1077 towards threat reduction and ecosystem service provision of the Kunming-Montreal Global
1078 Biodiversity Framework®. By building collaborations around the knowledge frontiers

1079 identified here, we can aim to comprehensively describe and understand the acoustic make-
1080 up of the planet.
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1307 Tables

1308 Table 1: An agenda towards a global PAM coverage and network

Aims Opportunities
Increasing spatial and - Affordable underwater recorders
ecosystemic coverage - 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 - Longer deployments with duty cycles on land
taxonomic coverage - 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 (la: strict nature
reserve; Ib: wilderness area, Il: 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 (la: strict
nature reserve; Ib: wilderness area, IlI: 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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1347 spatial sampling density (in sites per Mkm2) and coverage (in number of sites); temporal
1348 extent (mean range between first and last recording day), coverage (days sampled per site
1349 and density (proportion of days sampled per extent). B) Frequency ranges of datasets

1350 across realms (using Nyquist frequency i.e., actual recorded frequencies) for the main

1351 studied taxa. The dots at the ends of coloured lines represent means of the lowest and

1352 highest recorded frequencies, and the range between the minimum and maximum of these
1353 values are indicated with black error bars. The limits of human hearing are indicated with
1354 dashed lines. Number of datasets indicated above lines - datasets can be counted several
1355 times if they contain deployments targeting different taxa. Data from transitional realms were
1356 assigned to their parent core realm in panel B.

1357

1358 Figure 5: Soundscape components analysis. A) Mean acoustic space occupancy of
1359 soundscape components (biophony, geophony, anthropophony) as calculated from

1360 annotations for twelve selected ecosystems, measured in proportion of spectro-temporal
1361 space used, over 168 recordings covering the time windows of the diel cycle. Annotated
1362 recordings are accessible at https.//ecosound-web.de/ecosound web/collection/show/49.
1363 Sample spectrograms are shown in the background. B) Soundscape component occupancy
1364 data illustrate three research questions linked to macroecology (i.e., biophony with distance
1365 from equator relationship), conservation biology trade-offs (i.e., biophony with

1366 anthropophony relationship); and phenological trends (i.e., mean biophony along diel time
1367 windows for each realm). Gray ribbons indicate 95% credible intervals and numbers indicate
1368 probabilities of positive or negative relationships.
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A - Sampling coverage within time cycles
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A - Case study soundscapes
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