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Across the world, human (anthropophonic) sounds add to sounds of
biological (biophonic) and geophysical (geophonic) origin, with human
contributions including both speech and technophony (sounds of

technological devices). To characterize society’s contribution to the global
soundscapes, we used passive acoustic recorders at 139 sites across 6
continents, sampling both urban green spaces and nearby pristine sites
continuously for 3 yearsin a paired design. Recordings were characterized
by bird species richness and by 14 complementary acoustic indices. By
relating each index to seasonal, diurnal, climatic and anthropogenic
factors, we show here thatlatitude, time of day and day of year each predict
asubstantial proportion of variation in key metrics of biophony—whereas
anthropophony (speech and traffic) show less predictable patterns.
Compared to pristine sites, the soundscape of urban green spaces is more
dominated by technophony and less diverse in terms of acoustic energy
across frequencies and time steps, with less instances of quiet. We conclude
that the global soundscape is formed from a highly predictable rhythmin
biophony, with added noise from geophony and anthropophony. At urban
sites, animals experience an increasingly noisy background of sound, which
poses challenges to efficient communication.

Many animals communicate by sound. Such vocal communication
occurs against a backdrop of sounds of biological origin (biophony;
for example, vocalizing and stridulating animals), of geophysical
origin (geophony; for example, rain or wind) and of human origin
(anthropophony; for example, speech and traffic). The resulting dis-
tribution of sound amplitudes across frequencies partially determines
how efficiently animals can communicate with each other™?, thus shap-
ing acousticcommunities over evolutionary time*~.Inecological time,
changesinthe acoustic environment can generate alterationsinspecies
behaviour, interactions and communication patterns®.
Altogether, the structure of the acoustic environment is defined as
thesoundscape”®. A soundscape s the collection of all sounds—biologi-
cal, geophysical and anthropogenic—that occurs at a place and within
agiven time frame, and is perceived by living organisms, including

humans’. Studies of soundscape ecology thus focus on variation in
acoustic propertiesacross space, time and spectral characteristics**'°.
Importantly, contributions frombiophony, geophony and anthropoph-
ony may differ in their patterns of variation.

The biophonic soundscape varies in both time and space, with
periodic acoustic patterns across the year (seasonality) or within a day
(diel patterns) defining “the rhythms of nature””. Well-characterized
temporal cycles of communication are found in the vocalization of
birds, amphibians and insects. Many such species tend to start sing-
ing atthe sametime eachyear"”, and to sing most intensely early in the
morning" and late in the evening. These peaks are referred to as the
dawnand dusk chorus, respectively. The dawn chorus tends to be domi-
nated by birds and amphibians, whereas the dusk chorusis dominated
byinsects’.Inaddition, the timing and length of both the dawn and dusk
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Frequency (kHz)

Frequency (kHz)

Animal

Audio sample 1

Time (s)
Index (class) Description Method Audio Audio
sample 1 sample 2

Low Acoustic energy 0-1kHz. Logarithmic average energy computed 23.500 13.320

(A/G) from spectrogram.

Middle Acoustic energy 1-10 kHz. Logarithmic average energy computed 3.667 14.459

(A/B) from spectrogram.

High (B) Acoustic energy 10-20 kHz. Logarithmic average energy computed 5.344 -3.738

from spectrogram.

ACI (B) Acoustic complexity index®'. Avian Summary metric of differences in intensity 1,899.2 1,901.3
vocal activity against environmental between adjacent time bins in a
noise (specifically traffic and wind). spectrogram.

ADI (NA) Acoustic diversity index®2. Diversity Spectrogram divided into 1-kHz bands and 1138 1.975
of acoustic energy across all Shannon entropy computed along time
frequency bands in recording. over all frequency bands.

Bio (B) Bioacoustic index of avian Area under the curve of the normalized 1.362 4.003
abundance®. Acoustic energy in the amplitude values over the frequency
range within which most bird range occupied by most birds (2-8 kHz).
vocalizations occur.

NDSI (B/A) Normalized difference soundscape Ratio of acoustic energy in frequency band -0.021 0.886
Index®. Measure of anthropogenic 1-2 kHz to energy in frequency band 2-8
disturbance on the soundscape. kHz.

H (NA) Entropy index®*. Overall variation in Product of Shannon entropies computed 0.921 0.900
soundscape. along time and along frequency.

Speech (A) Speech detection, maximum AudioSet event class detected by YAMNet 0.615 0.133
probability. for every 1-min recording.

Vehicle (A) Vehicle detection, maximum AudioSet event class detected by YAMNet 0.827 0.053
probability. for every 1-min recording.

Silence Silence detection, maximum AudioSet event class detected by YAMNet 0.212 0.005

(B/G/A) probability. for every 1-min recording.

Wind (G) Wind detection, maximum AudioSet event class detected by YAMNet 0.870 0.070
probability. for every 1-min recording.

Rain (G) Rain detection, maximum AudioSet event class detected by YAMNet 0.866 0.024
probability. for every 1-min recording.

Animal (B) Animal detection, maximum AudioSet event class detected by YAMNet 0.960 0.990
probability. for every 1-min recording.

BirdSpecies Number of bird species detected. Bird species were identified using 0 4

(B) BirdNET-analyzer v.2.4; see

Methods for details.

Fig.1| Acoustic indices used to track the rhythms in the global soundscape.
Top: two example spectrograms with the signatures of different sound sources
highlighted and identified. Bottom: table lists and briefly defines 15acoustic
indices of the soundscape. In the table and in all subsequent figures, we sort

indices by their type (how they are calculated), whereas letters clarify how they
are assigned: B, biophony; G, geophony; A, anthropophony; or NA, no clear
classification. The values of each index for the example audio clips are given in
the last two columns. sp, species.
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Fig. 2| Sampling design and coverage. a, Across the world, we used up to five
AudioMoth* samplers to record the local soundscape at each of 139 sites. To
characterize differences between naturalsites (filled green circles) and urban
green spaces (open black squares), 83 of the sites were part of a paired design,
with each habitat type sampled for a year within a distance of 4-50 km. To avoid
the effects of specific years, the starting habitat (natural or urban green space)
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was randomized between sites. For part of the material (violet symbols), the
habitat was fixed to natural sites alone. b, This resulted in multi-annual time
series for individual sites (y axis), with the coverage of individual weeks shown
by squares across time on the x axis. Habitats are coloured green for natural and
black for urban green space.

chorus differ by latitude and time of the year"". Across seasons, each

ecosystem may have a predictable soundscape phenology related to
the seasonal activity of sonically active animals.

Humans contribute to the soundscape through both speech and
the sounds of devices (such as traffic and machines). The resulting
anthropophony may show both diel and seasonal patterns. For exam-
ple, the sounds of highways are likely to be loudest during the start and
end of the business and school day**. Beyond direct emission of sound,
humanimpacts onsoundscapes may also be indirect, causing changes
inthevocalizing fauna throughlight pollution, climate change, habitat
alteration or modifications to the animal community and the habitats
that they rely on™"¢. As aresult, anthropogenic impacts on the global
soundscape are rapidly spreading. Clearly, the impacts are likely to
be greatest in urbanized areas'", and local patterns and processes in
soundscapes have been characterized by refs. 18,19. Overall, the urban
soundscapeis drivenby the structure of land use and, across cities, the
amount of vegetation—a metric of green infrastructure—correlates
with the intensity of sound®. Vegetation absorbs sound energy and
reduces anthropogenic sound pollution. Vegetation also attracts ani-
mals and increases the biophony. This begs the question of whether
smaller green spaces may suffice to preserve key features of intact
soundscapes. The relationship between green spaces and the emergent
soundscape, and how the soundscapes of urban green spaces compare
tonearby natural areas, are thus of key interest’.

Large-scale acoustic surveys can now be undertakenwith relative
ease to generate vast datasets, offering the potential for resolving a
wide set of fundamental ecological questions® and resolving impacts of
conservation concern®*, One of the key tasks for the study of sound-
scapes is deciding how to characterize the massive amounts of audio
data’. The last decade hasyielded a diverse set of acoustic indices (sum-
marized by ref. 9, with a critical review in ref. 25). Overall, these indices
are aimed at representing the level of complexity, diversity, energy
and/or potential sound sources (biological versus non-biological).
Individual indices are designed to describe different features in the
distribution of sound across amplitudes, frequencies, time or all three
dimensions*?* (Fig. 1). As each acoustic index measures a different
aspect of the distribution of acoustic energy, broader inferences on

soundscape patterning may be more accurate when several acoustic
indices are considered simultaneously and compared"®*.

Here, we analyse variationin the global terrestrial soundscapein
eachtypeofindex, andin bird communities scored by automated spe-
cies detection from sounds (Fig. 1). Specifically, we ask the following
questions: (1) How pronounced and predictable are global biophonies
and anthropophonies across the latitudinal, diel and seasonal dimen-
sions? (2) How do soundscapes differ between natural sites and urban
greenspaces, and whatacousticindices are these differences reflected
in? We examine each of these questions using global soundscape data
andapaired urban-rural experimental design. The data comprise more
than a million minutes of acoustic data from 139 sites throughout 6
continents, a latitudinal gradient of 116° and a time period of 3 years
(Fig.2 and Supplementary Fig.1).

Results
Global acoustic recordings revealed strong seasonal and diel rhythms
inthe soundscape. Different acoustic indices showed different rhythms
interms of both amplitude (size of oscillations) and timing (Fig. 3 and
Supplementary Figs. 2-55). Among individual acoustic indices, the pre-
dictability of patterns differed substantially (Fig. 4a; compare overall
R?).Differences emerged in the relative importance of diel and seasonal
cycles (Fig.4a; blue section), as compared to added signals of anthropo-
genicimpacts (Fig. 4a; black and greensections, corresponding to posi-
tive and negative effects of the human footprintindex?, respectively)
and climatic conditions (Fig. 4a; yellow section, corresponding to the
jointimpacts of elevation®®, average temperature® and precipitation®).
Metrics directly related to animal activity proved best predictable by
latitude, season and time of day. These metrics included animal activ-
ity (Fig. 4a; second blue bar from the right), which mainly consisted
of sounds of wild animals (Supplementary Fig. 56), as well as the bio-
acoustic index of avian abundance® (Fig. 4a; sixth bar from the left).
Acoustic phenology was pronounced in patterns of both biophony
and geophony. In both the Northern and the Southern Hemispheres,
the peak of bird acoustic activity occurred during the local spring
(Fig. 3). Sounds of wind were more common during the local winter
than summer (Fig. 3).
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Fig. 3| Seasonal and diurnal variation in different acoustic indices. Predictions
for the hour of the day (left) and day of the year (right) for 30° S, 0°,30° N and
60° N. The predictions shown are based on the global model fitted to all data
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61222222353 22
al 229335222083222222%2°
1111 444 4444
2—444444 444% 4}44 ‘1‘421

19911 T11911
o
_2,
T
8
5255 23
€ ¥222222222292”2222?.’7‘
4 | “ 1
b3 3
2 - 1 1
1, 4 .
0 4 4
4 4 1
o 2 4442“14444
“14444 :
171
4 - 11 1.1
. ’\22? .
21222222457, 224 22 2
25222222 22%j2
07 13 T
1 1°
-2 - T 1
] 44413444&44
“14444444444° | f4444
T T
0.8 | 1111 1111
0.7 - 1111 229 11
‘I; 022272 1222
0.6 2225 1d 22
224944511 2
o5 22222222444 l44 22
= 4
4
4 44
0.4 1‘144444 ‘44444
er30—4444444 244
0.55 1 44
4 444
050 - 444‘%?44?111
0.45 11 1
11 1
0.40 11 1.
0.35 3 38253 }
1 52 22293 1
0.30 11 22 229 1
0257&‘1&22222‘ ‘222 i
4444444 44444444444
0.40 -| 4
4
VPPEALERS
03512225 ,°3, 111 1 22
2231 3233 1,22
0.30 111 2222?41-422222231
11 111
0.25
T T T
0.7 A
T1,,2223233 11717
2
05 222%] 2235422 222‘?12222
31, 44,77
05 - 1 111 4 .
FARRRERY RS
‘ }
0.4 4 '4 4
A
03 4 A 44444444
4444 4
T T
0.7
o8 ﬂ4444
0.4 0D 22022
Qs,gzzz‘ Aﬁ 222335 53232227
0231 vy 144ﬁ444
014 42242 111111117 4444,
o T T T T
1 100 200 300

Day

explained a substantial part of the variation (Fig. 4). Here time is represented
by local absolute time; for patterns with respect to time relative to sun time, see
Supplementary Fig. 57. Site-specific results for allacoustic indices are shown in
Supplementary Information 1. For definitions of each index, see Fig. 1.

Diel patterns were likewise pronounced. Across the day, the
shapes of acoustic energy, species richness and call rates were typi-
cally bimodal. Here, we observed a larger peak in the morning and a
smaller peak in the evening (Fig. 3), corresponding to the dawn and

dusk chorus, respectively. The highest prevalence of quiet periods
(reflected by index Silence; Methods) was observed during the night
and sounds of wind were more common during the day than night
(Fig.3).
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Fig. 4 | Predictability of 15 acoustic indices in space and time and differences
across pairs of natural versus urbanssites. a, Predictability of 15acoustic
indicesin space and time. The total height of each bar shows the proportion of
variance explained (R?) by site-specific models. The blue section shows variation
explained by the latitude of the site using a global model (gm). The significance
of latitude was determined by a permutation test (two-sided; 139 sites; 1,000
permutations; no adjustment for multiple comparisons), with index-specific
Pvalues as follows: 0.733,0.001, 0.001, 0.693, 0.003, 0.001, 0.001, 0.359, 0.001,
0.106,0.001,0.001, 0.018, 0.001 and 0.001. Significance levels are *P < 0.05,
**P<0.01and **P < 0.001. Black (positive effect, POS) and green (negative
effect, NEG) sections show the increase in R? with the addition of the site-specific
human footprintindex (hfi) to the global model. The yellow sections indicate the
increase in R when climatic conditions (elevation, mean annual temperature and
precipitation) are added to a model including hfi. b, Differences observed across
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pairs of natural versus urban sites. Each box shows the distribution of empirically
observed pairwise differences between the two sites within a pair—with abox

for theinterquartile range (50% of data), a vertical line for the median; whiskers
for the minimum and maximum up to 1.5x interquartile range from the box;

and individual data points for outliers beyond this range. Since the difference is
calculated as urban minus natural values, a positive value indicates higher values
for urbansites (significant differences shown by black boxes) whereas a negative
value indicates higher values at natural sites (significant differences shown by
greenboxes). Index-specific Pvalues from two-sided ¢-tests across 36 paired
values (without adjustments for multiple comparisons):1.06 x 1075,7.91x 107,
1.46x10",8.60 x10™,1.89 x107,3.06 x103,2.45x107°,5.71 x10™*,9.51 x 10°°,
3.46x107%,5.41x107%,2.65x1072,3.27 x107,1.10 x 10"°and 6.07 x 102 (with
asterisks asina). Index letters asin Fig. 1. Diel variation was modelled by local
absolute time; for patterns with respect to sun time, see Supplementary Fig. 58.

Against the backdrop of seasonal and diurnal rhythms in the
soundscape, we found variable imprints of human footprint (Fig. 4a).
For some acoustic indices (notably soundsin the low and middle part
of the spectrum, human speech, noise from vehicles, wind, rain and
the number of animal species), we found greater values with agreater
human footprint index (Fig. 4a). For other indices (ADI, NDSI, H and
Silence; for definitions, see Fig. 1), we found a decrease with human
footprint. Thus, sites with a greater human footprint are noisier and
characterized by aless diverse soundscape. Patterns in acoustic indi-
ces differed strongly between our sampling sites in the Northern and
Southern Hemispheres. Southern sites were characterized by greater
levels of high-and middle-frequency animal sounds, and northernsites
by greater levels of low-frequency sounds and lack of silence (Fig. 3).

To resolve differences in the soundscape between urban green
spaces and nearby pristine sites, we next examined the distribution of
pairwise differences in predicted values for each acoustic index. Dif-
ferentindices showed different patterns (Fig. 4b and Supplementary
Fig.58b), with some general denominators:

First, consistent with Fig. 4a, many indices showed greater val-
ues in urban green spaces than in the paired natural site (Fig. 4b). As
expected, theseindicesincluded Speech and Vehicle. Amongsite pairs,
the acoustic energy generated by biophony (index Bio) and energy in
allspectral classes was largerinurbangreen spaces than at their paired
natural sites. For spectral energy, the difference was largest in the
low-frequency band and decreased towards higher frequencies. NDSI,
H, ADland Silence showed greater values in natural environments than
innearby urban green spaces (Fig. 4b).

Second, across site pairs, anthropogenic sounds (Vehicles and
Speech) were present at most sites regardless of whether the site was

classified as more pristine or urbanized (Fig. 4 and Supplementary
Figs.2-55). Thus, at most sites, a variable but typically substantial part
ofthe soundscape was generated by human activities (Supplementary
Figs. 2-55). Anthropogenic sounds showed little seasonal pattern-
ing, but more patterning with the time of the day (Supplementary
Figs.2-55).Sounds of vehicles and human speech were concentrated to
daylight hours, whereas periods of quiet were more frequent near mid-
night (Supplementary Figs. 2-55). Across other indices, urban green
spaces generally showed greater values of anthropophony (indices
SpecLow, Speech and Vehicle) than their more pristine counterparts
(Fig. 4b and Supplementary Figs. 2-55).

Third, bird species richness and animal vocalization activity
showed greater values in urban green spaces than at nearby natural
sites, with a statistically significant difference in animal vocalization
(Fig. 4b). Despite the difference in overall species richness, the sets
of bird species detected in urban green spaces versus at more natural
sites were partly complementary. This isrevealed by the rates at which
new species accumulate with increasing numbers of observations
(Fig.5c,d). With more sounds detected, we see agreater (but more vari-
able) mean number of species detected in urban green spaces thanin
their natural counterparts (Fig. 5¢,d; compare black and green lines).
When detections are sampled randomly across urban green spaces
and their paired natural sites, we score greater species richness for
the same number of sound observations (Fig. 5c,d; blue lines). Thus,
for a constant effort, partly different species are being detected in the
two environments. A difference in species composition between the
two environments was also revealed by further analyses of species
trait composition (Supplementary Figure 62). Inter alia, urban sites
were characterized by a greater proportion of seed-feeding species,
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and its paired urban green space, and thereby represent sampling of recordings
irrespective of the environment of origin. The datainclude bird detections
(BirdNET confidence threshold 0.8) for which recordings were available for both
urban and natural sites at the same day of the year and the same time of the day
within each pair. The resulting data have been sampled with replacement.Ina
andb, speciesrichness Sis defined as the number of distinct speciesin1,000
detections, whereas c and d show the accumulation of species richness detected
up to 2,000 detections. All results are averages across 50 replicates. LAT, latitude.

by species associated with human-modified habitats, by omnivores
and by species with ageneralist lifestyle. Overall, bird species richness
appeared to increase with latitude across site pairs, but this pattern
was probably caused by a technical artefact (that s, that the accuracy
ofthe bird detection software used varies in space; see ‘Discussion’).

The results shown in Figs. 3 and 4 are based on evaluating diel
rhythms using local absolute time. While this time representation can
arguablybe considered the relevant measure of time for anthropogenic
sounds, itis wellknown that many biophonic sounds are more closely
related to the timing of dawn and dusk than to local absolute time®. To
test the robustness of our result with the measure of time selected, we
repeated our analyses using sun time instead of local absolute time. A
comparisonoftheresults (Fig.3 versus Supplementary Fig. 57 and Fig. 4
versus Supplementary Fig. 58) shows that the latitudinal, seasonal and
diel rhythms (or the lack of them) reported in Figs. 3 and 4 are robust
with respect to this choice.

Discussion
Through our systematic, world-wide and long-term acoustic survey,
we characterized the drivers of the global terrestrial soundscape. We

find highly predictable rhythms in multiple indices of sounds of bio-
logical origin. For animal vocalizations, we could accurately predict
their presence in a soundscape on the basis of knowing merely the
latitude, the date and the time of day. Against these regular rhythms in
biophony, acoustic indices reflecting anthropogenic impacts proved
less predictable by the same factors: rhythms in anthropophony are
structured by daylight hours rather than latitude. Consistent with a
discordance between biophonic and anthropophonic rhythmsin the
soundscape, we found the soundscapes of urban green spaces to be
more dominated by technophony and less diverse in terms of sound
amplitudes and frequencies than more natural, paired sites. Urban
sites also showed less instances of quiet. Below, we will return to each
findingin turn.

Biophony is structured by latitude, date and time of day

Throughout the day and year, most of our passive acoustic record-
ers detected some sound. Moments of quiet mainly occurred close
to midnight and at high latitudes during the local winter (Fig. 3 and
Supplementary Figs. 13 and 14). For the biophonic part of the sound-
scape, our analysis of the global soundscape revealed strong rhythms
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in space and time—as structured by latitude. These patterns proved
best predictablein two indices: animal sounds detected (index Animal)
and acoustic energy associated with bird vocalizations (index Bio*).
Thus, based on knowing the latitude, the date and local time alone, we
willbe able to characterize key features of the biophonic soundscape.
The patterns observed are consistent with the concept of predictable
soundscape phenology’ reflecting the seasonal activity of sonically
active animals. As major animal sonic groupings (amphibians, birds
andinsects) have different phenology and different acoustic patterns
(pulsating and melodic), multiple rhythms in the soundscape may
weave into each other during the year'. With spring arriving at differ-
ent times at different latitudes, local soundscape phenology will differ
among ecosystems—but our findings suggest that they largely follow
aconsistent pattern. Importantly, the predictability of these patterns
alsoremained consistent regardless of whether we used local absolute
time or sun time. In other words, the exact timing will shift with the
latitude and the date, but the rhythms remain equally pronounced
and predictable.

Therhythms here detected at aglobal scale are largely consistent
with previous work on local and regional soundscapes', suggesting
that the local peaks in biophonies start before sunrise, fall during the
day, thenrise again before sunset. Whether nocturnal acoustic activity
exceeds activity during the day depended on the index used and the
latitude (Fig. 3 and Supplementary Figs.2-55). At the level of individual
acoustic indices, we note substantial differences in patterning and
predictability. Thisis only to be expected, as these metrics were inten-
tionally derived to capture different features of the soundscape®**>".
Inillustration of their complementary nature, the acoustic indices are
also weakly correlated with each other (Supplementary Fig. 59). As a
solution, multiple authors have emphasized the need for calculating
and comparing larger suites of indices for understanding the underly-
ing processes®* 2, Our findings fully support this view.

Inretracing the drivers of soundscape variation, we explored how
they affect the numbers of sonically active species, and—for the urban-
natural comparison (see below)—the types (traits) of species recorded.
What they revealed were strong rhythms in the richness of species
contributing sounds (Fig. 3). At present, this type of analysis can only be
achieved for birds, although methods for the automated identification
of vocalizations by amphibians and insects are quickly developing***.
Yet, inidentifying the species behind the vocalizations, achoice must
be made. The assignment of a sound to a species is based on a prob-
ability that this is the right ‘label’. If the label is correct, then a record
of the vocalizationis a true positive. By then selecting a too-stringent
probability threshold before trusting the label, one increases the risk
of neglecting correct assignments (causing false negatives), whereas
by setting the threshold too low, one increases the risk of accepting
false labels (false positives). Thus, the choice of a threshold reflects a
trade-offbetween false positives and false negatives. For this reason, we
performed the detection using two different thresholds. Notably, the
shapes of both diurnal and seasonal patterns remained highly similar
across threshold values (Supplementary Figs. 52-55)—even though
the confidence threshold naturally affected the absolute number of
trusted detections.

Asamethodological caveat, bird species richness was estimated
tobegreater intemperate thantropical regions (Fig. 3). This patternis
probably atechnical artefact, since the bird detection software used”
is better trained to North American and European bird species, and
unable to detect species from other regions with the same accuracy.
Importantly, this does not invalidate patterns over seasons or times
of the day. Given constant detectability of each species within a site,
the rhythm remains without any systematic bias—even if its baseline
level may be underestimated for tropical regions. When using the
broader category of ‘animals’, there are more detectionsin the South-
ern Hemisphere compared to Northern Hemisphere (Fig. 3). Such a
discrepancy illustrates the potential for improved use of present-day

data and the scope for future use of data generated by the ongoing
sampling revolution**—even when analytical methods are lagging
behind. Naturally, all acoustic data generated in our project (some
90 million minutes) are stored in their raw format (some 0.7 peta-
byte of .wav data). In the terminology of ref. 2, these recordings will
become ‘acoustic fossils’, to be revisited once improved identification
models are available.

Anthropophony conflicts with biophony

Wherebiophony varied predictably with latitude, day of year and time
of day—with peaks around dusk and dawn—anthropophony showed a
different pattern (Supplementary Fig. 21b,d). Here, both speech and
vehicle noise peaked around mid-day, whereas the main predictor of
traffic noise was the human footprintindex. Yet, vehicle noise increased
early and late enough in the day to coincide with the dawn and dusk
choruses of biophonic origin (compare Supplementary Fig. 55to 48b).
These findings were further supported by our comparisons of sound-
scapes between urban green spaces and more pristine sites.

Overall, urban green spaces are clearly affected by human sounds.
Compared to pristine sites, the soundscape of urban green spaces
proved more dominated by technophony and less diverse in terms of
acoustic energy across frequencies and time steps, withless instances
of quiet (Figs. 3 and 4). Most importantly, there were few places on
the globe where anthropogenic sounds did not enter the local sound-
scape. Such anthropophony showed either little rhythmin time, or a
rhythm substantially different from that generated by animals and
abioticforces (Fig. 3 and Supplementary Figs. 2-55). As human activi-
ties are centred on daylight hours, they differed from for example bird
song, which is centred on dawn and dusk*** (Fig. 3). Despite regional
variationinthe degree of urbanization, increasing human population
densities will thus come with new and globally consistent challenges
for animal communication. From a human perspective, urban green
spaces may provide a partial respite from the sounds of machines and
traffic*. Globally, urban green spaces are impacted by anthropogenic
sound and are nowhere near quiet (Fig. 3).

The impacts of anthropogenic sounds on local wildlife are gen-
erating increasing interest and insight**~', Such anthropophony will
mostly contribute high-intensity, low-frequency (500 Hz to 4 kHz)
sounds to the soundscape. Since many terrestrial animals (for exam-
ple, birds, anurans and insects) communicate in this frequency range,
anthropophony may efficiently mask animal communication. Interms
of adaptations, a recent review* found that insects were unable to
adjust any features of their acoustic signals to overcome noise. Anu-
rans, on the other hand, were able to increase call intensities only,
whereas birds were able to make a variety of adjustments including
increasing dominant, minimum and/or maximum frequencies, increas-
ing note duration and increasing the amplitude of their songs****.
Several species of birds are also known to switch their singing towards
quieter night-time'*,

Onefeature of the global soundscape did surprise us: urban green
spaces were characterized by greater animal vocalization activity
than their natural counterparts and by a higher species richness of
vocalizing birds. To uncover the reasons, we validated that differences
in bird species richness were not caused by the misclassification of
anthropogenic sounds. To achieve this, we had an ornithologist listen
through 615 sound clips from two natural and two urban sites (Sup-
plementary Fig. 60 and Supplementary Table 1)—while annotating all
sounds detected. As expected, some of the automated identifications
turned out to be misclassification, but the difference between urban
and natural locations persisted and cannot be attributed to any artefact
(Supplementary Fig. 60 and Supplementary Table 1).

Importantly, the difference observedin the bird faunarelated to
species counts alone, which may partly reflect differences in detect-
ability. With added noise, birds may increase both the frequency
and amplitude of their songs®>**. At the same time, we found the
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two environments to sustain partly different types of bird species.
This was evidenced by differences in species traits between habi-
tats (Supplementary Text 61 and Supplementary Table 2). Thus, we
believe that the effect on overall diversity can be retraced to the
structure of urban green spaces. They will typically consist of vari-
able habitats intermixed, with ample edge zones***°. Such environ-
ments are known to attract a mix of species of different geographical
origins and habitat affinities** . In further support of this claim,
we found that urban green spaces and their natural counterparts
differed in bird species composition, with amore diverse set of spe-
cies detected across the two environments than within either one
onits own (Fig. 5). These patterns are fully consistent with the find-
ing that birds vary widely in their sensitivity to human-dominated
environments, with some being highly tolerant and other restricted
to pristine environments®°.

Conclusions

Overall, we find strong diurnal and seasonal rhythms in the global bio-
phonicsoundscape. Interms of their predictability, these rhythms are
discordantwith global patternsin anthrophony—andin terms of their
timing, biophonic and anthropophonics rhythms are partly overlap-
ping. This is a challenging scenario for the evolution of adaptations
in animal signalling**~**. Given the potential for anthropophony to
mask current animal communication and its strong contributions to
global soundscapes, it is likely to exert a strongly selective force. Yet,
poor predictability in space and time will compromise such selection
and some taxaseem unable to adjust their acoustic signals to overcome
noise*. The implications of our findings for conservation manage-
ment, urban planning and even human-nature interactions are stark.
Securing intact soundscapes through joint management is a priority
for safeguarding animal communication®. For humans, hearingis one
of our key senses®?, and the acoustic environment akey part of how we
experience the world. Thus, protecting its structure is essential for
upholding both ecosystem integrity and human health™®,

Methods

Data

Acoustic datawere collectedin the context of the project LIFEPLAN, an
international initiative for characterizing biodiversity across the globe
(except Antarctica). For a full description of the sampling design and
the specific protocol implemented using audio recorders, see ref. 64.
For the present study, we extracted acoustic data recorded between
years 2021 and 2024 at 139 different sites in 6 continents. A list of the
sitesand their locationsis provided in Supplementary Table 3. Ateach
site, data were collected via passive acoustic monitoring using Audio-
Mothv.1.1devices®. For any one time, there were up to five AudioMoth
devices operated per site within a 1-ha area®*. The specific sites were
chosen by local teams. The natural locations were chosen to be the
most natural ones present withinarestricted distance from the urban
one—just like the urban sites were classified as urban by regional, not
global or absolute standards. Importantly, these are the urban versus
natural sites accessible to the localhuman population, and thus repre-
sentthe soundscapes that people canrealistically switch between. The
total number of recordings varied between the sites due to equipment
malfunctioning and logistic constraints, such as site accessibility due
to road damage caused by hurricanes and storms. At some sites, the
sampling period included only afew months, whereasin other sites the
sampling was continuous throughout the year. The datawere subsam-
pledtothelevel of full hours. To allow the sampling of equivalent time
periods, we ensured synchronization among individual recorders. To
this aim, all AudioMoth devices were synchronized weekly with coor-
dinated universal time. From each hour recorded, a1-min-long clip was
randomly selected. Consequently, the data to be analysed consisted
of up to 24 recordings per day per site. The total number of the 1-min
recordings used in the present analysis was 1,484,181.

Preprocessing

Audio datawere collected with a48-kHz sampling rate using 16 bits per
sample. Data were stored in AudioMoth® devices as encrypted files.
Thus, potential human voices present in the audio recordings were
not available to anyone accessing the memory card of the physical
recorder at the samplingsite. Encrypted data were transferred to object
storage Allas at CSC—IT Center for Science, Finland. Before analysis,
thefileswere decryptedinto standard WAV files. Owing to artefactsin
thebeginning of some recordings, all datawere processed so that the
first second of a recording was removed.

Spectral energy

Spectrogramwas computed from al-minrecording usinga1,024-point
fast Fourier transformwith Hann window (21.3 ms) and 480-point time
hop (10 ms) using the Python library librosa v.0.9.2.33. The result was
summarized with 20 bins, each bin covering a 1-kHz frequency band.
Both maximum and mean energy of each bin were used to summarize
thel-minrecording. For analysis, the spectral energy was divided into
three frequency bands: low (0-1kHz), middle (1-10 kHz) and high (10—
20 kHz). The final values were represented on alogarithmic scale (dB).

Acousticindices

Fiveacousticindices were computed for each recording: the acoustic
complexity index (ACI)*, the acoustic diversity index (ADI)*, the bio-
acoustic index (Bio)*, spectral and temporal entropy (H)* and the
normalized difference sound index (NSDI)**. Each index was computed
using Python package Acoustic_Indices® with default values, except
ADI for which the noise floor value was set to —26 dB meaning that all
amplitude values below 5% of maximum value were considered as noise.
For AClwe experimented with several values for the window length and
window hop (512,1,024 and 2,048 samples corresponding to 10, 21and
43 msintime), visually comparing the results obtained with different
parameter settings using scatterplots. As the plots did not suggest
superiority of any particular parameter setting, the final ACI results
were based onawindow length of 512 samples. Before calculating each
index, acoustic data were filtered using a high-passfilter with a300-Hz
cutoff frequency to suppress low-frequency disturbances.

Acoustic event detection

Recordings were processed with YAMNet* to detect six AudioSet
event classes: speech, animal, vehicle, silence, wind and rain. Both
maximum and mean probabilities of each class were calculated for
every 1-minrecording.

Bird species identification

Bird species were identified using BirdNET-Analyzer v.2.4 (ref. 37).
The results were restricted by the site-specific species lists. These
lists were generated using script species.py of the BirdNET-Analyzer
package. Two confidence thresholds (0.3 and 0.8) were used to filter
the detections. All statistical analyses were performed on the basis of
detections using the threshold of 0.8.

Statistical analysis

To quantify periodic rhythmsin different soundscape indices, we con-
structed separate generalized linear models for each acoustic index,
using as predictors the day of the year and the local absolute time of
the day. To arrive at the relevant periodic functions of seasonal and
diel variation, we used anintercept and eight explanatory variablesin
each model: cos(2nxDay), cos(4mxDay), sin(2rixDay), sin(4mxDay),
cos(2rixHour), cos(4mxHour), sin(2rtxHour) and sin(4ttxHour). Here,
Daywas the day of the year divided by 365 and Hour was the hour of the
day divided by 24. Allmodels were fitted separately for each site using
Im in R for continuous data and glm(family=poisson) for count data.
In calculating R? values as measures of predictability, we used linear
models also to count data.
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To evaluate the predictability of local patterns from global ones,
another model was fitted where the data from all sites were present in
asingle global model. Inthis model, we modelled latitude-dependency
of seasonal and diel patterns by including as predictors the interactions
betweensecond-order polynomial of latitude and the eight explanatory
variables of seasonal and diel variation described above. To evaluate
anthropogenic and climatic impacts, we included the main effects of
four additional predictors: the human footprint index?, elevation?,
annual meantemperature” and annual precipitation®. The significance
of the latitude as a predictor was calculated using a permutation test
with 1,000 permutations of latitude values over sites.

For pairs of urban green spaces and nearby natural environments
(36 pairs), alinear model was constructed thatincluded the habitat type
asafactor. Here, we used the acoustic index as the response variable,
whereas the explanatory variablesincluded anindicator of whether the
sitewas anurbangreenspace or anaturalssite. As the other explanatory
variables, we used the eight seasonal and diel predictors explained ear-
lier. The model was fitted separately for each site pair and the contrast
between the coefficients of urban green spaces and natural sites was
calculated for every acoustic index.

Species richness for 36 site pairs composed of natural and urban
sites was investigated using species accumulation curves. Data
included bird detections (BirdNET confidence threshold 0.8) for which
recordings were available for both urban and natural sites at the same
day of the year and the same time of the day within each pair. To score
the number of detections for agiven number of recordings, we sampled
the data with replacement for each site or combination of sites.

Local absolute time versus sun time. To test for differences in pat-
terns with respect to local absolute time and versus time relative to
sunrise and sunset, we fitted the local and global regression models
described above to data using both time representations. To obtain the
time relative to the sun cycle, the original time stamp on the record-
ing was converted to a new time on the basis of the information of the
sunrise and sunset at the recording site, obtained using R package
suncalc, v.0.5.1. The hour of the day was mapped so that the sunrise
corresponded to 06:00 and sunset to 18:00. For the time between
the sunrise and sunset (daytime), local absolute hours were mapped
linearly between 06:00 and 18:00 and for the time between the sunset
and sunrise (night-time), the local absolute hours were mapped linearly
between 18:00 and 06:00.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data are available via Zenodo at https://doi.org/10.5281/
zenodo.15369637 (ref. 67).

Code availability
The scripts and code to reproduce the results of this paper are avail-
ableviaZenodo at https://doi.org/10.5281/zenodo.15372067 (ref. 68).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|X| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Custom AudioMoth firmware installed on the audio recorders used to record audio: https://github.com/OpenAcousticDevices/AudioMoth-
LIFEPLAN/releases/download/0.1.5/AudioMoth-LIFEPLAN-0.1.5.bin
Full audio recording protocol, including the two AudioMoth configurations used to record audio: https://dx.doi.org/10.17504/
protocols.io.kqdg3xbp1g25/v2

Data analysis The scripts and code to reproduce the results of this manuscript are found in GitHub repository https://github.com/psomervuo/soundscape.
Bird species identifications: BirdNet Analyzer version 2.4. (Kahl, S., Wood, C. M., Eibl, M. & Klinck, H. BirdNET: A deep learning solution for
avian diversity monitoring. Ecol Inform 61, 101236 (2021))
Spectrogram computing: Python library librosa version 0.9.2.33
Acoustic indices computing: Python package Acoustic_Indices v1.0.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data have been deposited to Zenodo https://doi.org/10.5281/zenodo.11516373. The repository will be opened upon acceptance of the manuscript. A link for
reviewers is included in the manuscript text.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender This information has not been collected.

Reporting on race, ethnicity, or  This information has not been collected.
other socially relevant

groupings

Population characteristics Research does not involve humans or human data.
Recruitment Research does not involve humans or human data.
Ethics oversight Research does not involve humans or human data.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description At each of 139 sites around the world, we deployed 3-5 passive audio recorders in a nested design. Some sites in the Nordic
countries and Madagascar were sampled continuously, while others switched annually between a natural and urban type location as
proposed by local researchers. In this study, we used a randomly selected one-minute clip from each hour recorded. We used a total
of 1,484,181 clips. For these clips, we calculated a set of established acoustic indices and acoustic event classes, and identified bird
species vocalising. We analysed periodic rhythms in different soundscape indices, evaluated the predictability of local patterns from
global ones as well as anthropogenic and climatic impacts, and effects of natural/urban site type on acoustic index values and species
richness. Explanatory variables used included day of year, time of day, latitude, human footprint index, elevation, annual mean
temperature, annual precipitation and habitat type. Full study description: https://doi.org/10.1371/journal.pone.0313353

Research sample In the statistical analyses we use as the sampling unit one minute of sound. The spatiotemporal distrubution of these sampling units
is described in the study description.

Sampling strategy At each site, data were collected via passive acoustic monitoring (PAM) using AudioMoth v1.1 devices63. For any one time, there
were up to five AudioMoth devices operated per site within a 1-ha area62. The total number of recordings varied between the sites
due to equipment malfunctioning and logistic constraints, such as site accessibility due to road damage caused by hurricanes and
storms. At some sites, the sampling period included only a few months, whereas in other sites the sampling was continuous
throughout the year. The data were subsampled to the level of full hours. To allow the sampling of equivalent time periods, we
ensured synchronisation among individual recorders. To this aim, all AudioMoth devices were synchronized weekly with Coordinated
Universal Time. From each hour recorded, a one-minute-long clip was randomly selected. Consequently, the data to be analysed
consisted of up to 24 recordings per day per site. The total number of the one-minute recordings used in the present analysis was
1,484,181.

Data collection Sampling teams around the world placed 3-5 pre-programmed passive audio recorders at their sites. They visited them weekly or
biweekly to change batteries and microSD cards. They collected metadata by scanning QR codes on the recorders and microSD cards,
recording the time and location of each recorder placement and collection.




Timing and spatial scale  Audio recording began at the first site 2020-12-21 and is still ongoing. The data included in this study range from 2021-02-08 to
2024-04-18. Audio was recorded for one minute every ten minutes on site corners, and continuously for 48 hours at the start of each
week and then one minute every ten minutes in the middle of the site. The recording regime was designed so that one visit per week
would be enough to keep batteries running and memory cards from filling up. Our spatial scale is global, with 139 sites on six
continents and a latitudinal gradient of 116 degrees. A full list of sites is in supplementary table 3. There are gaps in the recording
schedule due to equipment failure and replacement delays.

Data exclusions We excluded only sites that had too little sampling for statistical analysis. From each hour recorded, a one-minute-long clip was
randomly selected.

Reproducibility To verify species identifications, an ornithologist listened to a random sample of recordings to check the species identifications. Each
site had 3-5 audio recorders whose results can be compared.

Randomization We randomised sites as to starting at the Natural or Urban location. We randomised the choice of a one-minute clip from each hour
of recording.

Blinding Blinding was not applied because the data were analysed with automated scripts without subjective human judgment. Audio files
were encrypted and not listened to or filtered by data collectors.

Did the study involve field work? |z| Yes |:| No

Field work, collection and transport

Field conditions Field work was carried out over several years at 139 locations on six continents around the world, and field conditions varied
considerably.

Location Full list of 139 studly sites is in supplementary table S3.

Access & import/export  Data was collected and is owned by participating teams. Teams were instructed to follow their local legislation concerning audio
recording and to post signs warning that audio is being recorded.

Disturbance Audio recorders were attached with canvas straps to trees where available. Where trees were not available, teams installed posts in
the ground. The recorders were visited once a week.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

X XX [ X X X
OooxXxood

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Not used

Wild animals Wild animal sounds were passively recorded. No animals were captured or manipulated. Animals identified from the recordings were
birds.

Reporting on sex Sex was not considered or reported on.

Field-collected samples  No physical samples were collected.
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Ethics oversight No ethical approval or guidance was required, as no animals were handled in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Not used.

Novel plant genotypes  Not used.

Authentication Not used.
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