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Noise is one of the fastest growing and most ubiquitous type of environmental pollution, with prevalence in
cities. The COVID-19 confinement in 2020 in Colombia led to a reduction in human activities and their asso-
ciated noise. We used this unique opportunity to measure the impacts of noise on urban soundscapes, and explore
the effects of urbanization intensity independently of human activity. We launched a community science
initiative inviting participants to collect audio recordings from their windows using smartphones. Recordings
were taken during severe mobility restrictions (April), and during a period of lightened restrictions (May-June).
From the data collected, we measured changes in sound pressure levels (SPL), acoustic structure (soundscape
spectro-temporal characteristics), and human perception between the two periods. A 12% increase in human
activities had a detectable acoustic footprint, with a significant increase of SPL (2.15 dB, 128% increase), a shift
towards dominance of low-frequency broadband signals, and a perceived dominance of human-made over
wildlife sounds. Measured changes in SPL and acoustic structure were directly proportional to urbanization;
however, perception of these changes was not. This gap may be associated with a masking effect generated by
noise or a disconnect of humans from nature in large cities. The mobility restrictions created a chance to better
understand the impacts of urbanization and human activities on the soundscape, while raising public awareness
regarding noise pollution effects on people and wildlife. Information analyzed here might serve in urban plan-
ning in developing countries where urban expansion is occurring in a rapid, unplanned fashion.

1. Introduction

The soundscape, which refers to human and natural sounds in a
landscape (Pijanowski et al., 2011), is composed of rich acoustic textures
with information about the surrounding environment, and it is crucial to
define our sense of place (Stocker, 2013). Human activities are trans-
forming the soundscapes, producing an acoustic overload that is ubiq-
uitous and louder than most natural sounds (Schafer, 1993). Noise
pollution is an emerging environmental issue that has been shown to
have adverse effects on human health (WHO, 2011), as well as on
wildlife behavior and communication (Barber et al., 2010; Shannon
et al., 2016; Brumm and Slabbekoorn, 2005); these impacts on animal
communities can ultimately alter the ecological services they provide
(Francis et al., 2012).

Noise, anthropic sounds that can be physically harmful or distracting

to humans and wildlife (Francis et al., 2009), can alter the soundscape
structure and inhibit the perception of sounds by people and wildlife, a
phenomenon known as masking (Barber et al., 2010). In human health
assessments and urban planning, noise has been considered using pri-
marily sound pressure levels (SPL) (Warren et al., 2006). Although noise
is a noticeable element of urban acoustics, it is not the only component
characterizing city soundscapes. Therefore, a better management of
noise pollution depends on a more integral understanding of the impacts
of human activities, complementing sound pressure measurements with
other facets of the soundscape.

During 2020, human confinement due to the COVID-19 pandemic
created dramatic changes in city life (Rutz et al., 2020). It also created an
opportunity to measure the impact of human activities on urban
soundscapes under a before-after scenario never experienced before
(Bates et al., 2020). With most people staying at home, noise dropped
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significantly (Zambrano-Monserrate et al., 2020), providing a cleaner
background to document urban soundscapes independent of human
activity. It also created the possibility of exploring the effects of ur-
banization intensity, a common challenge in urbanization studies (Joo
et al., 2011; Kuehne et al., 2013). Finally, the COVID-19 pandemic also
represented an opportunity to involve the community in data collection,
raise awareness about the environmental impacts of noise pollution
(Sonne and Alstrup, 2019), and to evaluate urban dwellers’ sensitivity to
soundscape changes.

Considering these opportunities, we aimed to characterize the
impact of human activities on urban soundscapes in Colombia by testing
two main hypotheses: 1) the acoustic impact of human activities is
proportional to urbanization intensity, with highly urbanized cities
showing the biggest input of anthropophony; 2) the masking effect of
anthropic noise negatively affects human perception to changes in the
soundscape. Through a community science initiative, we conducted a
standardized acoustic sampling throughout Colombia during the most
severe mobility restrictions due to COVID-19, and during the following
period of lightened restrictions. Using the information provided by the
participants, we evaluated three different perspectives: 1) changes in
SPL, 2) changes in acoustic structure, and 3) changes in human
perception.

2. Materials and methods
2.1. Sampling protocol and data curation

Data collection was carried out from April 02 to June 17, 2020, in
two distinct periods. The first period (April 02-27) represented the Full
lockdown (FL), when government policies announced a mandatory
closure of all non-essential workplaces, and limited outdoor recreational
activities and social gatherings. Compared with a baseline taken be-
tween January-February of the same year, this period saw mobility
reduced by an average —72.08 percentual points (Google, 2020;
Table A1). The second collection period (May 01-June 17) represents a
Partial lockdown (PL), with a partial mobility re-activation of around
12.48 percentual points from the FL period (Table A1).

For at least two days per week, during sunrise (0500-0700 h) and
sunset (1700-1900 h), participants collected 90-second audio re-
cordings from their windows motivated by a community science
campaign led by Instituto de Investigacién de Recursos Bioldgicos
Alexander von Humboldt (Colombia) called "How does your city sound?
Soundscapes from your window" (";Cémo suena mi ciudad? Paisajes
sonoros desde tu ventana"). Recordings were made using the free
application for smartphones Voice Record Pro® (WAV, 24 kHz sampling
rate, 16-bit depth, mono channel). Uploads were accompanied by online
forms asking participants about the presence of 12 soundscape compo-
nents (wildlife: insects, amphibians, birds, mammals; anthropic:
motorized transportation, construction, loudspeakers, human voices,
domestic animals; abiotic: rain, wind, thunder), as well as the dominant
perceived component in each recording.

Table 1
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A total of 202 participants from all over the country submitted 4556
recordings (Table 1, Fig. A1). We then selected participants that had at
least six suitable recordings (sampling rate > 22 kHz, audio length > 60
s) per period, which reduced the dataset to 62 participants with 1909
recordings, from three major cities and a pool of other 19 smaller cities.
Finally, we trimmed the beginning and end of each recording to 60 s and
re-sampled all files to 22.050 kHz to have homogeneous file formats
among participants. Recordings and accompanying forms were depos-
ited at the Instituto de Investigacion de Recursos Biolégicos Alexander
von Humboldt data repository (https://doi.org/10.15472/enzm9u).

2.2. Data analysis

Change in SPL was estimated from changes in fitted values of root-
mean-square amplitude (RMS) from each recording using a linear
mixed model (LMM) with period (FL, PL) and city as fixed factors, and
participant ID and time of day (am/pm) as random effects. AIC criterion
corrected for small sample size (AICc) was used as a model selection
procedure. We also fitted independent models for each city, keeping the
same random structure. Root-mean-square amplitude was then trans-
formed to sound pressure in decibels (Eq. (A1) and associated text for
details).

Changes in acoustic structure were estimated through displacement
differences between periods on a descriptive bidimensional space.
Following Ulloa et al. (2018) and using all suitable recordings, we
computed a spectrogram (512-sample window, no overlap between
windows), and a set of 64 features depicting spectro-temporal patterns
of the spectrogram that were derived by using 16 bidimensional wave-
lets (Morlet family, 8 scales, and 2 orientations) at four frequency bands
(from 0 to 11 kHz in steps of 2.75 kHz). We used the t-distributed Sto-
chastic Neighbor Embedding (t-SNE) (van der Maaten and Hinton,
2008) to project the data in a bidimensional space. In this space (t-SNE),
samples with predominant anthropic noise located to the left, bird
sounds to the right, insect sounds towards the bottom, and samples with
few distant sounds towards the top (Fig. A2). A permutational multi-
variate analysis of variance (PERMANOVA) with Euclidean distance and
permutations constrained to sample location, was used to test for
displacement differences on t-SNE between periods and cities.

To further test for the effects of urban greenspaces on acoustic
displacement, we selected data from the three major cities and modeled
displacement (distance and angle from the FL centroid to the PL
centroid, at each participant’s location) against city and a set of stan-
dardized environmental covariates (number of trees, NDVI; Table 1).
Although we considered other covariates (Table A2), only the selected
ones had good spatial resolution to test for inter-city variation. Different
variance structures (varldent, and varExp) were tested to account for
heteroscedasticity; the best model was selected with AICc.

Using the online forms, we computed a Soundscape Perception Index
(SPI) as the combination of scores from each soundscape component
(wildlife or anthropic, abiotic omitted) present in the recordings, plus
the score of the dominant perceived component. Each component was

Summary of sampling sites with number of samples and participants, spatial, and demographic variables. The reported area is the official urban perimeter without
considering suburbs. Total samples indicate the total number of recordings per city, number of participants in parenthesis. Selected samples refer to the final number of
samples used in the analysis, number of participants in parenthesis. The average number of trees is the count of urban trees within a buffer of 200 m centered at each
participant’s location. The vegetation was quantified using the Normalized difference vegetation index (NDVI); low values indicate less vegetation and higher

vegetation more vigorous. Data sources detailed in Table A2.

Urban City Urban perimeter Population Elevation Total samples Selected samples Avg. number of Avg. NDVI
intensity area (km?) (millions) (m) (participants) (participants) trees (sd) value (sd)
High Bogota 1587 7.2 2600 1190 (56) 711 (21) 334.3 (426.1) 2681 (858.6)
Intermediate Cali 619 1.8 1018 336 (22) 181 (7) 180.7 (244.6) 4052 (1271.7)
Intermediate Medellin 380 2.4 1495 968 (37) 191 (10) 285.2 (692.1) 4218 (1346.0)
Low Other 46-2393 <0.6 15-2758 2062 (87) 826 (24) NA NA

(19 small

cities)
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given a score of 0.2 and SPI was computed as follows:

_ X wildlife components + (1 — X anthropic components)
B 2

SPI

The index varies from O to 1, with 1 indicating full dominance of
anthropophony and 0 full dominance of wildlife sounds. We estimated
SPI changes using the same modeling approach as for SPL.

Statistical analyses were performed in program R (R Core Team,
2020). Signal processing and audio characterization was done in Python
3 (Van Rossum and Drake, 2009).

3. Results

Between FL and PL periods, the full model, which included period
and city, was the best model explaining overall changes in SPL
(Table A3). The model indicated an overall significant increase in RMS
amplitude, equivalent to 2.15 dB (128% increment, Fig. 1a). Similar
directions of change were found using city-specific models (Table A4);
although magnitudes were different. Change order decreases in
sequence from Bogota, Cali, other cities and Medellin, with Cali and
Medellin being more variable (Fig. 1a). These differences were also
evident on the bidimensional acoustic space where Bogota falls in areas
dominated by low frequency traffic noise, Medellin, and Cali show a
balanced mix of sounds, and other smaller cities had mid to high-
frequency wildlife sounds (Fig. 2).

Displacement on t-SNE between periods was significantly different
among cities (PERMANOVA _F = 5.58, R?= 0.03, p = 0.03) and showed
a marginal effect of counts of trees (F = 2.95, R?= 0.02, p = 0.08) but no
from NDVI (F = 0.37, R? = 0.002, p = 0.54). During PL all cities moved
towards areas with more anthropophony with magnitude of displace-
ment decreasing (without statistical significance) in the sequence from
Bogota, Cali, and Medellin (Fig. 1c, Table A5), with Bogota showing the
sharpest turn (Fig. 1d, Table A5). Our analysis also showed that differ-
ences could be associated with trees around sampling points (t = —2.19,
p = 0.03) with displacement magnitude decreasing as the tree density
increases (= —0.004, SE = 0.002).
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Interestingly, the estimated changes between periods were perceived
differently by participants in different cities. In congruence with sound
pressure, SPI became more anthropic during PL (Fig. 1b). Nevertheless,
city ranking on perceived change differed from sound pressure with
decreasing SPI changes from Cali, Medellin, Bogota, and other cities;
with Cali and Medellin being the most variable (Tables A6, A7). The
sound components most frequently reported were birds (FL = 83%, PL
= 82%) and motorized transportation (FL = 72%, PL = 81%). The latter
was also the component with the strongest change between periods
showing a 12.5% increase (Fig. A3).

4. Discussion

We characterized the impact of human activities on urban sound-
scapes in Colombia using a community science initiative during the
COVID-19 lockdown. As confinement restrictions were eased (PL), we
found a significant increase of SPL, a shift towards dominance of low-
frequency broadband signals (0-2.75 kHz), and a perceived domi-
nance of human-made sounds over wildlife sounds. Following our ex-
pectations, increasing human activities had an effect on the acoustic
environment, which was proportional to urbanization intensity, with the
most urbanized city (Bogota) having the strongest change. However,
perception of these changes was not in line with the measured changes,
supporting our second hypothesis.

Our study provides the baseline impacts of urbanization and human
activities on soundscapes. A 12% increase in human activities had a
detectable mark on soundscapes, with cities significantly shifting to-
wards higher sound pressure levels and dominance of anthropic sounds.
The most urbanized city (Bogota) had the sharpest change in SPL and
acoustic structure, yet one of the weakest perceived changes, with a shift
in soundscape perception comparable to the least urbanized sites in our
sample. Previous studies have found a positive relationship between
human activity and sound levels in urban areas (Mennitt and Fristrup,
2016). In particular, traffic noise is known to be closely related to urban
density (Salomons and Pont, 2012). The higher levels of anthropic noise
in the most urbanized city generates a dense background that masks and

a) b)
) e :
@ Global Partial lockdown (2.15 dB) Global Partial Lockdown
Bogota (269dB) — @ ————@—— Bogota
Cali (2.64 dB) ® Cali °
o Medellin (1.55 dB) [ ] Medellin
——————@ ——— Othercities (1.73 dB) ——@——— Other cities
-0.05 0.05 0.15 0.25 0.35 0.45 0.55 -0.01 0.01 0.03 0.05 0.07 0.09
c) d)
; a
Bogota +——@—— Bogota
cali ———@—— Cali ®
Medellin +——@—— Medellin o
-5.00 5.00 15.00 25.00 35.00 45.00 -10.00 40.00 90.00 140.00 190.00 240.00
i + 059 .
Parameter estimate £ 95% Cl Parameter estimate £ 95% CI

Fig. 1. Parameter estimates and 95% confidence intervals for the best fit model predicting changes during Partial Lockdown with respect to Full Lockdown in: a)
root-mean-square (RMS), b) Soundscape Perception Index (SPI), c) displacement distance on t-distributed Stochastic Neighbor Embedding (t-SNE) space, and d)

displacement angle on t-SNE space.
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Cali

(5 Other

Fig. 2. Embedding of acoustic data in a common descriptive feature space evidences the change of acoustic structure in Colombian cities between two sampling
periods: full lockdown (FL) and partial lockdown (PL). A t-distributed Stochastic Neighbor Embedding (t-SNE) was used to visualize a 2D projection from the full 64-
dimensional acoustic feature space, where x and y axes are dimensions 1 and 2 of the t-SNE. Each sampling site has a dedicated figure with FL samples in orange, PL
samples in purple, and centroids of sampling periods are denoted by a label and an ellipse of point dispersion. In this space, samples with predominant anthropic
noise located to the left, bird sounds to the right, insect choruses towards the bottom, and samples with few distant sounds towards the top. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

impairs the perception of sounds, resulting in the so-called lo-fi sound-
scape (Schafer, 1993). In this lo-fi system overloaded with acoustic
signals, little can emerge with clarity, perspective is reduced, and
changes are harder to perceive. Hence, the difference in magnitude
between measured and perceived change could be explained by this
masking effect of noise.

Alternatively, humans could be less in tune with their surroundings
in highly urbanized cities, which translates into a lower sensitivity to
changes in their soundscape. It has been argued that urbanization pro-
motes the separation of humans from nature (Turner et al., 2004),
leading to people living in larger cities to be less perceptive to changes
compared to people from smaller cities (Miller, 2005). Either by the
masking effect or the decreased sensitivity, elevated noise levels can
affect the perception of wildlife in large cities, disrupting human-nature
interactions and undermining positive attitudes of people towards na-
ture (Soga and Gaston, 2016).

Acoustic structure results showed an inversely proportional rela-
tionship between urbanization intensity and wildlife sounds. A recent

meta-analysis found that the density of species in cities is best explained
by anthropic features (land cover, city age) rather than by environ-
mental factors such as geography, climate, and topography (Aronson
etal., 2014). Both of our moderately urbanized cities (Medellin and Cali)
showed a similar response in acoustic structure between periods despite
the former being ~30% more populated than the later. One possible
explanation for this is the buffering effect of greenspaces in cities (Fang
and Ling, 2003); both of these moderately urbanized cities have similar
vegetation indices that are comparably higher than the most urbanized
city in our sample, suggesting that greener cities could promote a higher
diversity of natural sounds.

Although the use of smartphones allowed us to reach a large audi-
ence and cover a larger sampling area, it is important to consider that: 1)
different brands have variability in the recording quality (microphone
and pre-amplifiers), and 2) these sensors are less sensitive to low fre-
quencies (<300 Hz). As a solution for the first aspect, we used paired
samples and compared the change measured by each recording device
individually. As for the second aspect, since anthropic noise is
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characterized by energy at low frequencies, our results should be
regarded as conservative; therefore, changes in SPL and acoustic struc-
ture are likely higher than measured.

Colombia is a developing country with an immense biodiversity.
Most of the cities in the country are rapidly growing, prioritizing
infrastructure over greenspaces. These urban greenspaces serve as
wildlife refugia, noise barriers, and provide opportunities for human-
nature interactions. Adequate soundscape management to mitigate an-
thropic noise in such green spaces could increase the use of these hab-
itats by wildlife, which can in turn facilitate human-nature interactions,
ultimately fostering the conditions for human well-being and wildlife in
a positive feedback loop (Levenhagen et al., 2020). The dramatic
decrease in human activities and their associated noise due to the
COVID-19 confinement was a unique opportunity to measure not only
the impacts of human activities in the acoustic environment, but also to
highlight the importance of greenspaces to buffer noise pollution.
Moreover, this was also an occasion for community volunteers to open
their ears and experience the surrounding wildlife in cities from their
windows, showing that even indoor activities can be designed to
strengthen their connection with nature (Collins et al., 2020). While
largely underexplored, community science initiatives that incorporate
active listening have the potential to raise public awareness regarding
urban wildlife and noise pollution effects (Sonne and Alstrup, 2019;
Kuehne et al., 2013), engaging volunteers in the establishment and
maintenance of more suitable human and wildlife habitats.
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