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abstract: High levels of anthropogenic noise pollution affect 
wildlife globally. Traffic noise contributes a ubiquitous source of noise 
pollution and shows high intensity at lower sound frequencies. Ani­
mals using high-frequency sounds or broad frequency bandwidths 
may, to some extent, escape energetic masking by traffic noise. Al­
though it is difficult to disentangle effects of noise pollution from 
those of urbanization, COVID-19 lockdowns reduced traffic in a quasi­
experimental manner that isolates the effects of noise. Comparing 
counts of North American songbirds before and during COVID-19 
lockdowns, we show that, surprisingly, species with songs more re­
silient to interference by noise (wider-bandwidth songs, especially) 
experienced more favorable changes in abundance associated with 
stronger reductions in traffic. Such abundance changes in human-
altered landscapes during lockdowns indicate that noise pollution 
can be detrimental even for noise-tolerant species and that conserva­
tion of less noise-tolerant species will require more extensive limi­
tations to anthropogenic noise than during COVID-19 lockdowns. 

Keywords: noise pollution, acoustic communication, birdsong, ur­
ban ecology, COVID-19 lockdowns, demographic changes. 

Introduction 

Noise pollution is widespread in terrestrial environments, 
affecting both areas with high human densities and areas 
with low human densities (Barber et al. 2011). Anthropo­
genic noise has grown to become a concern for both hu­
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man health (Münzel et al. 2021) and biodiversity conser­
vation (Shannon et al. 2015; Kok et al. 2023). Recognizing 
that noise from motorized traffic is most intense at lower 
sound frequencies, acoustically communicating animals 
that use lower sound frequencies should be more sensitive 
to anthropogenic noise and avoid noise-polluted areas 
(Francis et al. 2023). Such sensitivity is expected because 
of the energetic masking of vocalizations (sensu Rosa and 
Koper 2018; i.e., the overlap of sound frequencies between 
animal vocalizations and noise), which diminishes the de­
tectability of vocalizations. Species using narrow frequency 
bandwidths also appear more sensitive to noise pollution 
than species with wide bandwidths (Cardoso et al. 2020). 
Since acoustic communication is vital for many animals, 
playing important roles in survival and reproduction, im­
paired detection of vocalizations is detrimental for fitness 
(Senzaki et al. 2020). 
Although noise pollution is pervasive in urbanized land­

scapes (Rosa et al. 2015), lockdowns during the COVID-19 
pandemic reduced noise from motorized traffic at a global 
scale (Bates et al. 2021; Challéat et al. 2024), to the point 
where traffic reductions were often associated with changes 
in the abundances of birds (Schrimpf et al. 2021). This pro­
vided a quasi-experimental opportunity to isolate the ef­
fects of noise from confounding effects in the urban land­
scape (e.g., habitat destruction and fragmentation) and test 
which species benefit the most from noise reduction. In 
fact, lockdowns during the COVID-19 pandemic reduced 
human activity and noise pollution—a phenomenon referred 
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to as an “anthropause” (Rutz et al. 2020)—to such an ex­
tent that it affected acoustic communication in wild, urban 
animals (e.g., Derryberry et al. 2020). 
We took advantage of the COVID-19 lockdowns dur­

ing 2020 to test whether frequency characteristics of bird-
songs were associated with changes in species counts 
across urban areas in Canada and the United States. Bird 
species with lower-frequency songs suffer more energetic 
masking (sensu Rosa and Koper 2018) by anthropogenic 
noise pollution, which is more intense at lower frequen­
cies, and are therefore less likely to occupy noisy, urban 
environments (Hu and Cardoso 2009; Cardoso 2014). In 
addition, two previous investigations tested which song 
frequency traits predict tolerance to noise pollution among 
North American passerines, revealing an association be­
tween song frequency bandwidth and noise tolerance, with 
species with wider-bandwidth songs being more common 
in noisy areas (Cardoso et al. 2020; Klingbeil et al. 2020). 
This situation may arise because some elements of songs 
with broad frequency bandwidth suffer less energetic mask­
ing by noise. Additionally, songs with broad frequency 
bandwidth may have more extensive frequency modula­
tion and may suffer less informational masking (sensu Rosa 
and Koper 2018) if frequency modulation makes them 
more dissimilar from noise pollution, which generally lacks 
frequency-modulated sounds, and helps cognitive processes 
such as attention or discrimination amid noise. Therefore, 
species using lower sound frequencies or narrower fre­
quency bandwidths are expected to be more sensitive to 
noise pollution than species with high-frequency or wide-
bandwidth vocalizations. 
If the frequency characteristics of animal sounds in­

fluences their tolerance to noise pollution, we predict 
that the absolute frequency or frequency bandwidth of an­
imal sounds will correspond to the change in abundance 
animals expressed in response to noise reduction during 
COVID-19 lockdowns. The direction of these associa­
tions, however, is difficult to predict because traffic noise 
was only partly reduced during COVID-19 lockdowns 
and did not halt completely. For partial reductions in noise 
pollution, it is possible that species with sounds that are 
more sensitive to disturbance by anthropogenic noise (i.e., 
low-frequency or narrow-bandwidth sounds) generally 
become more locally abundant because of those partial re­
ductions of noise (gray arrows scenario in fig. 1). Con­
versely, species with songs that are more resilient to inter­
ference by anthropogenic noise (i.e., high frequency or 
broad bandwidth) may actually benefit more from partial 
noise reduction if noise levels still exceed thresholds that 
sensitive species can tolerate (black arrows scenario in 
fig. 1). These two alternative scenarios are plausible irre­
spective of how sensitivity and tolerance to noise are mod­
eled (fig. 1). 
Here we evaluate these two alternative scenarios by fo­

cusing on the songs of passerine birds, a group of animals 
that use long-range communication signals prone to mask­
ing by noise pollution. Given that COVID-19 lockdowns 
occurred between March and May in spring 2020, a time 
Figure 1: Graphical representation of the influence of noise pollution on population density for species that are more sensitive to noise 
(orange lines) versus species that are more tolerant of noise (blue lines), showing different models for these relationships. By definition, 
species sensitive to noise pollution will show declining population density faster (A) or sooner (B) than more tolerant species when noise 
pollution increases. At high levels of noise pollution, populations may subsist only because of immigration (dashed lines). These 
relationships may be approximately linear (A, B) or, for example, curvilinear (C). The goal of our study was to contrast the scenarios illus­
trated by the gray arrows versus the black arrows. It is possible that partial reductions in noise could benefit especially the more sensitive 
species (gray arrows scenario) or, if baseline levels of noise were high enough, especially the more tolerant species (black arrows scenario). 
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of year when Northern Hemisphere birds are breeding, 
the reduction of anthropogenic noise during lockdowns 
potentially stood to impact the fitness of songbirds. We 
studied the relationship between birdsong frequency char­
acteristics and changes in bird counts during the anthro­
pause of the COVID-19 lockdowns. We used data from 
Schrimpf et al. (2021), which showed that abundances of 
most bird species in Canada and the United States in­
creased during the 2020 COVID-19 lockdowns. Reduc­
tions in traffic ranged from 8% to 25% across counties 
in Canada and the United States during lockdowns, and 
Schrimpf et al. (2021) quantified the benefit from traffic 
reduction for different species as the interaction term be­
tween the extent of traffic reductions and the changes in 
abundances before versus during lockdowns. Higher values 
of this interaction indicate that counts increased more in 
counties with larger reductions in traffic. Hereafter, we re­
fer to this interaction effect as “traffic-related changes in 
abundance.” For the passerine species studied in Schrimpf 
et al. (2021), we measured the sound frequency and fre­
quency bandwidth of songs and ran phylogenetic gener­
alized least squares (PGLS) multiple regression models of 
traffic-related changes in abundance on song frequency 
and frequency bandwidth. 
Material and Methods 

Schrimpf et al. (2021) compared changes in abundance 
for 82 avian species across 93 metropolitan counties (i.e., 
those with 150,000 residents) in Canada and the United 
States between March and May of the 3 years preceding 
the COVID-19 pandemic (2017–2019) and between March 
and May during the COVID-19 lockdowns (2020), based 
on eBird survey data. Using a well-balanced protocol that 
controlled for potential effects of the pandemic on human 
surveying effort, eBird data were subsampled to eliminate 
biases due to sampling location, sampling effort, or other 
sampling differences between the prepandemic and pan­
demic periods (Sánchez-Clavijo et al. 2021). For example, 
to avoid bias owing to inexperienced birders (since many 
people may have started using eBird during lockdowns), 
count data from 2020 were used only from observers that 
had reported bird counts in the same region at some point 
during the previous 3 years (for further details, see Schrimpf 
et al. 2021). These data proved sufficiently accurate that 
species differences in detectability (i.e., rate at which birds 
provide a detectable acoustic or visual cue; Sólymos et al. 
2013) did not predict demographic changes related to noise 
pollution (table S4 of Schrimpf et al. 2021). 
For each species and county, Schrimpf et al. (2021) 

computed changes in abundance between the two peri­
ods (before vs. during lockdowns). They then quantified 
how much each species was impacted by human traffic 
reduction as the interaction effect between traffic reduc­
tion in each county and the observed change in species 
counts from before versus during lockdown. This inter­
action effect evaluates demographic changes on a relative 
scale rather than on absolute scale and is therefore com­
parable among species that naturally have different popu­
lation densities. Here, we refer to this interaction statistic 
(pandemic:delta_traf-mean from supplementary material 
data S3 of Schrimpf et al. 2021) as “traffic-related changes 
in abundance.” As in figure S10 of Schrimpf et al. (2021), 
we multiplied this interaction effect by 21 so that higher 
values of traffic-related changes in abundance indicate 
species that benefited more during lockdowns (i.e., counts 
increased more during lockdowns or showed lower reduc­
tions during lockdowns) in counties with larger reduc­
tions in traffic, compared with counties with smaller re­
ductions in traffic. 
We measured the sound frequency of songs for all pas­

serine species included in Schrimpf et al. (2021), using 
song recordings from the citizen science repository xeno­
canto (http://xeno-canto.org). Recording dates ranged from 
1986 to 2023. We did not restrict the data by place, date, 
or habitat because our goal was to broadly characterize 
the among-species differences in sound frequency. For 
each species, we downloaded up to five recordings labeled 
in xeno-canto as “song” and with a sound quality rating of 
“A” (i.e., sounds with highest sound quality ratings). De­
tails of acoustic measurements are provided in the sup­
plemental PDF. Briefly, we took measurements based on 
amplitude differences between frequencies (peak frequency, 
maximum minus minimum bandwidth) and on the dis­
tribution of energy across frequencies (50th percentile fre­
quency, interquartile bandwidth; fig. 2). The two types of 
sound frequency measurements, based on peak amplitude 
and amplitude thresholds or on energy quartiles, have dif­
ferent advantages. The first approach is less affected by 
low-amplitude background noise but uses less informa­
tion from the frequency profile of songs, while the second 
approach uses and summarizes more of that information. 
For robust conclusions, we report analyses using both types 
of measurements. All frequency measurements were taken 
in log10 hertz, because ratio scales (i.e., log hertz) conform 
better to how animals perceive and modulate sound fre­
quency (Cardoso 2013). Of the 51 passerine species in 
Schrimpf et al. (2021), we excluded two that do not use 
long-range songs and two that were outliers in the measure­
ments of sound frequency and bandwidth (fig. S1; figs. S1, S2 
are available online). 
We computed the within-species repeatability of sound 

frequency measurements across all songs measured. We 
then calculated average measurements across songs in 
the same recording, and using these mean values per re­
cording, we again computed within-species repeatability. To 
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compute repeatability, we used the rpt function for Gauss­
ian data, with species identity as the grouping variable, in 
the R package rptR (ver. 0.9.22; Stoffel et al. 2017). Within-
species repeatability was very high for peak frequency (across 
songs: r p 0:82, P ! :01; across recordings: r p 0:85, 
P ! :01) and 50th percentile frequency (r p 0:88, P ! 
:01; r p 0:88, P ! :01) and was also high for maximum 
minus minimum bandwidth (r p 0:56, P ! :01; r p 0:61, 
P ! :01) and interquartile bandwidth (r p 0:66, P ! :01; 
r p 0:65, P ! :01). These high within-species repeatability 
values mean that, despite potential sources of within-
species variation in sound frequency (e.g., cultural learn­
ing, geographic variation, context-dependant song usage), 
our data characterize the species differences in the sound 
frequency of songs. Then using the average measurements 
per recording, we averaged them across recordings of the 
same species to obtain a single datum per trait per species 
for the remaining analyses. 
Our dataset comprised taxonomically diverse passerine 

species, from 18 different families, including 32 migrant, 
6 partial migrant, and 9 resident species (Tobias et al. 
2022). Schrimpf et al. (2021) showed that migration af­
fected demographic responses to the COVID-19 lock-
downs, and among the 47 species in our dataset, migratory 
species tend to have higher-frequency songs (fig. S2). There­
fore, to account for the potential confounding effect of mi­
gration, we included the migration score of each species from 
AVONET in statistical models (Tobias et al. 2022): 1 for sed­
entary, 2 for partial migrant, and 3 for migrant. 
We ran a PGLS multiple regression model of traffic-

related changes in abundance on song peak frequency, 
maximum minus minimum bandwidth, and migration 
score. We ran another PGLS model of traffic-related 
changes in abundance on 50th percentile frequency, in­
terquartile bandwidth, and migration score. We did not 
include body size in these models because size is strongly 
related to sound frequency across passerine birds (and 
less so to frequency bandwidth; Friis et al. 2021), and 
Schrimpf et al. (2021) showed that body size did not influ­
ence abundance changes in relation to human activities. 
We ran PGLS regressions while estimating model l to 
adjust the phylogenetic correction to the degree of phylo­
genetic signal in the model (Freckleton et al. 2002). To ac­
count for phylogenetic uncertainty, we ran PGLS regres­
sions based on 1,000 ultrametric trees (Rubolini et al. 2015), 
downloaded from http://birdtree.org (Jetz et al. 2012) with 
the Hackett (2008) tree backbone, and performed model 
averaging weighed by Akaike’s weights (Garamszegi and 
Mundry 2014; Piccoli et al. 2025). We report model aver­
ages of model l and of the standardized partial regression 
coefficient for each predictor (bst) and computed their as­
sociated P values. We ran PGLS analyses with the R pack­
age caper (ver. 1.0.3; Orme et al. 2023). 
Results and Discussion 

During COVID-19 lockdowns, traffic-related changes in 
abundance were positive for some bird species, meaning 
that these species benefited more (i.e. species counts in­
creased more or decreased less) in counties with larger 
reductions in traffic (fig. 3A–3D). Other species benefited 
more in counties with lower reductions in traffic (fig. 3A– 
3D). This is consistent with Schrimpf et al. (2021), which 
showed wide differences between species in responses 
Figure 2: Sound spectrogram of a dark-eyed junco (Junco hyemalis) song, illustrating frequency measurements used in this study. Orange 
lines and the power spectrum on the left illustrate measurements of peak frequency and maximum and minimum frequencies. Blue lines 
illustrate measurements of the 25th, 50th, and 75th frequency percentiles, which separate the four sound energy quartiles (shown by dif­
ferent shades of gray in the power spectrum on the right). 

http://birdtree.org


Figure 3: Traffic-related changes in abundance during the COVID-19 lockdowns for 47 species of North American songbirds, in relation to 
the sound frequency of their songs. Higher values indicate species that benefited more with traffic reduction (i.e., counts increased more, or 
were less reduced, in counties with larger reductions in traffic). Passerine birds showed a positive relationship between traffic-related 
changes in abundance and the frequency bandwidth of their songs (A, B) and, to a lesser extent, also a positive relationship between traffic-
related changes in abundance and their absolute song frequency (C, D). E shows sound spectrograms of representative songs for the species 
with the highest (orange) and lowest (blue) benefits from traffic reductions. 
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to changes in traffic. As shown by Francis et al. (2009), 
advantages due to persisting noise pollution may exist for 
some species if noise is detrimental to their predators or 
to their competitors. 
Focusing on how the sound frequency traits of song in 

different passerine species predicted traffic-related changes 
in abundance, we found that, on average, species using 
wider frequency bandwidths had higher scores than spe­
cies using narrower bandwidths (partial bst for maximum 
minus minimum bandwidth p 0:45, P p :002; partial bst 

for interquartile bandwidth p 0:45, P p :001; fig. 3A, 3B). 
This means that they benefited more from traffic reduc­
tions during COVID-19 lockdowns. To a lesser extent, 
species using higher absolute frequencies also had higher 
scores for traffic-related changes in abundance than spe­
cies using lower frequencies, although these associations 
were not significant (partial bst for peak frequency p 0:20, 
P p :18; partial bst for 50th percentile frequency p 0:20, 
P p :17; fig. 3C, 3D). In line with Schrimpf et al. (2021), 
the association between migration and traffic-related 
changes in abundance was positive, suggesting that migra­
tory species benefit more from traffic reduction, but here 
this effect was not significant (partial bst for migration in 
first model p 0:13, P p :28, model l p 0:02; partial bst 

for migration in second model p 0:18, P p :11, model 
l ! 0:01). 
Both wide frequency bandwidth and high sound fre­

quency should give birdsongs some resilience to anthro­
pogenic noise, but previous work with North American pas­
serines indicated that it is especially the wider-bandwidth 
species that better tolerate noise pollution (Cardoso et al. 
2020). This may explain why we found that frequency 
bandwidth was a stronger predictor of traffic-related changes 
in abundance than the absolute frequency of songs. Our 
results indicated that the species benefiting most from 
traffic reduction were those with songs potentially more 
resilient to anthropogenic noise (wider-bandwidth songs 
and, to a lesser extent, perhaps higher-frequency songs), 
implying that prelockdown levels of noise pollution were 
often detrimental even for those more noise-tolerant spe­
cies. This is consistent with previous findings that although 
species with songs less masked by noise are more likely 
to tolerate urban environments, they still do not prefer 
urban over natural environments (reviewed in Cardoso 
et al. 2018). 
If noise pollution had been completely suppressed, 

over a time period sufficient for population numbers to 
readjust, then, in contrast to our results, we would have 
predicted that noise-sensitive species should exhibit higher 
values of traffic-related changes in abundance than noise-
tolerant species. This is because noise-sensitive species 
suffer greater effects from noise pollution (Francis et al. 
2011) and therefore have the greatest potential to recover 
in the absence of noise. For example, for animal species 
that are more sensitive to noise, increasing noise pollution 
may induce faster decreases in fitness and abundance (or­
ange lines in fig. 1A), or fitness and abundance may start 
declining at lower levels of noise (orange lines in fig. 1B), 
compared with more tolerant species (blue lines in fig. 1A, 
1B). Population decline may also happen nonlinearly as 
noise pollution increases, with more severe effects for more 
sensitive species (e.g., fig. 1C). Regardless of how sensitivity 
to noise is modeled (fig. 1), complete suppression of noise 
would facilitate more recovery for sensitive species com­
pared with tolerant species. 
However, anthropogenic activities and noise pollution 

were only partly suppressed during COVID-19 lockdowns, 
and as a consequence, other outcomes are possible. Re­
gardless of how we model sensitivity to noise (e.g., fig. 1), 
partially alleviating noise pollution is expected to primarily 
benefit the most noise-sensitive species only for certain 
ranges of change in noise intensities (gray arrows scenario 
in fig. 1) but not others (black arrows scenario in fig. 1). It is 
also possible that, for high intensities of noise pollution, 
partial alleviation of noise mostly benefits the more toler­
ant species. This latter scenario arises when levels of noise 
pollution are much higher than what the more sensitive 
species tolerate, and therefore partial alleviation is insuffi­
cient for those species to recover (black arrows in fig. 1). 
Our results are consistent with the latter scenario, whereby 
noise pollution was often sufficiently high that traffic re­
ductions of 8%–25% (Schrimpf et al. 2021) were insuffi­
cient for more sensitive species to recover to the same de­
gree as more tolerant species. This scenario is unsurprising, 
since we analyzed bird populations from counties with 
large metropolitan areas (150,000 human residents), and 
given the extent of infrastructure and ubiquity of anthro­
pogenic noise in North America (e.g., Barber et al. 2011). 
Species with songs more resilient to noise pollution 

may have been able to increase their counts during 
COVID-19 lockdowns because they cope better with per­
sistent traffic noise or because they were already present 
in noise-polluted areas and could therefore quickly bene­
fit from changes in the environment. Species with songs 
more sensitive to noise did not show as great a benefit 
of noise reduction. Either the intensity of noise reduction 
or the duration of lockdowns (multiple months in spring 
2020) could have been insufficient for these more noise-
sensitive species to increase population densities. Addi­
tionally, the recovery of more noise-resilient species when 
traffic levels decreased might in some cases have negatively 
impacted more noise-sensitive species via competition 
(Francis et al. 2009). 
Our results, indicating that the songbirds benefiting 

more from traffic reduction were those using a range of 
sound frequencies more resilient to interference by traffic 
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noise, highlight the need for not only alleviating noise 
but also preserving regions without noise pollution to pro­
tect the diversity of acoustically communicating animals, in­
cluding noise-sensitive species. While noise reduction 
during COVID-19 lockdowns temporarily benefited many 
wildlife species, more permanent solutions, such as using 
quieter electric vehicles and increased funding for public 
transportation, are necessary to reduce effects of this perva­
sive pollutant. 
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