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Journal of Avian Biology Anthropogenic noise can adversely impact urban bird populations by interfering
2020: 02341 with vocal communication. Less research has addressed if anthropogenic noise masks
doi: 10.1111/jav.02341 the adventitious sounds that birds use to aid predator detection, which may lead to

increased vigilance and reduced feeding efficiency. We test this hypothesis using a con-
Subject Editor: Simon Griffith trolled playback experiment along an urban—rural gradient in Sheffield (UK). We also
Editor-in-Chief: Jan-Ake Nilsson test the related predictions that anthropogenic noise has the greatest impacts on vigi-
Accepted 6 July 2020 lance and feeding efficiency in rural populations, and on species that are more sensi-

tive to urbanisation. We focus on six passerines, in order from most to least urbanised
(based on how urbanisation influences population densities): blue tic Cyanistes caeru-
leus, robin Erithacus rubeculla, great tit Parus major, chaflinch Fringilla coelebs, coal tit
Periparus ater and nuthatch Sitta europaea. We used play-back of anthropogenic urban
noise and a control treatment at 46 feeding stations located along the urban—rural
gradient. We assess impacts on willingness to visit feeders, feeding and vigilance rates.
Exposure to anthropogenic noise reduced visit rates to supplementary feeding stations,
reduced feeding rates and increased vigilance. Birds at more urban sites exhibit less
marked treatment induced reductions in feeding rates, suggesting that urban popula-
tions may be partially habituated or adapted to noisy environments. There was no
evidence, however, that more urbanised species were less sensitive to the impacts of
noise on any response variable. Our results support the adventitious sound masking
hypothesis. Urban noise may thus interfere with the ability of birds to detect predators,
reducing their willingness to use food rich environments and increase vigilance rates
resulting in reduced feeding rates. These adverse impacts may compromise the quality
of otherwise suitable foraging habitats in noisy urban areas. They are likely to be wide-
spread as they arise in a range of species including common urban birds.

Keywords: animal communication, antimicrobial capacity, antimicrobial defences,
innate humoral immunity, sexual selection in females, Sturnus unicolor

Introduction

Urbanisation is an increasingly important threat to biodiversity that destroys and
degrades natural habitat, and is generally accompanied by marked changes in species
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composition and declines in species richness (Shochat et al.
2010, Aronson et al. 2014). Those species that remain face a
host of challenges including reduced availability of food and
nesting sites, changes in the nature of predation and competi-
tion, and increased air, light and noise pollution (McKinney
2002, Isaksson 2018).

Noise pollution has been implicated in reduced growth
and body condition in several bird species (e.g. white-
crowned sparrow Zonotrichia leucophrys, Phillips et al. 2018;
tree swallow Zachycineta bicolor Injaian et al. 2018). It can
cause oxidative stress and elevate production of stress hor-
mones, thereby taxing resources needed for growth and
maintenance (Partecke et al. 2006). However, the primary
mechanism though which anthropogenic noise directly affects
birds is thought to be ‘noise masking’, i.e. the disguising of
other natural sounds such as birdsong (Barber et al. 2009).
Vocalisations are used by birds in sexual display, territory
defence, alarm calling and parent-offspring communication.
The masking of such vocalisations has the potential to reduce
mating success, increase risk of predation and affect offspring
health. Extensive research has been conducted into the ways
in which avian vocalisations, primarily song, have altered in
response to anthropogenic noise, including changes in the
length, timing, frequency and amplitude of songs, which may
be adaptive in urban environments as they can reduce mask-
ing (Gil and Brumm 2014, Hill et al. 2018, Narango and
Rodewald 2018). Noise masking of parent-offspring commu-
nication can also result in inadequate provisioning by parents
and reduce chick responses to parental predator warnings
(Mclntyre et al. 2014, Meillere et al. 2015).

However, the effects of noise masking of adventitious
sound, the non-deliberate sounds made by organisms in
their environment, have been less well explored, and received
at best minimal attention in recent reviews of the impacts
of noise on birds (Ortega 2012, Blumstein 2014, Gil and
Brumm 2014). Birds use sound to detect predators, and if
audio cues are masked by urban noise, they could be forced
to invest more time in assessing visual cues of predation
risk. For example, in a laboratory environment chaffinch
Fringilla coelebs from rural habitats increased the proportion
of time they spent actively scanning the environment under
experimental noisy conditions, and this increase in vigilance
behaviour reduced their feeding efficacy (Quinn et al. 2006).
Similarly, black-capped chickadee Poecile atricapillus along an
urban gradient were less willing to visit a feeding station when
exposed to noise playback, but unwillingness decreased with
the degree of urbanisation, suggesting an adaptive habitua-
tion or other adaptation to noise (Van Donselaar et al. 2018).
Masking of adventitious sounds may also explain why studies
on northern cardinal Cardinalis cardinalis and superb fairy-
wren Malurus cyaneus find that birds in areas with high levels
of anthropogenic noise failed to exhibit predator avoidance
responses to conspecific alarm calls (Grade and Sieving 2016,
Zhou et al. 2019).

Here, we use a controlled experiment to investigate the
effects of urban noise on passerine feeding behaviour along

a rural-urban gradient. Increased urban noise has been pro-
posed to drive declines in species richness (Ortega 2012,
Rodrigues et al. 2018), and to promote biotic homogenisa-
tion as noisy environments become dominated by the same
restricted set of noise tolerant species (Francis et al. 2011b,
Proppe et al. 2013, Cardoso 2014). These studies are, how-
ever, observational in nature and gradients in anthropogenic
noise covary with multiple other factors along urbanisation
gradients. Experimental studies are thus needed to quantify
the impacts of noise in isolation of confounding factors. Such
experiments are typically conducted in rural environments
and have improved understanding of the impacts of anthro-
pogenic noise (Halfwerk et al. 2011, Ware et al. 2015). Such
rural experiments may be limited, however, in their capac-
ity to inform understanding of the impacts of anthropogenic
noise in urban locations as they assume that urban and rural
bird populations exhibit similar responses to urban noise.
Indeed, evidence is emerging that contradicts this assump-
tion as urban individuals may be more adapted or habituated
to noise (Van Donselaar et al. 2018).

Our primary objective is to test the prediction derived
from the adventitious sound masking hypothesis that urban
noise increases vigilance and thus reduces feeding rates. In
addition, we test the prediction that bird populations occu-
pying more urban sites are less sensitive to urban noise, as
expected if they are habituated or otherwise adapted to noisy
environments. Finally, we test if the least urbanised species
are those that show the most marked impacts of urban noise
on feeding rates and increased vigilance behaviour — such pat-
terns are compatible with the suggestion that noise pollution
in urban environments is a key factor that determines the
composition of urban bird assemblages (Francis et al. 2011a,
Cardoso 2014).

Methods

Site selection and urbanisation metrics

Work was conducted in and around Shefhield (53°22'N,
1°20"W), which is England’s fifth largest city, with a pop-
ulation of c. 575 000. We defined urban areas as 1X1km
grid cells with more than 25% impervious surface (following
Gaston et al. 2005) and selected 16 urban sites within 3 km
of the city centre, 19 urban sites that were more than 3 km
from the city centre and 11 rural sites that were between 1
and 3km away from the city’s outer limits (using the above
definition of urban areas). This approach enabled us to hap-
hazardly select sites that were spread across the urban to rural
gradient (see below for quantification), with the fewest sites
in rural areas due to their greater homogeneity in background
noise levels. All sites within the urban area were public parks
and green-spaces with some woody vegetation cover, and
all rural sites were woodland (rather than the alternatives of
moorland or farmland) to maximise the similarity of the focal
bird community along the urban to rural gradient.



Urbanisation intensity was quantified at each site using
the ‘Urbanisation Index” software developed by Seress et al.
2014 (<hteps://keplab.mik.uni-pannon.hu/en/urbanization-
index>). This software uses a semi-automated method where
it takes a 1km? area from google maps around the coor-
dinates of each location, and then uses manually inputted
training points to score each image for vegetation cover, for-
est, buildings and paved roads using 100X 100m? cells. It
then uses principle component analysis (PCA) to calculate
an urbanisation intensity score for each area. Our sampling
sites capture substantial variation in urbanisation intensity

(Supplementary material Appendix 1 Fig. Al).

Experimental design

Field work took place between the 12th February and 3rd
April 2019. Our general approach was to assess avian feed-
ing and vigilance rates at feeding stations under three experi-
mental conditions: play back of urban noise and two control
treatments (play back of natural noise and a silent control
without playback). The urban recording was created by splic-
ing together 5-min sound recordings from each of four loca-
tions in central urban Sheflield (Supplementary material
Appendix 1 Table Al) using a Zoom H4n sound recorder
and Cubase LE Al Elements 10, with a mixture of traffic,
pedestrian and construction noise. The urban noise treatment
was played at approximately 80 decibels (dbc), i.e. the typical
volume of anthropogenic noise in busy urban areas during
the day (Maryland 2018). The natural control used a mixture
of songs of summer migrants (barn swallow Hirundo rustica;
whinchat Saxicola rubetra; redstart Phoenicurus phoenicurus
and common whitethroat Sylvia communis). Recordings were
obtained from Xeno-Canto (2005-2019) and were vetted to
ensure that they did not include alarm calls to ensure that this
treatment did not include vocalisations to which birds using
the feeders were likely to respond. The natural sound con-
trol treatment was played at approximately 40 decibels (dbc)
that matched natural sound levels of avian vocalisations.
The urban treatment lasted 40 min while each control lasted
20 min, with a 10-min habituation period between equip-
ment set-up and beginning playback, and between the urban
treatment and the two control treatments (which each lasted
20min). We used two green, portable SONY SRS-XB10
Bluetooth controlled speakers (IPX rated 5) at each site
located approximately a meter from the feeding station in
a spatial configuration that created a surround sound effect.
Each site’s feeding station was set up four to seven days
before conducting the experiment to enable birds to habitu-
ate to the presence of the food source. Each station consisted
of two standardised hanging feeders, each with two feeding
ports, filled with sunflower hearts. These are a nutritious food
source that has a negligible handling time and is thus widely
used by a wide range of species. To reduce the risk of dis-
turbance from grey squirrels Sciurus carolinensis, which can
discourage birds from using feeders (Bonnington et al. 2014),
poles were greased and sunflower hearts were coated in chilli
powder (which squirrels avoid, whilst birds exhibit no adverse

response). Feeders were placed in relatively open locations
to allow easy observation, but close to vegetation cover to
encourage birds to approach and use the feeders. Feeding sta-
tions were located away from footpaths to minimise effects of
human disturbance.

Treatments were applied in a randomised order at each
site (with the three treatments being applied sequentially).
Sites were visited in a haphazard manner with regard to the
site’s urbanisation score. All data collection took place at least
1.5h after civil dawn and before civil dusk, to avoid spikes
in bird activity early and late in the day. Data were not col-
lected when it was snowing or raining (except occasional light
drizzle), or at high wind speeds as such conditions interfered
with activity levels and noise transmission.

Each treatment was filmed using a Panasonic (HC-X920)
HD Camcorder and observed from an approximately 10 m
to 15 m distance. Videos recorded birds feeding on the feeder
and those feeding on spilt food beneath the feeder. If distur-
bance events occurred during the treatment, such as a human
or dog passing close to the feeder, and interrupted birds
feeding behaviour, data collection was paused until birds
resumed normal activity. Videos were analysed, and for each
visit we recorded the species, visit duration (seconds), num-
ber of pecks (as a measure of feeding rate) and the amount of
time (seconds) spent performing vigilance behaviour, defined
following Quinn et al. (2006), as when the bird raised its
head and scanned. For each site, the temperature (°C) and
wind speed (kn) were also recorded using data from the near-
est weather observation site (Met Office 2019). The seven
weather stations used ranged from 220m to 6.1km away
from the study site.

Statistical analysis

All statistical analyses were conducted using R Studio
(RStudio Team 2016). Three response metrics were calcu-
lated from the videos for each species per treatment per site:
1) visit rate, i.e. the rate at which the species visited the feeder
per hour of treatment, 2) the peck rate per hour of treatment
and 3) the vigilance rate (in min) per h of time spent on the
feeder. A total of 19 species were observed using the feeders or
feeding on fallen seed on the ground below (Supplementary
material Appendix 1 Table A2), of which six occurred at ten
or more sites and were included in data analysis (great tit
Parus major 46 sites; blue tit Cyanistes caeruleus 44 sites; coal
tit Periparus ater 33 sites; Eurasian robin Erithacus rubeculla
35 sites; nuthatch Sitta europaea 14 sites; and chaffinch
Fringilla coelebs 13 sites). These species vary substantially in
their ability to maintain high population densities in urban
environments. This is indicated by their urbanisation scores
as calculated by Evans et al. (2011), i.e. the ratio of urban
to rural population densities obtained from Breeding Bird
Survey data from approximately 3000 randomly selected
1 X 1km squares located across the UK. These scores, from
most to least urbanised species, are: blue tit 1.46; robin 0.99;
great tit 0.74; chaffinch 0.25; coal tit 0.23, nuthatch 0.17.
Matched paired t-tests demonstrated that each of these six



species’ visit, peck and vigilance rates did not differ between
the two forms of control (p ranges from 0.110 to 0.877;
Supplementary material Appendix 1 Table A3) and these data
were thus merged to form a single control treatment.

We modelled visit, peck and vigilance rates using mixed
effect models (Ime4 package; Bates et al. 2015). These mod-
els pool data across species and include the following main
effects as predictors: species (fixed effect), treatment (fixed
effect), the site’s urbanisation intensity, date (number of
days from the Ist of January), time of day (hours since sun-
rise), temperature (°C), wind-speed (kn) and site (random
effect). We also included the following interaction terms:
species X treatment X urbanisation intensity (to test the pre-
dictions that treatment impacts vary with species and along
the urbanisation gradient); speciesX treatment (to test the
prediction that species vary in their responses to treatment);
treatment X urbanisation intensity (to test the prediction that,
regardless of species identity, urban populations are less sensi-
tive to treatment effects); and species X urbanisation intensity
(to take into account the potential that species’ vary in how
their visit, peck and vigilance rates change along the urban-
isation gradient, although such patterns are not associated
with our objectives of assessing impacts of urban noise and
are not explored further). A significant species X treatment
interaction term would indicate that species varied in their
responses to the urban noise treatment. Consideration of the
correlations between each species’ parameter estimates from
this interaction term and their urbanisation scores (from
Evans et al. 2011; see above) enable us to assess if species
with greater tolerance to urban development are less sensitive
to treatment effects than species that are more impacted by
urban development.

We start by building a full model that includes all main
effects, the three-way interaction term and the three two-way
interaction terms. We simplify this full model by remov-
ing non-significant interaction terms in a step-wise manner
according to their p values, with significance being deter-
mined using the car package (Fox and Weisberg 2019) to
calculate Wald chi-square statistics (Type III). We use this
approach as the alternative of using information theoretic
approaches based on criteria such as change in Aikaike infor-
mation criteria (AIC) is not recommended when models
include interaction terms (Cade 2015).

Results

For all three response variables the three-way interactions
between species, treatment and urbanisation intensity were
not significant (visit rate p=0.964; peck rate p=0.503; vigi-
lance rate p=0.665; Supplementary material Appendix 1
Table A4) and were thus removed from our models.
Exposure to the urban noise treatment significantly
reduced visit rates, which were also significantly associated
with species (with the three tit species visiting feeders more
regularly than the other focal species), urbanisation intensity
(fewer visits in more urban areas) and a significant interaction

between species and urbanisation intensity (with chaffinch
and robin having reduced rates of decline in feeder use
along the urbanisation gradient than other species; Table 1,
Fig. 1a). There was no significant interaction between species
and treatment (p=0.976; Supplementary material Appendix
1 Table A4) indicating that species’ visit rates responded simi-
larly to exposure to urban noise, and thus species’ responses
were not associated with their tolerances to urban environ-
ments (Supplementary material Appendix 1 Fig. A2).

Peck rates were significantly reduced by exposure to the
urban noise treatment, and significantly varied with spe-
cies (with chaffinch and robin having the lowest peck rates),
urbanisation intensity (lower peck rates in more urban
areas) and a significant interaction between treatment and
urbanisation intensity with reduced impacts of treatment in
more urban areas (Table 1, Fig. 1b). There was no signifi-
cant interaction between species and treatment (p=0.249;
Supplementary material Appendix 1 Table A4) indicating
that species’ peck rates responded similarly to treatment,
and thus these responses were not associated with species’
tolerances to urban environments (Supplementary material
Appendix 1 Fig. A2).

Vigilance rates increased significantly in response to expo-
sure to urban noise, and were also significantly associated
with species (being lower in the three tit species than our
other focal species) (Table 1, Fig. 1c). There was no signifi-
cant interaction between species and treatment (p=0.619;
Supplementary material Appendix 1 Table A4) indicating
that species exhibited statistically similar increases in vigi-
lance rates in response to the urban noise treatments, and
thus these responses were not associated with species’ tol-
erances to urban environments (Supplementary material
Appendix 1 Fig. A2).

Discussion

Our results build on an increasing but still small body of work
documenting single species responses in feeding behaviour to
anthropogenic noise (Quinn et al. 2006, Klett-Mingo et al.
2016, Van Donselaar et al. 2018). We assess six species’
responses along an urbanisation gradient. There is clear evi-
dence for our core hypotheses that exposure to anthropogenic
noise reduces willingness to visit feeders, increases vigilance
whilst feeding and thus results in reduced feeding rates. Our
results thus support the predictions of the adventitious sound
masking hypothesis.

We find no evidence that species which exhibit markedly
different tolerances to urban development, based on the ratio
of breeding population densities in urban and non-urban
habitats, vary in their response to the anthropogenic noise
treatment. We thus find no support for previous suggestions
that inter-specific variation in species’ sensitivity to adverse
impacts of anthropogenic noise influences their occurrence
and distribution within urban areas (Francis et al. 2011a,
Proppe et al. 2013, Cardoso 2014). These previous studies

have, however, largely focused on inter-specific variation in
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Table 1. Results of mixed linear models of avian visit rate (number per hour), peck rate (number per hour) and vigilance rate (minutes per feeding hour) in response to controlled
rate

experimental playback of urban noise along a gradient of urbanisation intensity. Parameter estimates are reported + one standard error. Species’ parameter estimates are reported

relative to blue tit (the most urban adapted species). Bold text indicates results for which p<0.05 and grey highlighting indicates 0.05<p <0.1.

Response
Visit rate
Peck rate
Vigilance

the potential for avian vocalisations to be masked by urban
noise rather than the impacts of masking adventitious sound.
Our analyses are also based on a limited number of species,
and none of these are entirely absent from urban areas. It thus
remains plausible that some species are excluded from towns
and cities due to adverse impacts of anthropogenic noise. We
encourage future experimental research that assesses feeding
responses to anthropogenic noise across a larger and broader
range of species than we are able to consider here. A larger
database would also enable such research to benefic from
taking phylogeny and other potentially confounding factors
into account, such as relative eye size, which can determine
species’ reliance on auditory detection of predators (Martin
2017).

In contrast to the lack of inter-specific variation in the
effect of treatment we find some evidence for intra-spe-
cific variation in response to treatment along the gradient
of urbanisation intensity. The reductions in feeding rates
induced by anthropogenic noise were less marked in more
intensely urbanised areas. Such patterns are compatible with
the suggestion that urban populations may exhibit pheno-
typic plasticity or adaptive responses that reduce adverse
impacts of anthropogenic noise, as documented in the black-
capped chickadee (Van Donselaar et al. 2018). Whilst we do
not find equivalent patterns in visit rates or vigilance rates it
is important to note that our measure of feeding rate is cal-
culated per unit time of exposure to the treatment and thus
incorporates the combined effects of visit and vigilance rates
on feeding rates.

Despite the care taken in our experimental design one fac-
tor that is extremely difficult to control for is predation risk
per se. The abundance and composition of predators will vary
across our sampling sites and may do so in a systematic man-
ner along the gradient of urbanisation intensity. Domestic
cats will, for example, be more abundant in sites with higher
densities of residential housing (Sims et al. 2007); conversely
aerial predators such as sparrowhawk Accipiter nisus often
occur at low densities in highly urbanised environments
(Bell et al. 2010). It is thus difficult to assess how exposure to
predators and associated perceived predation risk varies along
the urban to rural gradient. It remains plausible that reduced
impacts of anthropogenic noise on feeding rates in the most
urban environments arise at least in part due to a reduced
predation risk in such locations.

Notably, visit rates to supplementary feeding stations are
reduced by anthropogenic noise and such reductions appear
to be consistent in their magnitude along the urbanisation
gradient. These results thus suggest that anthropogenic noise
can reduce habitat quality by discouraging individuals from
feeding in noisy areas — presumably because birds perceive
an increased risk of predation due to anthropogenic noise
masking adventitious sounds made by approaching preda-
tors. This finding adds to an increasing literature on ‘fear
ecology’ which concludes that perceived predation risk is
a strong determinant of habitat selection patterns in birds
(Cimprich et al. 2005; but see Bonnington et al. 2015) and
other taxa (Ripple and Beschta 2004, Benhaiem et al. 2008).
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Figure 1. Variation in the effect of anthropogenic noise (dark grey) and control (pale grey) treatments on (a) visit rate (per treatment hour),
(b) peck rate (per treatment hour) and (c) vigilance rate (minutes per visit hour) along a gradient of urbanisation intensity (higher scores
indicate more urbanised sites). The anthropogenic noise treatment significantly reduces visit and peck rates, whilst increasing vigilance
(Table 1). In the peck rate model there is a significant interaction between treatment and urbanisation intensity (Table 1) — with treatment
induced reductions in peck rates being greatest at the least urban sites, i.e. the treatment X urbanisation intensity interaction is significant.
This interaction is not significant in models of visit and vigilance rates (Supplementary material Appendix 1 Table A4). Fitted lines represent
predicted values along the urbanised gradient for blue tit (the reference species, which is the most urbanised of our focal species), calculated
from the models presented in Table 1 when holding all other continuous variables at the mean value, and all factors at the reference value.
Shading around the fitted lines is the standard error of predicted values.



Anthropogenic noise may thus reduce the quality of urban
habitats, which otherwise appear to be very suitable based
on assessments of food availability alone. Restoration and
creation of avian habitats in urban environments may thus
be more effective when focused on areas with relatively low
levels of anthropogenic noise.

Whilst our results suggest that anthropogenic noise in
urban areas will frequently disrupt feeding behaviour, the
population level consequences of such disruptions are unclear.
Urban areas in the UK have high rates of targeted supple-
mentary feeding of garden birds (Reynolds et al. 2017), and
the higher density of feeders may explain why feeder visit
rates were lower in urban areas (although changes in the
number of individuals along the urbanisation gradient could
also contribute). Despite these high rates of supplementary
feeding there is increasing evidence that population sizes of
many urban bird species are limited by food availability, espe-
cially of natural food during the breeding season (Peach et al.
2014, Seress et al. 2020). It is therefore plausible that in food
limited species the reduced feeding efficiency in response to
anthropogenic noise that we document could limit reproduc-
tive success and population densities in locations with higher
noise levels. Further work measuring long term changes in
survival and reproductive rates in response to anthropogenic
noise is required to confirm this, especially as urban noise can
reduce the risk of nest predation by masking chick begging
calls that predators use to locate nests (Francis et al. 2009).

Our study is unique in looking at the effects of noise on
anti-predator and feeding behaviour across multiple species
along a rural-urban gradient. It demonstrates that a wide
variety of species exhibit adverse impacts of anthropogenic
noise on their feeding behaviour, in part due to increased vig-
ilance rates as predicted by the adventitious sound masking
hypothesis. Adverse impacts on fitness or at the population
level remain to be determined but there are plausible mecha-
nisms for such reductions, including anthropogenic noise
influencing local patterns of habitat use and reduced feed-
ing rates in urban species whose breeding success is regulated
by food availability. Implementation of acoustic barriers,
which can include vegetation, around busy roads and other
noise sources is likely to reduce such impacts (FHWA 2001,
Han et al. 2018) whilst also reducing the harmful effects of
noise pollution on people (Jarup et al. 2007, Braum and van
Kamp 2017).
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