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The impacts of noise pollution on birdsong have been extensively investi-
gated but potential long-term effects are neglected. Near airports, where
noise levels are particularly high, birds start singing earlier in the morning,
probably to gain more time of uninterrupted singing before air traffic sets in.
In a previous study, we documented this phenomenon in the vicinity of
Berlin Tegel airport. In 2020, Tegel airport closed down, giving us the oppor-
tunity to investigate potential long-term effects after noise removal and to
gain insight into the mechanisms underlying the advancement of dawn
singing. We found that several species at the airport shifted their song
onset back after the closure and now had similar schedules to their conspe-
cifics at a control site. Some species, however, still sang earlier near the
closed airport. While the first suggests plastic adaptation, the latter suggests
selection for early singing males in areas with long-lasting noise pollution.
Our findings indicate that a uniform behavioural response to anthropogenic
change in a community can be based on diverging evolutionary mechan-
isms. Overall, we show that noise pollution can have long-lasting effects
on animal behaviour and noise removal may not lead to immediate recovery
in some species.
1. Introduction
Anthropogenic noise is arguably one of the most pervasive and least controlled
pollutants, with vehicle and aircraft noise being particularly widespread [1]. In
the European Union, for instance, more than 100 million people are affected by
hazardous traffic noise levels [2]. These hazards include sleep deprivation,
hypertension and cardiovascular disease, metabolic dysregulation, psychologi-
cal disorders, and reduced cognitive performance [3]. For these reasons, the
World Health Organization classified traffic noise as a major threat to public
health [1]. Noise is not only detrimental to humans, it also affects many non-
human animals, including arthropods, fish, amphibians, birds and mammals
[4]. Typically, noise impacts animals on different biological system levels,
from physiology to behaviour and ecological processes [5,6]. Hence, it is of
major importance to understand how noise pollution affects wildlife [7,8].

Generally, noise can have two types of effect on animals: auditory effects
(i.e. impairments of hearing and masking of acoustic signals or cues, and
non-auditory effects, such as stress, noise-induced diseases, and changes in
predator or prey abundance). Anthropogenic noise has auditory effects in ani-
mals that use sound to communicate or to find their prey [9]. For instance, noise
from traffic and industry infrastructure interferes with the detection of alarm
calls by birds [10,11], which is likely to increase the predation risk in noise-
polluted areas. Traffic noise also disrupts the detection of acoustic cues used
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by greater mouse-eared bats (Myotis myotis) to find their
insect prey, which leads to a reduced hunting efficiency
close to motorways [12]. As for non-auditory effects of
anthropogenic noise, a growing body of evidence from differ-
ent taxa has identified effects on stress physiology and the
immune system [13,14], as well as on behaviour, including
acoustic signalling [15,16], space use [17,18] and learning
[19,20]. Other non-auditory effects include reduced pairing
and breeding success [21,22]. Ultimately, noise pollution can
affect whole communities [23–26] and alter ecological ser-
vices [27]. Two recent studies found that the abundance of
different bird species and their reproductive success varies
with noise pollution levels across a continental scale [28,29].

In the context of noise pollution, studying animal behav-
iour is of special interest for two reasons. First, behaviour is
the interface between the physiological changes in an
animal and the environment; second, behaviour can be mark-
edly plastic, allowing rapid adaptations to changing
environments. One particular behaviour that has been
widely studied in relation to anthropogenic noise is bird
song [30,31]. Noise effects on bird song have strong impli-
cations for the evolution of signals as well as for
conservation [32], and for almost 20 years, researchers have
been investigating whether and how birds adjust their
songs to anthropogenic noise. It emerges that the most
basic mechanism is the regulation of vocal amplitude (the
Lombard effect), which is probably present in all birds [33].
In addition, some species also adjust the timing and fre-
quency of their songs in response to anthropogenic noise
[30]. Counteracting acoustic masking is crucial for birds
because their songs carry vital information. Specifically,
birds use their songs in territory defence and mate attraction
[34]. Therefore, differences in the efficiency of signal trans-
mission due to noise likely have major fitness consequences.

A particularly severe case of noise pollution is that from
aircraft [1]. Noise measurements in bird territories close to
airport runways have registered peak levels as high as 87–
118 dB(A) SPL [35,36], which is above the limit that birds
can compensate through the Lombard effect [37]. Shifts in
song frequency are of no help either, as aircraft noise is typi-
cally very broadband, covering the entire frequency range of
bird songs [38]. On top of this, major airports often operate
almost continuously throughout the day, with airplane
take-offs every one to two minutes [39]. The resulting extreme
noise pollution poses an unusual challenge to birds, most
likely surpassing all natural noise sources they have encoun-
tered in their evolutionary past. Therefore, noise pollution
from airports is not only a special concern for conservation
but also an eminent case for research into the mechanisms
of song adaptation.

It appears that birds in the vicinity of airports adjust their
song timing in relation to the airplane noise. For instance,
chaffinches (Fringilla coelebs) fell silent during fly-overs from
starting airplanes when the noise exceeded 78 dB(A) SPL
[35]. In addition to such short-term plasticity in response to
single noise events, many bird species in noise-polluted
areas begin singing earlier in the morning [35,40,41]. This
phenomenon leads to an advancement of the so-called
‘dawn chorus’ (i.e. the marked peak of singing activity
around dawn in the breeding season) by 4–45 min, depend-
ing on the species and the airport location [35,40,42]. The
dawn chorus in Europe usually starts before airports begin
their daily operations, and it is thought that birds at airports
advance their dawn song onsets to gain more time of unim-
paired singing before the onset of air traffic [35]. This shift
seems crucial since singing around dawn is optimal to attract
mates and defend territories [43]. It remains unknown, how-
ever, how the advancement in song onset in noise-polluted
areas arises. Two hypotheses have been put forward to
explain the emergence of this phenomenon: (i) population-
wide, microevolutionary changes (e.g. through selection for
earlier chronotypes), and (ii) behavioural plasticity (i.e. indi-
vidual short-term changes in song onset in response to
changes in the environment) [35,40].

The closure of the Berlin Tegel international airport in
November 2020 afforded us the opportunity to test these
hypotheses in a natural experiment. Tegel airport opened in
1948 as a military airport and civil aviation with regular
flights started operating in 1960 [44]. Thus, the forest border-
ing the airport was exposed to frequent high-level noise
pollution for at least 60 years, which might have led, over
the course of many generations, to microevolutionary
changes in the local bird populations. In a previous study,
while the airport was still operating, we recorded the onset
of the dawn song for all species of the bird community in a
forest close to the airport and at control sites together with
the environmental noise levels, and we then quantified the
noise-related shift in the dawn chorus [35]. Now we intend
gaining insight into the mechanisms underlying the noise-
related advancement of dawn singing. To this end, we
repeated the previous study during the first breeding
season after the airport closure in the same areas as in the pre-
vious study. The selection hypothesis (H1) predicts that birds
near the airport still sing earlier than in the control areas. The
behavioural-plasticity hypothesis (H2), in contrast, predicts
that birds shift back to normal dawn song schedules so that
no difference in song onsets times between airport and
control locations can be detected.
2. Methods
(a) Field recordings
We recorded the bird dawn chorus at two forested sites, referred
to as ’airport’ and ’control’, on 2, 3 and 4 May 2021. These sites
were the same as in a previous study by Dominoni et al. [35]. The
control forest was chosen because it was close to the airport site
(the sites were roughly 4 km apart; electronic supplementary
material, figure S1), and it had a similar age and vegetation struc-
ture (mixed deciduous and pine forests with little undergrowth).
Within each site, recordings were made at 21 locations. To this
end, we used 14 AudioMoth audio recorders (v. 1.2.0) [45],
seven of which were deployed at each site at the same time,
and then swapped between locations the next day. The audio
recorders were packed in resealable plastic bags to protect
them from humidity and then attached to trees. The locations
were chosen so that the surface area of both sites was well cov-
ered but the recorded areas did not overlap (based on previous
tests, we estimated the recording distance of each unit to be
around 100 m). Each recording (sample rate 32 kHz, gain
‘medium’) started at 03.40 and lasted until 06.30, resulting in
170 files with a duration of 55 s, separated by a 5 s pause (we
chose to split up the recording into short files because they are
easier to handle, the 5 s pause was necessary to allow the
system to save the data on the SD card without overloading
the memory).

All recordings were analysed with AVISOFT-SASLAB PRO soft-
ware (v. 5.2.08, Avisoft Bioacoustics, Berlin, Germany) by the
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same observer (LdF). For every recording session (one recording
unit, 1 day), the spectrograms (FFT window 256, gain 30) were
visually screened until the first bird vocalization was detected
and then all following files were listened to. Species songs (or
drumming in case of the great spotted woodpecker) were ident-
ified and the onset time (minute at which the first bird of each
species was heard) was noted. This scoring was done blindly
(i.e. the observer was not informed about the site of the recording
when identifying the species). To verify that the scoring in the
present study was comparable with that of Dominoni et al.
[35], one recording session was also analysed by one of the obser-
vers involved in the previous study (HB). Both observers
detected the same 21 species, for 18 of which they had an
inter-observer reliability for the dawn chorus onset of 100%, for
two species the detected onset time differed by 1 min, and for
one species it differed by 2 min.

In addition to the onset of the dawn chorus, we also used the
Audiomoth recordings to measure the ambient noise levels.
For this purpose, one 55 s file per location was chosen between
06.15 and 06.30. We selected this time period because it is the
noise levels after 06.00 that were crucial for the advancement
of the dawn chorus at Tegel airport [35]. For the noise level
measurements, we selected recordings with no wind and no
birds singing close to the recorder. We bandpass filtered the
recordings in the range of bird hearing (0.1–10.0 kHz), then cor-
rected them for the frequency response of the microphone and
finally applied an A weighting (see ’Recorder calibration’
below). Similarly to Dominoni et al. [35], we define ambient
levels as the sound level (dB(A) RMS re 20 µPa) of the 100 ms
window with the highest value in the selected 55 s file.
(b) Recorder calibration
To obtain accurate sound level measurements, it is necessary to
correct the recordings for the frequency response of the recording
system because microphones do not record all frequencies with
the same amplitude. Therefore, we measured the frequency
response and the sensitivity of each recorder in the range of
bird hearing. All sound generation and analyses for the cali-
bration were performed in R (v. 4.0.4, R Foundation for
Statistical Computing) with the package seewave (v. 2.1.6) [46].
The calibration was done separately for each audio recorder.

We generated a pulse train (100 Hz–10 kHz in 100 Hz steps,
pulse duration 0.2 s including a 0.05 s linear fade-in and 0.05 s
linear fade-out) and a 10 s 1 kHz tone. This playback was broad-
casted through a Pioneer A-109 amplifier and a JBP Pro III
loudspeaker and then recorded with an AudioMoth recorder
and at the same time with a Behringer ECM 8000 measuring
microphone (connected to a Marantz PMD 660 recorder). The
source level of the 1 kHz tone was measured with a Casella
CEL-240 SPL meter. The AudioMoth recorder, the measuring
microphone, and the SPL meter were mounted 1 m in front of
the loudspeaker in an anechoic room, the floor and walls of
which were covered with sound-absorbing foam. The frequency
response of the loudspeaker was first calculated using the record-
ings made with the measuring microphone. The central section
of each pulse (0.08 s excluding the fade-in and the fade-out)
was extracted from the recordings and then bandpass filtered
±200 Hz around the pulse frequency. Thereafter, we calculated
the amplitude of each pulse (dB RMS FS). In a next step, we sub-
tracted the amplitude of the 1 kHz pulse from the amplitude
values obtained for all other frequencies, such that the amplitude
of all pulses is expressed in dB relative to the amplitude of the
1 kHz signal. This procedure was applied to each audio recorder
used in this study. We then subtracted the frequency profile of
the loudspeaker (measured with the measuring microphone)
from the frequency profile obtained for the audio recorders, to
obtain the frequency response of each individual recorder. We
padded zeros before 100 Hz and after 10 kHz and performed a
linear interpolation on the frequency response to obtain 256
values, equally spaced between 0 and 16 kHz, and added
the A-weighting factor to the frequency response. We used
A-weighting because it is a good proxy for the frequency-depen-
dant sensitivity of bird hearing [47]. The frequency response was
then used as an impulse-response filter. The received level of the
1 kHz tone (dB RMS FS) was used to determine the sensitivity of
each recording unit. Based on the sensitivity and frequency
response curves, we could then obtain the true ambient sound
levels from the recordings.

(c) Statistical analysis
Statistical analyses were conducted in R (v. 4.0.4), using the pack-
age lme4 (v. 1.1-26) and arm (v. 1.11-2). In line with our previous
study [35], we included in the analysis all species that were
detected at least at ten different locations at each site. To compare
the effect of the site (airport or control) on the onset of dawn
chorus before the airport closure [35] with the situation after
the closure (present study), we performed a similar analysis as
described in [35]. We fitted a multiple linear regression with
the onset time (in minutes after civil twilight) as the response
variable for all species together (global model). The peak ambi-
ent level measured from the recordings, and the site (airport
versus control) were included as fixed predictors. The date
(3 May, 4 May and 5 May) was also included as a fixed predictor
to account for potential day-to-day variability in singing activity
independent of noise levels and site (due, e.g. to differences in
the weather). The species was included as a random factor to
account for species-specific variability in the singing behaviour.
The recorder ID was used as a random factor to account for
potential differences in recording quality. We checked model fit
by visual inspection of the diagnostic plots [48] (i.e. we made
sure that residuals and random effects were normally distribu-
ted, residuals plotted against fitted values did not show any
signs of heteroscedasticity or any obvious trend, and that there
were no autocorrelations in the residuals). Credible intervals of
estimates were obtained by simulating the posterior distribution
of the model 1000 times and calculating the 2.5% and 97.5% per-
centiles of the simulated estimates [49]. In addition to the global
model, we also analysed the effect of the site for each species sep-
arately because previous studies have found species-specific
effects of the ambient noise on dawn chorus onset times
[35,40,50]. For this purpose, we fitted 15 sub-models (one per
species) with the date, ambient noise level and the site as predic-
tors of the onset of dawn chorus, and with the recorder ID as a
random effect. We used the same procedure as described for
the global model to check model fit and to calculate credible
intervals for each of the 15 species-specific models. Altogether,
we constructed 16 different models that investigated the long-
term effect of noise pollution on the onset of the avian dawn
chorus: one global model, across all species, and 15 species-
specific models. Because our aim was to compare the onset of
the dawn chorus before and after the closure of the airport, we
refitted the species-specific models with the data from [35] to
obtain the respective estimates and credible intervals.
3. Results
After the closure of the airport, the median peak level of
environmental noise at the airport site was 46.2 dB(A),
which is a drop by more than 28 dB(A) compared to the
noise levels when the airport was operating (two sample
t-test: 95% confidence interval =−33.69, −28.34; p < 0.001).
Still, the airport locations were on average somewhat noisier
than the control locations (two sample t-test: 95% confidence



Table 1. Estimates, credible intervals and s.e. of the general linear mixed
model explaining the dawn chorus onset time across all species (global
model). The intercept represents the average onset time on 2 May at the
control site. The ‘site’ variable shows the effect of the airport site relative
to the control site. Statistically significant variables are shown in italics.

estimate (95% CRI) s.e. t-value

(intercept) 26.62 (13.51, 39.01) 6.53 4.11

site −3.83 (−6.71, −0.96) 1.46 −2.66

peak ambient level −0.11 (−0.36, 0.14) 0.12 −0.85
date 3 May −0.75 (−3.87, 2.24) 1.58 −0.49
date 4 May 1.28 (−2.01, 4.31) 1.65 0.76

European robin

European blackbird

great tit

blue tit

chaffinch

great spotted woodpecker

European nuthatch

song thrush

European wren

wood pigeon

short-toed treecreeper

blackcap

common treecreeper

wood warbler

willow warbler

–20 0 20

effect size of the site
(estimate and 95% interval)

(a)

(b)

(c)

Figure 1. Effect sizes (average and 95% credible interval) of the difference in
the onset of dawn song between the airport site and the control site. The
dotted line indicates no effect of the site, i.e. birds start singing at the
same time in both forests. Negative values indicate earlier song onsets at
the airport than in the control forest and positive values indicate later
song onsets at the airport than in the control forest. Grey: airport operating
(spring 2013 and 2014); black: airport closed (spring 2021). Species are orga-
nized in three categories based on their behaviour when the airport was
operating [35]: (a) bird species that sang significantly earlier at the airport,
(b) bird species that did not sing significantly earlier at the airport and (c)
bird species that were not investigated when the airport was operating.
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interval = 1.41, 9.02; p = 0.008), but this difference was as little
as 3.9 dB(A) (electronic supplementary material, figure S2).

In total, we recorded 46 species in the dawn chorus
recordings, 45 at the airport site and 33 at the control site
(electronic supplementary material, table S1). Of these, 15
species were detected more than 10 times at both sites,
including all of the 10 species analysed in the previous
study when the airport was still operating. The order in
which the different species started singing around dawn
was similar across all recording locations (electronic
supplementary material, figure S3).

The global model indicated that birds near the airport
started the dawn chorus on average 3.83 min earlier compared
to birds in the control forest (table 1). However, unlike in the
previous study, the onset of the dawn chorus did not vary
with ambient noise levels (table 1). The day of the recordings
had also no significant effect on chorus onset times (table 1).

While the global model points to a persisting effect of the
airport site on the onset of the dawn chorus after the airport
was closed (table 1), our species-specific analyses show that
the birds’ reactions to the closure of the airport differed
between species. The bird species that we considered in our
analyses fall into three categories: the species that started
the dawn chorus significantly earlier at the airport site
when the airport was operating (seven species, figure 1a),
the species that did not sing significantly earlier at the airport
when it was operating (three species; figure 1b), and the
species that were not analysed in the previous study because
they occurred at less than ten locations per site but have now
passed this threshold after the closure of the airport (five
species; figure 1c).

Of the seven species in the first category that commenced
the dawn chorus earlier at the airport site while it was operat-
ing (figure 1a), five shifted the chorus onset to later times after
the airport was closed down, namely robins, great tits, blue
tits, chaffinches and great spotted woodpeckers. The effect
sizes in the two tit species were larger (greater than 2 min)
than in the other three species (less than 2 min, credible inter-
vals centred on zero) and they fell in-between zero and the
values measured while the airport was operating. Blackbirds
and nuthatches still sang considerably earlier at the airport
site compared to the control site (effect size greater than
5 min, credible interval not overlapping with 0), just as they
did when the airport was in operation (figure 1a, table 2a).

The species in the second category (those that did not sing
significantly earlier in the presence of noise) shifted their
dawn song onsets in different directions after the noise
removal (figure 1b): song thrushes and woodpigeons started
singing considerably earlier at the airport (on average 4.6 and
21.1 min, respectively; table 2b), whereas wrens started sing-
ing later at the airport compared to the control area (on
average 7.7 min).

Finally, in the third category (figure 1c), four of the five
species that were not included in the previous study [35]
tended to sing earlier at the airport compared to the control
site although the noise pollution had been removed for
almost six months (mean effect size between 4 and 12 min;
table 2c). It is important to note that the sample sizes in
this group of species was smaller than in the other two cat-
egories (electronic supplementary material, table S1) and
probably because of this the variation in the data resulted
in wide credible intervals (that overlapped zero in the
short-toed treecreeper, the wood warbler and the willow
warbler), calling for a careful interpretation of the results.
4. Discussion
Evidence for the impact of anthropogenic noise on animals is
growing [6,28,51] but only few studies have examined poten-
tial long-term effects. Birds advance the onset of their diel
singing activity in areas that are heavily noise polluted
during the day [40–42], and we hypothesized that this is



Table 2. Estimates, credible intervals and s.e. of the species-specific linear
mixed models explaining the dawn chorus onset time as a function of the
site. The intercept represents the average onset time on 2 May at the
control site. The ‘site’ variable shows the effect of the airport relative to
the control. Species are organized in three categories based on their
behaviour when the airport was operating [35]: (a) bird species that sang
significantly earlier at the airport, (b) bird species that did not sing
significantly earlier at the airport and (c) bird species that were not
investigated when the airport was operating. Statistically significant
variables are shown in italics.

species estimate (95% CRI) s.e. t-value

(a) species that sang earlier at the airport while it was operating

European robin (intercept) −28.26 (−35.01; −21.87) 3.71 −7.59

site 1.37 (−4.8; 8.3) 3.82 0.4

date 3 May 16.97 (9.56; 24.46) 4.5 3.71

date 4 May 12.37 (4.24; 20.61) 4.8 2.57

European blackbird (Intercept) −0.47 (−3.9; 2.78) 2 −0.19

site −5.44 (−8.68; −2.1) 1.97 −2.77

date 3 May 0.69 (−3.21; 4.59) 2.36 0.25

date 4 May 0.47 (−3.73; 4.85) 2.45 0.12

great tit (intercept) 11.24 (6.48; 16.05) 2.89 3.94

site −4.17 (−9.05; 0.78) 2.93 −1.43

date 3 May −1.52 (−7.13; 4.24) 3.47 −0.49

date 4 May 1.89 (−4.25; 7.9) 3.68 0.43

blue tit (intercept) 17.7 (13.99; 21.44) 2.27 7.76

site −2.18 (−6.16; 1.75) 2.34 −0.87

date 3 May 2.29 (−2.23; 7.18) 2.8 0.81

date 4 May −3.09 (−8.08; 2) 2.87 −1.07

chaffinch (intercept) 21.61 (17.89; 25.22) 2.08 10.4

site −0.43 (−4.17; 3.12) 2.13 −0.21

date 3 May −4.47 (−8.73; −0.41) 2.53 −1.78

date 4 May −0.29 (−4.74; 3.95) 2.64 −0.15

great spotted woodpecker (intercept) 38.67 (31.02; 46.59) 4.61 8.37

site 0.1 (−8.74; 7.6) 4.75 0.09

date 3 May 4.76 (−4.7; 14.07) 5.67 0.82

date 4 May 0.54 (−9.04; 9.98) 5.81 0.07

European nuthatch (intercept) 53.95 (45.65; 62.22) 4.8 11.19

site −8.69 (−16.5; −0.8) 4.65 −1.87

date 3 May 2.29 (−6.84; 12.27) 5.65 0.49

date 4 May −10.08 (−19.48; −0.62) 5.77 −1.75

(b) species that did not sing earlier at the airport while it was operating

song thrush (intercept) −5.78 (−10.11; −1.24) 2.49 −2.37

site −4.58 (−8.96; −0.36) 2.54 −1.8

date 3 May −4.34 (−9.41; 0.62) 3.04 −1.4

date 4 May 0.48 (−4.98; 5.61) 3.18 0.23

European wren (intercept) 6.3 (0.41; 12.39) 3.32 1.86

site 7.72 (1.92; 13.28) 3.4 2.3

date 3 May −5.88 (−12.95; 1.22) 4.15 −1.41

date 4 May −0.67 (−7.55; 6.36) 4.05 −0.16

wood pigeon (intercept) 49.5 (36.46; 61.88) 7.41 6.67

site −21.03 (−34.71; −7.99) 7.69 −2.71

date 3 May 8.48 (−5.75; 22.17) 8.71 0.98

date 4 May 18.72 (2.15; 35.84) 9.96 1.9

(c) new species that were not analysed while the airport was operating

short-toed treecreeper (intercept) 25.99 (17.59; 34.72) 5.18 5.01

site −6.01 (−14.42; 2.92) 5.34 −1.17

date 3 May 2.16 (−8.55; 13.06) 6.42 0.39

date 4 May −4.81 (−15.87; 6.22) 6.45 −0.72

(Continued.)

Table 2. (Continued.)

species estimate (95% CRI) s.e. t-value

blackcap (intercept) 42.37 (28.27; 56.18) 8.19 5.22

site −12.88 (−25.38; −0.71) 7.65 −1.71

date 3 May −7.05 (−21.68; 8.44) 9.03 −0.8

date 4 May 1.51 (−15.73; 18.42) 9.86 0.15

common treecreeper (intercept) 41.26 (21.75; 60.92) 11.32 3.64

site 3.11 (−18.07; 24.93) 12.05 0.28

date 3 May −8.53 (−34.61; 18.45) 15.79 −0.57

date 4 May −0.3 (−22.34; 24.06) 13.56 0

wood warbler (intercept) 72.49 (59.67; 85.52) 7.71 9.36

site −10.38 (−23.79; 2.65) 7.88 −1.28

date 3 May −17.47 (−34.67; −0.45) 9.87 −1.79

date 4 May −4.81 (−21.56; 12.26) 9.51 −0.47

willow warbler (intercept) 69.22 (59.18 79) 5.95 11.66

site −4.34 (−15.71; 6.83) 6.36 −0.72

date 3 May −8.47 (−21.58; 3.18) 7.25 −1.18

date 4 May 1.69 (−11.8; 16.18) 8.35 0.18
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either the result of behavioural plasticity or the outcome of
selection for earlier chronotypes [35]. Here, we used the
opportunity of the closure of an international airport to test
these hypotheses. We found that most species at the airport
shifted their song onsets back after the closure and had
now similar dawn song schedules as their conspecifics in a
control forest. However, some species still started singing ear-
lier in the vicinity of the airport and a general trend of earlier
dawn song onsets at the airport could still be detected across
the entire bird community (table 1).

Thus, we found support for both the selection (H1) and
the behavioural-plasticity hypothesis (H2). In line with H1,
blackbirds, nuthatches, song thrushes, wood pigeons and
blackcaps still sang earlier at the airport after the closure
(figure 1). There is ample evidence that environmental selec-
tion through noise may shape acoustic signals, resulting in
population-wide changes in signal characteristics in many
taxa (reviewed in [52–54]). For instance, grasshoppers from
noisy road-side habitats produce mating songs with elevated
frequencies that are less masked by the vehicle noise and this
increased song frequency persist when the insects are
transferred to a silent room [55]. Moreover, there is a
cross-generational effect of the noise, as the offspring from
road-side grasshoppers also produce higher-pitched songs,
even when they are reared with no noise exposure [16].
Our study suggests that not only the signal itself but also
when it is produced can be subjected to more permanent
shifts in chronically noisy environments. Such a long-term
shift may be based on selection for certain chronotypes [35].
Several studies have shown that the timing of song onset
and other behaviours can be under sexual selection [56–58].
Likewise, the timing of dawn song could be under environ-
mental selection, with the massive noise pollution from
aircraft leading to the selection of males with earlier song
onsets. Such a scenario would explain the patterns we
observed in the species that still sang earlier at the airport
although noise pollution had stopped (e.g. song thrush,
blackbird and nuthatch; figure 1). If the observed persistence
of the advanced song timing indeed reflects selection for ear-
lier chronotypes, then we would expect that these species will
return only slowly to later song onsets at the silent airport
site, probably over the course of several generations.
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By contrast, robins, great tits, blue tits and chaffinches had
shifted back their song onsets at the airport (figure 1),
suggesting noise-dependant plasticity of dawn song timing
in these species. Likewise, great spotted woodpeckers started
drumming later in the morning at the airport after it had been
closed, resulting in similar daily routines as their conspecifics
in the control forest. Thus, the onset of drumming in wood-
peckers appears to be as plastic as the dawn song in some
songbird species and, just as well, modulated by the level
of noise masking later in the day. Noise-dependant song plas-
ticity is well documented in birds (reviewed in [30]).
Presumably all extant birds exhibit the Lombard effect (i.e.
they increase their vocal amplitude when background noise
levels rise) [33]. In addition, some species may also adjust
song pitch [59] or song rate [60] in response to anthropogenic
noise. Spotless starlings (Sturnus unicolor) and house spar-
rows (Passer domesticus) shifted their dawn chorus onset on
a daily basis when they were experimentally exposed to traf-
fic noise [61], which is in line with the behavioural-plasticity
hypothesis. Similarly, most species in our study shifted the
onset of their dawn chorus to later schedules after the noise
pollution from the airport ceased, corroborating the notion
of noise-related song plasticity. Sierro et al. [42] suggested
that the advanced blackbird dawn chorus at airports is also
a plastic adjustment, as the observed birds shifted song
onsets only early in the season, when the dawn chorus over-
lapped with aircraft noise at their study site in Spain.
However, the two studies conducted at Tegel airport indicate
that the dawn chorus in blackbirds was affected by long-term
effects of noise pollution. Blackbirds near the operating air-
port began the dawn chorus significantly earlier even
though the song onset did not overlap with aircraft noise
(which set in about 70 min later) [35], and they still sang ear-
lier six months after the closure of the airport (present study).
Taken together, these findings support the selection hypoth-
esis rather than the behavioural-plasticity hypothesis for
this species. Conflicting results from different locations may
be accounted for by latitudinal differences in the onset of
the dawn chorus and, related to this, in the resulting response
to noise pollution, as suggested by Gil et al. [40]. Indeed, no
consistent dawn chorus shift could be found in bird com-
munities around tropical airports [50]. These differences
between tropical and temperate birds suggest that biogeo-
graphy can have substantial effects on how animals
respond to anthropogenic change [41].

Although the exact mechanism underlying the observed
behavioural plasticity in our study is not known, the results
indicate that some bird species are able to anticipate the
onset of noise masking later in the day and to flexibly
adjust their song onset accordingly. In a classic experiment,
Gwinner [62] demonstrated that social sound cues can func-
tion as zeitgeber for circadian rhythms in songbirds, in
particular, he found that Eurasian siskins (Spinus spinus)
and European serins (Serinus serinus) synchronize their
daily activity patterns to the periodic broadcast of conspecific
song. Our findings suggest that other periodic sound cues,
such as anthropogenic noise, can have similar effects on the
chronobiology of at least some bird species.

In addition to noise-induced microevolutionary shifts and
song plasticity, the onset of dawn song may also be affected
indirectly by the massive noise pollution, such as through
changes in the predatory landscape. It is known that Passerines
sing more and earlier when the perceived predation pressure is
low [63]. Moreover, anthropogenic noise can disrupt both the
distribution [23] and the hunting success [64] of predators.
Therefore, heavy noise pollution might lead to reduced preda-
tion pressure on birds and, in turn, result in advanced song
onset. On the other hand, anthropogenic noise can also mask
the alarm calls of songbirds [10] which then increases predation
risk. Without empirical data, however, it is impossible to tell
what the outcome of these opposing factors is, and it remains
to be shown whether the potential noise-induced changes in
predation indeed affect the onset of the dawn chorus.

While there is increasing interest in the impacts of anthro-
pogenic noise on wildlife [65], potential long-term effects
have been neglected. One notable exception comes from the
work by Clinton Francis and colleagues on the ecological
impacts of noise from gas well compressors in New Mexico.
These compressors emit continuous noise at high amplitudes,
which has strong effects on the behaviour of birds and
mammals, leading to large-scale modifications in plant com-
munities through altered seed dispersal and pollination [27].
In some areas, the compressors had been switched off (after
running for a decade or so) but the plant community did not
recover within the first four years after the noise removal
[66]. This long-term disruption is the outcome of cascading eco-
logical effects, in which the negative impact of noise pollution
may persist for longer periods than in our study that addressed
behavioural responses of individual animals. However, our
results indicate that noise pollution can also have long-lasting
effects on individual behaviours in some species.

After Tegel airport was shut down, the noise levels in the
adjacent forest dropped massively as expected. It must be
noted, though, that even after the closure the ambient noise
was slightly higher at the airport site than the control forest.
However, the average ambient noise level at the airport
locations was 46 dB(A) SPL, which is within the range of natu-
ral noise levels in a temperate forest [30,67]. Moreover, the
mean difference in noise levels between the airport and the con-
trol sitewas lower than 4 dB,which is unlikely to affect the song
timing. In previous studies, shifts in the dawn chorus were
related to much larger noise differences, namely 8–30 dB [61],
20–25 dB [40] and 30 dB [35]. Indeed, our global model indi-
cated no effect of the noise level on the onset of dawn chorus.
Therefore, we are confident that the observed advances in
dawn singing near the airport in our study were due to
carry-over effects of the noise pollution from previous years
rather than the current differences in ambient noise levels.

In conclusion, our study suggests that intense anthropo-
genic noise pollution can have long-term consequences for
animal behaviour, even after noise emissions have ceased.
Specifically, we still observed advanced dawn singing six
months after an international airport stopped operating,
which means that birds did not shift their behavioural rou-
tines back to normal times after the massive noise pollution
from aircraft was removed. On the other hand, some species
quickly shifted their song onset back to the typical schedule
of undisturbed conditions, illustrating the complexity of
noise pollution impacts on wildlife. Our study indicates
that both phenotypic plasticity and population-wide long-
term changes may lead to a noise-induced advance of
dawn chorus onsets in different species. A better understand-
ing of the long-term consequences of pollution on organisms
and ecosystems is of major importance for conservation so
that mitigation and avoidance measures can be implemented
to minimize not only immediate but also long-term impacts.
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