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Zebra finches show spatial avoidance of near but not far distance traffic noise

Abstract

Traffic noise is on the rise worldwide. Birds have been reported to decrease in number and
diversity near highways. This could be indirectly caused by traffic if birds avoid overall
poorer habitat quality near highways or directly if birds actively avoid noisy conditions. To
test whether traffic noise directly affects birds’ spatial preferences, we designed a preference
test where zebra finches (Taeniopygia guttata) could move freely between noisy and quiet
aviaries that only differed in the type of noise playbacks. During playback of high amplitude
traffic noise recorded near from highways (5-15 m), birds spent significantly more time in
the quieter aviary. Such spatial preferences were not observed during playbacks of moderate
amplitude traffic noise recorded further away (200400 m). Our result provides experimental
support for the growing notion that traffic noise itself rather than the presence of vehicles

may suffice to deter birds from busy roads.

13



Chapter 2

Introduction

Anthropogenic noise continues to increase worldwide and traffic noise has now become the
most prominent source of noise pollution (Barber et al., 2010; Mennitt et al., 2015). This is
of great concern as chronic exposure to traffic noise has been found to be associated with
physiological stress, sleep disturbance, hearing deficits and suboptimal cognitive perfor-
mance in humans (Basner et al., 2014; WHO, 2017). In the EU alone, 28 million citizens are
thought to suffer health effects from chronic noise exposure (Nugent et al., 2014). Traffic
noise is affecting more and more rural areas, including national parks and conservation
zones, and there is increasing concern that this may negatively affect wildlife (Barber et al.,
2011; Iglesias Merchan et al., 2014). An increasing number of field studies have now report-
ed declining diversity and abundance of animals near roads (reviewed by Newport et al.,
2014) a phenomenon especially well documented in birds (Reijnen et al., 1996; Bayne et al.,
2008; Francis et al., 2009; Parris & Schneider, 2009; Benitez-Lopez et al., 2010; Arévalo &
Newhard, 2011; Goodwin & Shriver, 2011; Herrera-Montes & Aide, 2011; Proppe et al.,
2013).

Declines in animal populations near roads could come about by several different mecha-
nisms directly or indirectly affecting fitness. High noise levels can trigger physiological and
behavioural stress responses (Wright et al., 2007; Kight & Swaddle, 2011; Shannon et al.,
2016; Injaian et al., 2018a, b, 2019; Kleist et al., 2018). Traffic noise can mask acoustic sig-
nals and undermine their reception, as demonstrated in avian (Grade & Sieving, 2016), anu-
ran (Tennessen et al., 2014), fish (Vasconcelos et al., 2007) and invertebrate (Bent et al.,
2018) species. Impaired communication could affect attraction to a particular site, mate at-
traction and/or survival. Although some species have been observed to partly compensate the
effects of low-frequency masking noise by singing or calling at higher frequency or ampli-
tude, or adjusting when to produce sounds (Brumm & Slabbekoorn, 2005; Parks et al., 2011;
Derryberry et al., 2016; Luther et al., 2016), these changes can compromise signal quality
and functionality (Halfwerk et al., 2011a; Huet des Aunay et al., 2014). Increased noise lev-
els have also been found to be associated with reduced foraging performance and predator
avoidance in birds (Ware et al., 2015; Grade & Sieving, 2016), but also in other taxa, for ex-
ample, in bats (Siemers & Schaub, 2011), fish (Voellmy et al., 2014) and crustaceans (Wale
et al., 2013; Hubert et al., 2018). Any of these reported effects of noise exposure on acoustic
signals could potentially affect individual fitness and reproductive success. In line with this,

within-population comparisons have revealed that birds breeding in relatively noisy territo-
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Zebra finches show spatial avoidance of near but not far distance traffic noise

ries can have reduced pairing success (Habib et al., 2007), smaller clutch sizes (Halfwerk et
al., 2011b), reduced parental care (Naguib, 2013) and smaller and lighter fledglings (Kight et

al., 2012; Kleist et al., 2018) compared to birds in more quiet territories.

However, observations of noise-related patterns of reduced breeding performances do not
necessarily reveal the underlying processes. Reduced breeding performance near roads could
also arise if these territories are of lower quality because of chemical pollution, the presence
and movement of cars and different vegetation (Reijnen et al., 1996; Summers et al., 2011;
Jack et al., 2015), and/or if these territories are more likely to be occupied by lower quality
individuals (e.g. first time breeders) unable to secure better quality territories further away
from roads (Injaian et al., 2018c). Moreover, noise does not always reduce bird abundance:
Francis et al. (2009) investigated noise impact on community composition at gas well ex-
ploitation sites and found that noisy sites had fewer predator species than quiet sites, but that
the total number of birds did not differ between sites. Accordingly, some species were more
abundant, presumably because of reduced predation pressure. These observations suggest
species differences in sensitivity to noise, but also that next to direct effects of noise, addi-
tional indirect effects can arise through species interactions. Such ecological complexity can
make it difficult to identify which mechanisms underlie noise-associated distributions. Ex-
perimental studies are required to test whether the noise itself or other factors associated
with the actual noise sources (e.g. chemical pollution, presence of moving machinery or ve-
hicles) deter birds from noisy territories (Francis et al., 2009; Slabbekoorn & Halfwerk,
2009; Halfwerk et al., 2011b; Hubert et al., 2018).

Experimental approaches, for example using noise playbacks in the field, allow excluding
traffic associated factors other than noise. Using such an approach, Blickley et al. (2012)
found that playbacks of sound recordings of oil drilling activity and heavy vehicle traffic re-
duced lek attendance of greater sage-grouse (Centrocercus urophasianus) at playback versus
control sites. McClure et al. (2013) constructed a ‘phantom road” — a line of loudspeakers
placed in trees playing back road noise at a known migratory stop-over site in a nature re-
serve. In alternating blocks of four days with and without road noise playbacks, the total
number of individuals using the stopover site was significantly lower during days with road
noise playbacks. This experiment convincingly demonstrated an impact of road noise (rather
than the road itself) on the usage of a migratory stop-over site. However, for both of the
aforementioned field playback studies different mechanisms could have been underlying the
reductions in birds attending the sites: the noise itself could have kept the birds away and/or
the noise masked the vocalizations of the birds already on site and thereby prevented the
phonotactic aggregation of more birds (Monkkoénen & Forsman, 2002; Winger et al., 2019),

a phenomenon that has been demonstrated experimentally (Schepers & Proppe, 2017).
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Chapter 2

To test whether noise becomes so aversive that it affects spatial preferences requires testing
paradigms that allow individuals to choose among identical locations only differing in noise
characteristics as well as suitable model species. Domesticated zebra finches and other relat-
ed estrildid finches have already been successfully studied in experiments investigating the
effect of masking noise on their vocal communication (Cynx et al., 1998; Tumer & Brainard,
2007; Potvin & MacDougall-Shackleton, 2015; Villain et al., 2016; Tachibana et al., 2017).
These studies, however, passively exposed birds to noise without offering quiet(er) alterna-
tive spaces. To the best of our knowledge, only one bird study offered birds to move be-
tween different noise levels (Evans et al., 2018), while testing the masking effect of noise on
foraging behaviour. In this study, high level noise affected individuals’ vigilance during for-
aging, but not their spatial choices: birds were not observed to move from louder to more
quiet foraging chambers after having entered either one of them. In this set-up, entering a
chamber enabled the individually tested subjects of this social species not only to feed but
also to come physically closer to sounds of conspecifics. Perhaps the birds stayed on because
of these factors that were not tested separately but only in conjunction with the noise. Sever-
al other studies in other taxa also tested for noise avoidance, but generally did not provide
choices between otherwise identical locations (see Table 4). However, we could identify one
study that offered animals identical spaces only differing in the amount of noise. Schaub et
al. (2008), tested mouse-eared bats (Myotis myotis) foraging forays from a central space into
two identical chambers differing in the level of noise playback and found that the bats pref-
erentially and more successfully foraged in the quieter space. Birds have not yet been tested
in controlled experimental exposure studies that explicitly compared avoidance of different

types of traffic noise in favour of quieter locations.

In the study presented here, we opted for a two-choice set-up offering two options that were
identical but for the type or absence of noise. This with the aim to test if birds would always
avoid highway noise in favour of quieter locations or whether such behaviour was dependent
on the type of noise (in this case highway noise recorded at different distances). In our set-
up, small groups of adult zebra finches could move freely between two interconnected aviar-
ies: one with the relatively quiet ambient laboratory sound level and one with highway noise
playbacks recorded at either near or far distances. If (highway) noise per se is aversive to
birds, we expect birds to show active avoidance of noise by moving to and spending more

time in quiet than noisy compartments during highway noise playbacks.
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Zebra finches show spatial avoidance of near but not far distance traffic noise

Material and Methods

Subjects and housing

Test subjects were adult domesticated zebra finches (32 males, 778 + 58 days old; 32 fe-
males, 739 + 76 days old) from an outbred breeding colony at Leiden University. Prior to
testing, birds had either been housed in aviaries or cages of different sizes (width x depth x
height ranging from 80 % 40 x 40 cm to 170 x 80 x 200 cm). All birds were moved into the
same type of aviaries (170 x 80 x 200 cm) at least one week prior to experiments. Each of
these holding aviaries housed only males or only females (group size 4-16 individuals). All
housing and testing rooms had a light regime of 14:10 h light: dark with 15 min of light fad-
ing in and out at the start and end of the light period. The temperature was kept between 20—
22°C and humidity between 35 and 50%. Birds had ad libitum access to water, mixed seeds
(Deli Nature, Beyers, Schoten, Belgium), grit and cuttlefish bone. This daily diet was com-
plemented twice a week with egg food, fresh fruit and vegetables and once a week with ger-
minated seeds. All birds were marked with a numbered orange colour ring (Hayes, UK) on

their right leg.
Experimental set-up: two-choice aviaries

In the testing room, two identical aviaries of equal size (200 x 200 x 200 cm) were intercon-
nected by a wire mesh tunnel (100 x 50 x 50 cm, see Figure 1). Each aviary contained one
loudspeaker (CB4500, Blaupunkt, Hildesheim, Germany) placed at 1 m height in the corner
the furthest away from the tunnel and a webcam (HD Pro C920, Logitech, Lausanne, Swit-
zerland) at the top of the corner facing the tunnel. In each aviary there were four parallel
perches perpendicular to the tunnel and a fifth parallel perch in the tunnel (see Figure 1). All
side walls with the exception of the tunnel were covered with 3 cm thick sound attenuating
material. Food and water dispensers were suspended underneath the two outermost perches,
providing ad libitum access to food and water in both aviaries. The connecting tunnel had an
entrance (50 x 50 cm) at each end that could be opened and closed remotely by operating a
wire mesh trap door. A wire mesh separator (50 x 50 cm) in the middle of the tunnel could
be passed only via a smaller opening of 30 x 30 cm surrounded by a black metal antenna
(ANTSER300, Dorset, Aalten, The Netherlands) which was connected to a PC outside the
room and registered the ID of the tags of passing birds.
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Figure 1: Top view of the experimental set-up. Two aviaries were interconnected by a tunnel with a
central wire mesh partition with a small opening (30 X 30 cm) surrounded by a rectangular shaped
antenna of the same size (dashed line) that automatically read the ID’s of each passing bird’s elec-
tronic tag. Thick black lines indicate perches (50 cm long, 12 mm in diameter). Each aviary con-
tained a loudspeaker (speaker symbol) on a 1-m tripod.

Highway noise recordings and playback design

Continuous 24-h recordings (44100 Hz sampling rate, 32 bits, waveform audio file format)
of highway traffic noise were made between 5 July 2017 and 10 August 2018 using two
song meters (Model SM1, Wildlife Acoustics, Maynard, MA, USA). Recordings from four
different sites in the Netherlands were used for this experiment: (1) Vlietland 52°06'12.5"N
4°2628.1"E, (2) Polderpark Cronesteyn 52°08'12.9"N 4°30'07.5"E, (3) Oegstgeest 52°10’
34.2"N 4°27'33.4"E and (4) Park Landskroon, 52°1022.7"N 4°27'07.6"E. At each site, two
song meters were fixed to trees or shrubs in such a way that the microphone pointed in an
uninterrupted line across open pasture to the highway. One sound meter was always placed
at a far (200400 m) and one at near (5-15 m) distance to the highway to then record near
and far highway noise for a continuous period of 24 h. This resulted in four sets of matched
recordings where each set had been recorded simultaneously at the same site but at two dif-
ferent distances from the same highway. Before starting each recording (between 1030 and
1200 h), a sound pressure meter (Model 30, Pulsar Instruments, Filey, UK; mode: A-
weighted, LAT reading at 30 s intervals, re: 20 uPa) was positioned 2 cm above the sound
meter microphone and pointed in the same direction. Absolute sound pressure levels were
then measured at 30-s intervals for at least 2 min as the A-weighted equivalent continuous
sound level (LAeq). With these measures the LAeq of the remainder of the entire 24-h re-
cordings were calculated using 30-s bins. The medians of these bins (in dB(A)) for locations
14 for the near-distance recordings were 68.7, 68.7, 69.9, 71.6 and for the far-distance re-
cordings were 53.2, 52.6 55.3, 55.3.
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From each of these eight 24-h recordings, the hour from 11 to 12 am (to avoid rush hours)
was selected for further processing and stimulus preparation. Each of these one-hour record-
ings was split into 0.02-s bins. For these bins, the decibels relative to full scale were obtained
by assigning the level of 0 dB FS to the maximum digital level in the recording and then
scaling the remainder of the recording to this maximum using the ‘to intensity’ function in
Praat (v. 6.04.40, Boersma & Weenink, 2019) that squares and convolves the sound values
with a Gaussian analysis window of 0.02 s. The bin values were transferred to the statistical
software R (v. 3.4.1, R Core Team, 2019) to search and flag all time stamps with extremely
high amplitudes (>2 standard deviations, i.e., louder than 97.5% of all 0.02 bins). Using the
Audacity(R) (v. 2.1.2; Audacity Team, 2019) acoustic software (v. 2.1.2) the flagged passag-
es were inspected acoustically and visually (by QL). This revealed that these extreme ampli-
tudes always occurred when, in addition to the highway noise, other sudden onset sounds
had been picked up by the microphone such as car honking or dogs barking or the noise of
low overflying aircraft. Sudden sounds easily startle birds (and make them fly away); to pre-
vent this we edited out these extreme amplitude sounds so that they could not confound or
exacerbate highway noise avoidance. The editing consisted of deleting the bin associated
with the event using the ‘delete’ function in Audacity. Overall, this procedure removed only
90 s per 3600-s-long sound file. After this step, the recordings were checked in their entirety
again while listening to the recordings via headphones (by QL) which confirmed that the
above procedure had removed all sudden onset sounds. Next, 30 continuous minutes from
each of the 8 recordings were selected by using a random number generator to pick a number
between 0 and 28 and then using this number as the minute to start the extraction of the sub-
sequent 30 min as stimuli. As final editing step, the first and last two minutes of each 30-min
stimulus were faded in and out in Audacity. Generally, the near-distance highway noise re-
cordings were much louder than those recorded at far distances and because of frequency-
dependent degradation, far-distance recording differed in aspects of spectral composition
from the near-distance recordings (see Figure 2). Next to these overall differences, we need
to point out that all recordings were real time non-stop field recordings and both recording
categories had transient biotic and abiotic sound sources that added stochastic variation akin

to what a wild animal would experience in a 30-min period next to roads.

For playbacks, stimulus amplitude at the 4th perch (the most distant from the tunnel) was set
to match the sound level at the original recording locations using the same sound pressure
level meter as described above. After the adjustment, we also took sound pressure level
measures during the noise playbacks at all other perches. Peak noise levels within the aviary
decreased from the Ist perch (furthest from the speaker and closest to the tunnel) to the 4th
perch (nearest to the speaker) and ranged from 45-55 dB(A) during playbacks of the far-
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Figure 2: Power spectra (left column) and spectrograms (centre and right columns) of all near- and
far- distance highway noise stimuli. Each pair of stimuli was recorded from two different distances at
one of four different locations (GPS details see Table Al in the Appendix). The power spectra show
the decibels relative to full scale (dB FS) at 0-5 kHz. The spectrograms show the power spectral den-
sity (PSD). Relative sound pressure levels are indicated by the colour gradient. All plots were calcu-
lated using the entire 30 min of each stimulus (R package PAMGuide, Hamming window, 1s resolu-
tion, 0-5 kHz, 50% window overlap; data averaging: Welch method set as 5, following the recom-
mendations by Merchant et al., 2015).

20



Zebra finches show spatial avoidance of near but not far distance traffic noise

distance highway recordings to 55-75 dB(A) during playbacks of the near-distance highway
recordings. With either playback on in one aviary, noise levels in the quiet aviary without
playback ranged from 35-40 dB(A). To put these measures into perspective: zebra finches
generally experience sound levels of 4668 dB(A) in our breeding rooms and background
noise in natural habitats is estimated to range from 35-75 dB(Z) on windy days (Villain et
al., 2016). Note in this context that decibel is measured on a log scale, and doubles in inten-
sity every 6 dB, so the differences between ambient and either of the two highway noises
were in the order of one to several magnitudes but the absolute maximum levels of 75dB(A)
were far from the level (approx. 100 dB(A)) where hearing and auditory feedback are
blocked and way below the thresholds for hearing damage in zebra finches (Funabiki &
Konishi, 2003; Zevin et al., 2004). The playback levels however fall into the range of back-
ground noise that has been found to affect parameters of acoustic communication in zebra
finches (Cynx et al., 1998; Villain et al., 2016).

Playback trials

Zebra finches are highly social (Zann, 1996) and explore new environments faster in groups
than when alone (Coleman & Mellgren, 1994; Schuett & Dall, 2009). Because zebra finches
prefer being in groups and birds had to be moved into a new room for testing, we aimed to
reduce neophobia by testing birds in small groups (consisting either of four males or four
females). Birds were gently caught from their home aviaries the day before a playback test
(19 £ 2 h before the first playback) and each bird was fitted with a small plastic leg ring with
a micro transponder tag (ID100A, Dorset). Birds were then released into the central tunnel
connecting the two experimental aviaries. At this stage, the trap doors at either end were
closed and were not opened until after a short delay of about 5 min. This was the time it took
the experimenter to leave the experimental room to enter the adjacent observation chamber
and to remotely open both trap doors from there. From the moment the trap doors at either
end of the tunnel were opened, birds could freely move and explore both aviaries. The next
morning, at around 10:00h (+ 90 min) the data log of the antenna readings was checked and
in all 16 tested groups, birds had crossed the tunnel between the aviaries multiple times

which was the criterion to start the first experimental playback.

There were three playback trials for each experimental group. The first two playbacks were
fully balanced with respect to the order (near or far tested first against quiet) and whether
aviary 1 or 2 was used for the first playback (for a schematic overview of the playback pro-
cedure see Figure 3c). Testing started by switching on both loudspeakers without playing
back sound to register birds’ baseline behaviour (pre-playback) for 15 min. Then, the first 30

-min playback started in one of the aviaries while the other remained quiet. After 30 min the
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Figure 3: Highway noise stimuli and playback design: (a) Frequency spectrograms of 5 min of re-
cordings in the experimental aviaries during the near- and far-distance highway noise and no play-
back (‘quiet’) condition. The spectrograms were computed by Fast Fourier Transformations (using
scipy library in python 3.7, window length 4096 points, overlap 512 points, time step 0.08 s, frequen-
cy step 11 Hz). (b) Waveforms of the same stimulus sets (y-axis: SPL to full scale). (¢) Timeline: 15
min pre-playback (grey bars: no playback, but loudspeakers already switched on) were followed by a
30 min playback of traffic noise (red, near-; blue, far-distance highway noise) in one aviary and no
playback in the other (quiet) aviary, followed by another 30 min after stimulus reversal. After a 15-
min silent break, this procedure was repeated with the other noise category. After another 15-min
break, playback 3 exposed the birds to simultaneous playback of the near- and far-distance highway
noise for 30 min. For illustration, the timeline shows only one presentation order (red, near-distance
highway noise first), but presentation order was fully balanced and half the trials started with far-
distance noise first).
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playback stopped and then started in the other aviary for another 30 min. Afterwards, there
was a 15 min break without any playback which was followed by the second 2 x 30 min
playback that now was either near- or far-distance highway noise (whichever sound had not
yet been played back during the first trial). After the second playback another 15-min break
followed before the third playback trial started, where near- and far-distance noise playback
each started simultaneously in one of the two aviaries and then lasted for 30 min. We fully
balanced the aviary x stimulus type combinations and stimulus sets. However, due to a play-
back file error during playback 3, four groups had to be excluded from the analyses of play-
back 3.

To measure the time the birds spent in each aviary, all video recordings were analysed by the
same observer (QL) using the BORIS video analysis software (v. 6.1.6, Friard & Gamba,
2016) playing back the recordings at 3 x normal speed. All videos were scored with the
sound switched off so that the observer did not know which playback treatment the birds on
the screen were experiencing. Videos were analysed by scoring ‘the number of birds in
aviary 1’ as a single state event as follows: whenever a bird passed from one aviary to the
other via the small opening with the antenna in the middle of the tunnel, the video was
paused and the state event was updated with the new number of birds in aviary 1. If a bird
stayed in the tunnel without passing through the antenna, the time spent in the tunnel count-
ed toward the aviary on the same side. Sometimes, individual birds were sitting on the anten-
na for a while. In such cases, 50% of the duration of this event was added as ‘time spent’ to
aviary 1 and the other 50% to aviary 2. For each playback, the cumulative time spent by all
birds in aviary 1 (from now on referred to as ‘total time in aviary 1°) was then calculated
(multiplying the duration of each state event with the corresponding number of birds during
this event). The maximum total time all four birds could spend in either aviary thus was
120 min (= 4 birds x 30 min playback) and once aviary 1 was scored, time spent in aviary 2
could be calculated (120 min total time all birds — total time in aviary 1 = total time aviary
2). Note that this means that for analyses, only one value per group was used, as the move-
ments of the four birds in a group cannot be assumed to be independent of each other. Total
time spent per aviary was then transformed to the relative proportion of time spent in either
aviary; this parameter could range from 0 (no bird visited an aviary during playback) to 1

(all birds stayed in the same aviary for the whole duration of the playback).
Ethical note

The experiments described here were reviewed and approved by the committee for animal

experimentation at Leiden University and the Centrale Commissie voor Dierproeven (CCD)
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of the Netherlands (permit AVD1060020171409), and monitored by the Animal Welfare

Body of Leiden University, in accordance with national and European legislation.
Analyses

Prior to statistical analyses, the proportion of time spent in either aviary was calculated (time
in aviary 1 or 2/total time). Because proportional data tend to centre around the mean, all
proportional data were arcsine square root transformed (Sokal & Rohlf, 1995) prior to statis-

tical analyses (but were back transformed for illustrations and reporting in the text).

To verify whether birds preferred one of the two aviaries independently of sound treatment,
we first tested whether the proportion of time spent in the left aviary during the baseline ob-

servations deviated from chance level using a one-sample #-test.

For playbacks 1 and 2 (where a one-sample #-test would result in pseudo-replication of
groups and stimuli), we used a mixed model approach (using Ime4 in R) to first test whether
the time spent in the quiet aviary deviated from chance level by subtracting 0.5 from the ob-
served proportions and then testing whether the intercept of a mixed linear model with only
random effects (‘stimulus ID’ and ‘group ID’) deviated significantly from 0O (Tables 1 and 2,
Model A). Next, we asked whether a preference for the quiet aviary differed between noise
treatments, by adding noise type as factor to the model (Tables 1 and 2, Model B). To ex-
plore whether there was a difference in response to noise playback between sexes, sex was
added to Model B as fixed factor to create Model C (Tables 1 and 2, Model C).

While all previous analyses tested the groups’ behaviour as a whole, we also ran an addition-
al analysis checking whether the playback treatment affected whether individual birds were
more likely to split from the group. To this end, we compared all events (and their duration)
where a single individual was observed in an aviary with respectively near- or far-distance
highway noise during playbacks 1 and 2 with a generalised mixed linear model, using a
Poisson distribution, with the cumulative time individual birds were staying alone in a par-
ticular aviary as response variable, playback in that aviary as fixed (quiet/far/near) and the
group ID as random effect (Table 3, Model D).

For playback 3, where near- and far-distance highway noise playbacks were presented simul-
taneously (resulting in one data point ‘relative time spent in the relatively more quiet aviary’
per tested group), we tested whether the proportion of time spent in the aviary with far-

distance highway noise playback differed from chance level with a one-sample #-test.
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Results

The different playback treatments affected how birds allocated their visiting time to the dif-
ferent aviaries (see Figure 4 & 5). In the absence of playback (during the ‘pre-playback’
phase) there was no difference in the amount of time birds spent in the left (or right) aviary
(one-sample #-test: testing ‘proportion of time spent in aviary 1’ for deviation from a 0.5
chance level t;5s =—0.34, p = 0.74).

During playbacks 1 and 2, which offered the choice between a quiet (no playback) and a
noisy aviary (playback of either near- or far-distance highway noise), birds spent more time
in the quiet aviary, as evidenced by the significant deviation of the intercept from zero
(Table 1, Model A). This effect was stronger for the near-distance noise; playback noise
type (near or far) significantly affected the amount of time birds spent in the quiet aviary
(Table 1, Model B). Comparing the proportion of time spent in the quiet aviary versus
chance level for the two noise types separately, revealed a significant preference for the qui-
et aviary over the aviary with near-distance highway noise (one-sample #-test: t;s = 5.31, p <

0.001), but not over the far-distance highway noise (one-sample #-test: t;5s = 1.33, p = 0.20).
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Figure 4: Time spent in the different aviaries during the different playback conditions. Bars show the
percentage of time (mean + 95% CI) groups spent in each of the two aviaries during the different
playback conditions. Note that the values and their Cls are reciprocals within a playback condi-
tion. ***Significant, ns: not significant, see Tables 1 and 3.
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Figure 5: Total time each group of birds spent in either of the two aviaries during different playback
treatments. a) Quiet vs. quiet during pre-playback (n = 16 groups, maximal time spent = 60 min), b)
far vs. quiet (n = 16 groups, maximal time spent = 240 min) c) near vs. quiet (n = 16 groups, maxi-
mal time spent = 240 min) and d) near vs. far during simultaneous playback 3 (n = 12 groups, maxi-
mal time spent = 120 min). Each dot is one tested group. Dots in b) and ¢) are jittered for visualiza-
tion. The intensity of the greyness indicates the intensity of the noise playback. Each plot is separated
by the y=x line (all dots would be on this line if birds showed an equal preference).
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Table 1: Mixed linear models testing whether total time spent in the quiet aviary (per group) devi-
ates from chance level. Modal A: null model, Model B: playback added as fixed factor and Model
C: playback + sex as fixed factors.

estimate Std. Error t value p value
Model A'
Intercept 0.12 0.04 -2.73 = 0.01
Model B*: Playback
Intercept 0.20 0.05 -4.27 < 0.001
Playback: Far -0.16 0.03 4.94 < 0.001
Model C: Playback + sex
Intercept 0.18 0.06 -2.80 = 0.009
Playback: Far -0.16 0.03 4.94 < 0.001
Sex: Male 0.05 0.06 -0.73 - 047

1 group ID and stimulus ID are included in all models as random effect. 2 marginal and conditional r square
are 0.25 and 0.68 for Model B.

Table 2: Parameters of Models A—C

Models: AlCc AAICce Weight
Model B -23.5 0.0 0.94
Model C -17.1 6.4 0.04
Model A -15.9 7.6 0.02

Males and females showed no difference in how they behaved in the tests (adding sex as ad-

ditional factor did not improve the model see Table 1, Model C).

In addition, we also checked whether the birds’ grouping behaviour was affected by the type
of playback in a particular aviary by summing up all events where a single bird was alone in
one of the aviaries. This revealed that the proportion of time a single bird was observed was
slightly, but significantly higher in an aviary with near-distance noise than aviaries with ei-
ther no or far-distance noise playbacks, but was overall very low during all conditions
(median time single bird was observed: near = 972 s, far = 733 s and no playback = 67 s out
of a total of 14440s; see Table 3, Model D)

Table 3: Mixed linear model testing whether birds spent more time alone in the aviary with play-
back(Model D).

Model D': Playback estimate Std. Error z value p value
Intercept 6.66 0.20 33.47 < 0.001
Playback: Far -0.12 0.01 - 1047 < 0.001
Playback: Quiet -0.56 0.01 -41.63 < 0.001

"Marginal and conditional ¥’ are 0.08 and 0.99 for Model D
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During playback 3, with near- and far-distance highway noise presented simultaneously,
birds also spent less time in the aviary with the near-distance highway noise than expected

by chance (deviation from 0.5 tested by a one-sample #-test: t;; = 4.39, p = 0.001).

Discussion

The aim of our experiments was to test whether zebra finches would prefer quiet over noisy
locations in an unconstrained choice situation. During the playback tests, birds could freely
choose to move between two identical locations that only differed in their simulated sound-
scape (near- vs. far-distance highway noise). Birds did not avoid all noise playbacks but
showed stimulus-dependent spatial preferences: they clearly avoided the near- but not the far

-distance highway noise in favour of the quiet aviary.

Birds likewise avoided the near-distance highway noise during the simultaneous playbacks
of near- and far-distance traffic noise. The combined observations from the sequential and
simultaneous playbacks showed that the birds were showing stimulus-dependent avoidance
(near-distance highway noise was avoided) rather than showing general avoidance or neo-
phobic behaviour to a location with playback of (for them unknown) highway noise (far-

distance highway noise was not avoided)
Noise avoidance in the laboratory and in the field

Our study adds to experimental work in other vertebrate taxa testing active noise avoidance
(see Table 4). Only one of these studies — by testing bats allowed to hunt for prey in two
identical free flight chambers (Schaub et al., 2008) — gave subjects a choice between two
identical chambers only differing in noise levels. Bats hunted more in the relatively quieter
chamber, but note that this bat species orientates on the sounds produced by their prey to lo-
cate them. This means that their behaviour can be both interpreted as attraction to the sounds
of their prey (which were audible in the low level noise chamber but masked in the noisy
chamber) or as an avoidance of the noise in the other chamber. Zebra finches are seed eaters
and do not need to hear their prey. By using a comparable two-way choice design for the
first time in a songbird allowed testing of whether noise avoidance per se guided birds’ spa-
tial behaviour. In the experiment, the tested birds avoided noisy conditions to move into a
quieter space. This behaviour would confer an advantage outside the laboratory as comple-
mentary research in zebra finches has already shown that noise negatively impacts zebra

finches: it increases vigilance reducing food uptake during foraging (Evans et al., 2018), af-
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Table 4: Studies using choice set-ups to test noise avoidance behaviour

Zebra finches show spatial avoidance of near but not far distance traffic noise

Species

Choice set-up (m)'

Stimuli*

Noise avoided  Study

Mammals

Reptiles

Fish

Birds

Greater mouse -
eared bat (Myotis
myotis)

Holstein Friesian
cattle (Bos Tau-
rus)

Harbor porpoise
(Phocoena pho-
coena)

Pig (Sus scrof)

Rat (Rattus
norvegicus domes-
tica)

Eastern blue
tongued lizard
(Tiliqua scin-
coides)

Eastern blue
tongued lizard

Zebra fish (Danio
rerio)

Zebra fish (Danio
rerio) and Lake
Victoria cichlid
(Haplochromis
piceatus)

Zebra finch
(Taeniopygia gut-
tata)

Zebra finch
(Taeniopygia gut-
tata)

Moving from quiet
start area into noisy
vs. quiet identical
foraging rooms (2.5
x3x2)

T maze, one end
noise playback

Noisy outdoor (12 x
8 x 2) vs. quiet in-
door pool (8 x 7 x
2)

Operant control of
noise-off switch

Noisy dark box vs.
quiet open enclo-
sure

Row of three cham-
bers from noisy to
quiet?

Row of three cham-
bers from noisy to
quiet’

Two connected
tanks (0.7 x 0.5 x
0.5)

Tank with noisy vs.
quiet zone (2 x 0.35
x 0.45)

Foraging choices
during simultane-
ous playback of
noise and conspe-
cific sounds
Choice noisy vs.

quiet aviary (2 x 2
X 2)

Silence, broadband
or traffic noise ~80
dB, moving vege-
tation 68 dB

Milk factory noise
85dB

Intermittent and
continuous brown
noise between 100
and 130 dB re
1pPa
Transportation
vibration and noise
between 80-90 dB

60 or 90 dB noise
at 2-20, 2-8 and 16
-20 kHz

Highpass > 500 Hz
vs. lowpass < 500
Hz truck noise
82.2-90 dB(A)

74 vs. ~63 dB(A)
noise with high- >
2kHz or low-pass
< 2 kHz mining
machinery noise

White noise 0.1-
1kHz from 120 —
80 dB re 1uPa vs
no playback

Intermittent and
continuous white
noise 122 dB
reluPa

broadband noise
70 dB(A)

Highway noise 55
or 70 dB(A) vs.
no playback

Yes

Yes

Yes

Yes

Yes

No

Yes

No. but in-
crease vigi-
lance

Yes

Schaub et
al., 2008

Arnold et
al., 2008

Kok et al.,
2018

Stephens et
al., 1985

Manohar et
al., 2017

Mancera et
al., 2014

Mancera et
al., 2017

Shafiei Sa-
bet et al.,
2016a

Shafiei Sa-
bet et al.,
2016b

Evans et al.,
2018

Present
research

1 Length x width x height/depth
2 I* and 3" chamber: 0.2 x 0.1 x 0.2, 2" chamber: 0.8 x 0.4 x 0.2
3 I chamber: 0.57 x 0.12 x 0.2, 2" chamber: 0.81 x 0.42 x 0.2 and 3" chamber: 0.5 x 0.12 x 0.2.

4 the reference level of sound pressure is 20 uPa if not mentioned otherwise.

The studies were selected by screening the search results in Web of Science, Google scholar, Mendeley data
and ResearchGate obtained when using the key words: ‘anthropogenic noise’/’noise’ + ‘avoidance’/‘spatial
distribution’ +/ ‘animal’ +/ ‘experiment’.
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fects intra-pair communication (Villain et al., 2016), offspring initial growth rates (Potvin &
MacDougall-Shackleton, 2015), reduces telomere length (Dorado-Correa et al., 2018) and
affects song learning (Funabiki & Funabiki, 2009; Potvin et al., 2016).

To date, only one other study also offered zebra finches a choice between quiet and noisy
spaces: however, this was concurrent with access to food and playback of conspecific vocali-
sations (Evans et al. 2018). Birds showed increased vigilance in noise but little spatial sam-
pling (most birds stayed in the first chamber they entered) and no preferences for quiet ver-
sus noisy cage compartments. This is different from the pronounced spatial choices observed
in the birds in our study. However, the set-up used by Evans et al. (2018) was different in
several aspects from our two-aviary study: a much smaller testing apparatus, individual ra-
ther than group testing of birds, manipulation of food availability, and simultaneous play-
backs of noise and conspecifics. Any of these differences in design could be the reason why
most birds in the set-up by Evans et al. (2018) only entered one compartment and stayed
there. These differences stress the importance of potential context-dependency of active
noise avoidance. Because zebra finches are highly social and engage in almost continuous
acoustic exchange (Elie et al., 2011; L. Gill et al., 2015) when exploring the environment,
behavioural decisions of the birds were likely not only driven by trying to avoid noise but
also by their motivation to find food and/or join other birds after 2 h without food and com-
pany. In our set-up, the zebra finches were tested in groups of four and had ad libitum access
to food, meaning that spatial preferences did not have to be weighted against food or com-
pany. To test whether social context indeed affects noise avoidance behaviour, our or com-
parable set-ups can be used in the future to investigate whether and how social companions
and noisy conditions interact in affecting exploration and/or avoidance tendencies (Coleman
& Mellgren, 1994; Schuett & Dall, 2009; Templeton et al., 2014).

Environmental noise can mask avian communication signals (Brumm & Slabbekoorn, 2005;
Halfwerk & Slabbekoorn, 2015; Derryberry et al., 2016). In a highly social species like the
zebra finch, this could affect group cohesion. Birds could become less explorative as not to
lose visual contact if the exchange of information through vocal signals is impaired through
masking (e.g. Villain et al., 2016). In the tests reported here, group cohesion was generally
strong. In all three playback conditions birds spent around 93% of their time in the group,
suggesting that masking of contact calls is not likely to have influenced group cohesion in
the experiments described here. These percentages may or may not look different for larger
groups of birds or when housed in noisy conditions for longer than during the short tests pre-
sented here. Effects of noise on social behaviour and group structure could be investigated in
the future with our aviary design by specifically monitoring calling behaviour and/or reinfor-

cing it by playbacks (Schepers & Proppe, 2017).
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An aviary study in the laboratory cannot simulate how effects of noise exposure affect spa-
tial preferences and noise-dependent distribution patterns in the field. Conversely, direct cau-
sality between ambient noise and the target species’ behaviour is difficult to establish in the
field where experimentally elevated sound levels could affect individuals directly, but inad-
vertently also affect other organisms in the ecosystem. This may yield indirect effects of
noise on the target species via interactions with other species (Francis et al., 2009; Slab-
bekoorn & Halfwerk, 2009; Hubert et al., 2018). Furthermore, factors like the reproductive
stage or migratory status might affect responsiveness in the field and thus make it difficult to
infer direct effects of noise (Ware et al., 2015). Laboratory studies provide a less natural en-
vironment but can keep potential confounds to a minimum, and can thus demonstrate a de-
terrent effect of traffic noise playback per se. Experiments, both in the field and in the labo-
ratory, thus contribute to our understanding about the causal factors that explain the reduced
species diversity and abundance in noisy versus quiet areas (Blickley et al., 2012; McClure
etal., 2013).

Recording distance dependent response pattern

In the experiment presented here, only the playback of the near- (but not the far-) distance
highway noise affected how often and how long birds spent time in the different aviaries.
These two types of highway noise differed substantially in amplitudes (approx. 15 dB(A))
and this seems the most likely reason why birds only avoided the aviary with playbacks of
near-distance highway noise but not the playback of far-distance highway noise. It is im-
portant to note that the near-distance noise levels at around 70 dB(A) are several orders of
magnitude (dB is a log scale) below the threshold where hearing cell damage occurs in zebra
finches (>110 dB(A); Funabiki & Konishi 2003; Zevin et al., 2004) and well within the
range that wild birds in urban and rural populations may experience (Wickham & Ruiitters,
2003; Barber et al., 2011; Halfwerk et al., 2011b; Gil et al., 2015). This raises the question as
to how easily birds can habituate to noisy conditions and whether birds habituated to high
noise levels would have reacted differently, and/or whether birds found near busy roads have

habituated to the traffic noise, or have no alternative habitat to choose.

The near- and far-distance highway noise recordings used in this study did not only differ in
amplitude but also in their spectral characteristics. Overall, the far-distance highway noise
has less energy at 1-4 kHz than the near-distance noise. This is the range where zebra finch-
es have the lowest hearing threshold. Therefore, moving from near-distance to far-distance
noise, might perceptually release the birds from masking or noxious effects more than just
the absolute reduction in amplitude. It is important to note that this difference in spectral

characteristics is not an artefact of the method, but also applies to near- and far-distance lo-
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cations in the vicinity of real highways. In the field, locations near and further from a high-

way also differ both in amplitude and spectral composition.

What our results unambiguously show is that the birds did not move away from the noisy
conditions because they were unfamiliar with the sounds on the traffic noise recordings or
were startled by it: although the far-distance noise was less loud than the near-distance re-
cording, it was still around 55 dB(A) which is above the level the WHO considers safe for
human chronic exposure (see WHO Environmental Noise Guidelines, 2019). However, play-
backs with these levels did not make the birds move to the quiet aviary. This makes neo-
phobia or startle reactions unlikely explanations for our results but suggests that the louder
near-distance noise (rather than any audible and unfamiliar sound) was being actively avoid-
ed. This avoidance response could prevent the negative impact of noisy conditions on acous-
tic communication, social decision making and foraging which have been reported from oth-
er experimental studies exposing zebra finches to noise playbacks (Swaddle et al., 2006;
Swaddle & Page, 2007; Villain et al., 2016; Evans et al., 2018).

Without being able to pinpoint down the lowest threshold of negative impact yet, the com-
bined evidence from our and other studies suggests that for sound levels from 70 dB(A) and
higher (<15 m to the highway), traffic noise may affect communication, foraging, physiolo-
gy and reproduction (Cynx et al., 1998; Potvin & MacDougall-Shackleton, 2015; Potvin et
al., 2016; Villain et al., 2016; Dorado-Correa et al., 2018). Wild birds of other species that
were chronically exposed to anthropogenic noise were found to have altered glucocorticoid
levels (Kleist et al., 2018; but see Crino et al., 2013), which in turn will raise energy de-
mands (Jimeno et al., 2018). In combination with raised vigilance levels in noisy conditions
(Quinn et al., 2006; Chan et al., 2010), this may further impact fitness prospects in noisy are-
as. Hence, avoiding noisy areas (given a choice) might well be beneficial for the birds and is
in line with observed distribution patterns in the field in different songbird species (Parris &
Schneider, 2009; Arévalo & Newhard, 2011; Goodwin & Shriver, 2011; Herrera-Montes &
Aide, 2011; Proppe et al., 2013) and with avoidance patterns of (experimentally induced)
noisy nest boxes (Kleist et al., 2017; Injaian et al., 2018a) or stopover sites near an experi-
mental ‘phantom road’ (McClure et al., 2013).

The approach used with birds in this study could also be used in other taxa and independent
of taxon specific modes of locomotion, which suggests it could be a suitable method for
comparative work. Table 4 lists a number of species from other taxa that also suggest active
preferences for quiet over noisy space. However, given the methodological differences and
types of stimuli used, absence of such preferences in some of the examples is more difficult

to interpret, for example in the fish studies, where active noise avoidance was not observed
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but where the complexity of sound directivity and propagation underwater, especially in
small tanks makes it difficult to create linear noise gradients (Parvulescu, 1967; Akamatsu et
al., 2002; Slabbekoorn, 2016). This adds to growing realisation that species, type, and level
of anthropogenic noise exposure (and their fluctuations) need better characterisation (S. Gill
etal., 2015).

Conclusions

The birds in our test avoided space with near-distance, high amplitude traffic noise when
given a choice at no cost of reduced access to food or increased risk of predation. This
shows that, although additional (in)-direct factors and interactions will contribute to patterns
in the field, active behavioural avoidance of anthropogenic noise (above a certain threshold)
will likely contribute to the distribution of birds along roads. We here tested only relatively
short-term exposure (hours) and short-term reactions, but the birds clearly showed that given
a choice, they preferred quiet over noisy, when above a particular threshold. Future work
will have to test how habituation may or may not reduce such avoidance behaviour. Traffic
noise is affecting more and more areas on our planet. The chronic noise exposure for ani-
mals living in such areas may detrimentally affect them, but may also make animals avoid
settling in such areas in the first place. It is thus important to keep in mind that sound can
reduce the value of an area of otherwise suitable animal habitat immediately up to quite
some distance away from a given noise source. Assessing the distances and thresholds at
which different species are affected might be an important aspect to consider for better un-

derstanding traffic noise impact and appropriate policy making.
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Appendix

SEM Table 1: Recording locations of the highway noise stimuli

File Location coordinates

Near-Sitel A4 Vlietland 52°06'12.5"N 4°26'28.1"E
Far-Sitel A4 Vlietland 52°06'12.5"N 4°26"28.1"E
Near -Site2 A4 Polderpark Cronesteyn 52°08'12.9"N 4°30'07.5"E
Far-Site2 A4 Polderpark Cronesteyn 52°08'12.9"N 4°30'07.5"E
Near -Site3 A44 Oegstgeest 52°10'34.2"N 4°27'33.4"E
Far-Site3 A44 Oegstgeest 52°10'34.2"N 4°27'33.4"E
Near-Site4 A44 Park Landskroon 52°10722.7"N 4°27'07.6"E
Far-Site4 A44 Park Landskroon 52°10722.7"N 4°27'07.6"E

Formula used to calculate dB FS

dB to full scale (dB FS) conversion formula used in editing stimuli and making figure 2 and
3.

Step 1: Relative amplitude to full scale (0, 1] = Positive Sample / maximal positive value
Negative sample / minimal negative value

Step 2: Relative dB to full scale (-o0, 0] = 20 * log;,Retive amplitude to full scale)
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