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Anthropogenic noise levels are steadily increasing worldwide and may potentially affect many species. Short-term experimental noise 
exposure under field and lab conditions has revealed that noise can affect the behavior and physiology of birds. However, few stud-
ies have been able to link these short-term effects to longer-term consequences. Here, we report on 2 long-term noise exposure field 
experiments to assess the direct and indirect effects of noise on avian reproductive success. In one experiment, we provided 2 types of 
nesting sites in our study area, a nest-box with traffic noise broadcast inside, as well as a control nest-box. We found great tits (Parus 
major) to avoid breeding in noisy nest-boxes, in particular when they had both nest-box types available in their territory. Interestingly, 
we found blue tits (Cyanistes caeruleus) to breed more often in the noisy nest-boxes compared with the control nest-boxes. In another 
experiment, we randomly assigned nest-box treatments to breeding great tits after settlement and started noise exposure prior to egg 
laying or hatching. We found no significant effect of noise treatment on clutch size, number of fledglings, or any other life-history trait 
we measured. Our results show that great tits avoid breeding in noisy locations. Birds that are however forced to breed in noise, either 
through experimental manipulation or potentially through competitive exclusion, do not suffer from reduced reproductive success. 
Thus, anthropogenic noise can affect settlement behavior, but breeding inside a noisy nest-box has no reproductive consequences, at 
least not for great tits.

Key words: anthropogenic noise, Cyanistes caeruleus, heterospecific resource competition, nest site selection, Parus major, 
reproductive success.

INTRODUCTION
Urbanization is rapidly changing large parts of  the world, affect-
ing the abiotic environment as well as the distribution and per-
formances of  many animal species (Clergeau et  al. 2006; Davis 
2011). Anthropogenic noise is an important urban component 
and has been repeatedly linked to changes in spatial distribution, 
species richness, as well as reproductive success (Slabbekoorn and 
Ripmeester 2008; Kight and Swaddle 2011; Francis and Barber 
2013). Long-term field studies carried out over the course of  
multiple breeding seasons have reported reduced (breeding) den-
sities and species diversity in areas with high levels of  anthropo-
genic noise (e.g., in birds: Reijnen and Foppen 1995; Bayne et al. 
2008; Francis et al. 2009; bats: Berthinussen and Altringham 2012; 
Bunkley et  al. 2015; and frogs: Parris et  al. 2009; Hoskin and 
Goosem 2010). However, in many cases, noise levels are correlated 

with other changes in habitat quality, and experiments are neces-
sary to determine causation.

Experimental exposure studies have revealed several potential 
mechanisms that may underlie the negative relationships between 
anthropogenic noise levels and species performances. Noise can 
overlap in frequency with signals and cues and thereby mask cru-
cial information for mate attraction, territory defense, foraging, 
or predator avoidance (Brumm and Slabbekoorn 2005; Francis 
and Barber 2013). Noise may also disturb animals and thereby 
alter stress physiology or energy/time budgets (Slabbekoorn and 
Ripmeester 2008; Kight and Swaddle 2011; Francis and Barber 
2013). Finally, noise may distract animals and interfere with non-
acoustic perceptual or cognitive processes (Chan and Blumstein 
2011; Halfwerk and Slabbekoorn 2015).

Most of  the experimental noise exposure studies have been 
carried out in the lab and mostly focused on short-term effects, 
spanning a range of  minutes to hours. Only few field studies 
have exposed free-ranging animals to elevated noise levels for a 
prolonged time (e.g., in the range of  weeks to multiple breeding Address correspondence to W. Halfwerk. E-mail: w.h.halfwerk@vu.nl.
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seasons; Blickley et  al. 2012; Halfwerk et  al. 2012; Nedelec et  al. 
2014; Angelier et  al. 2016; Ware et  al. 2015). These studies pro-
vide some insight into the different mechanisms by which noise 
affects animals over longer periods, as well as ways these animals 
use to deal with this noise. Blickley et  al. (2012) exposed Greater 
Sage-Grouse (Centrocercus urophasianus) leks to anthropogenic noise 
as well as control conditions and found males to avoid noisy sites 
for 3 subsequent years. A study at migratory stopover sites showed 
that several bird species avoided an experimentally noisy area, 
whereas other species that stayed at noisy sites showed reduced 
food uptake when compared with a quiet control area (Ware et al. 
2015). A  noise exposure study during the breeding phase found 
an impact on within-pair communication in great tits (Parus major) 
but also reported habituation to noise in a few days time (Halfwerk 
et  al. 2012). Finally, studies on breeding house sparrows (Passer 
domesticus) found a behavioral impact of  noise, but no effect on lay 
date or clutch size (Meillère et al. 2015; Angelier et al. 2016). The 
only experimental evidence that noise can affect breeding behavior 
comes from a lab study on zebra finches that found higher embryo 
mortality rates and lower hatchling weight for birds exposed to 
5 days of  noise (Potvin and MacDougall-Shackleton 2015). Nestling 
weight differences with a control group of  breeding birds did how-
ever disappear over the course of  a few days.

Anthropogenic noise may potentially affect animals at all life-his-
tory stages (Francis and Barber 2013). Whether noise has long-term 
population consequences (as suggested by many studies relating 
breeding numbers to local noise levels) thus depends ultimately on 
the ability of  individuals to adjust their behavior and physiology 
throughout their lives. The long-term field experiments on foraging 
and communication show that some animals adjust behaviorally by 
avoiding noisy areas. We lack however experimental evidence from 
the field for an impact of  anthropogenic noise on (lifetime) repro-
ductive success (Halfwerk et al. 2011b) and we consequently do not 
know how most of  the different short-term effects of  noise translate 
to the longer-term population level consequences.

Anthropogenic noise also has the potential to alter species inter-
actions (Slabbekoorn and Halfwerk 2009; Francis and Barber 
2013). Chronic noise produced by gas compressor stations has, 
for example, been found to reduce egg predation by jays (Francis 
et  al. 2009). The same study also reported higher breeding num-
bers of  several of  the jay’s target species, suggesting that birds can 
sometimes benefit indirectly from the negative impact of  noise on 
their predators. Noise may have similar effects on the interaction 
between species that compete over food or other limiting resources, 
such as, for example, nesting cavities (Slabbekoorn and Halfwerk 
2009).

We studied the impact of  noise on cavity breeding birds in 2 
long-term experiments carried out in 2 different years. We focused 
on the great tit (P. major) and the blue tit (Cyanistes caeruleus), 2 song-
birds species that are known to breed and compete over nest-boxes 
(Minot and Perrins 1986; Kempenaers and Dhondt 1991). Both 
songbirds are well-studied species in the context of  reproductive 
success and population dynamics and known to breed readily in 
noisy urban areas and along busy highways (Reijnen et  al. 1995). 
Furthermore, great tits in particular have been extensively stud-
ied in the context of  anthropogenic noise (Halfwerk et  al. 2011a, 
2011b, 2012; Pohl et  al. 2012; Naguib et  al. 2013). Exploration 
of  a long-term data set collected along a traffic noise gradient 
revealed, for example, a negative correlation with clutch size and 
the number of  fledged offspring (Halfwerk et  al. 2011b). We do 
however not know the causal link between high noise levels and 

lower reproductive success. Noise may have a direct effect on vari-
ous life-history traits, such as start of  egg laying, female investment 
in clutch size and egg volume, stress physiology, chick begging 
behavior, and/or parental feeding provisioning (Francis and Barber 
2013). Alternatively, individuals in good condition (thus capable of  
laying bigger clutches and fledging more young) may avoid breed-
ing in noisy areas (Halfwerk et al. 2011b), or habitats close to noisy 
areas are more disturbed and thus of  lower quality.

In a first experiment, we exposed pairs of  great tits to 2 different 
noise treatments and 1 control condition. One group received noise 
from the start of  laying until fledging of  their young (“noise laying” 
here after), whereas an other group received noise from incubation 
until fledging (“noise chicks” here after). Based on the results from 
previous studies, we expected birds from the noise laying group to 
lay smaller clutches and birds from both noise treatment groups to 
fledge fewer chicks with lower fledging mass compared with the 
control group. In a second experiment, we provided nest-boxes 
before nest building with and without noise played inside and tested 
for an effect of  noise on nest-box occupancy rates of  both blue tits 
and great tits. Based on patterns of  reduced breeding densities in 
noisy areas, we expected birds to avoid breeding in noise. During 
the course of  our study, we realized however that not all pairs had 
the same choice. We subsequently expected occupancy patterns 
to be depended on nest-box availability and that blue tits would 
have to settle for noisy nest-boxes when the bigger great tits would 
choose to breed in nearby control boxes.

MATERIALS AND METHODS
Study site and species

We carried out noise exposure experiments in 2009 and 2010 in 
the mixed woodlands of  “Nationaal Park Dwingelderveld” in 
the Netherlands (NL, 52°49′N, 6°22′E). Nest-boxes were situ-
ated at 4 different sites (Dwingelderveld, Lheebroek, Bosrand, and 
Anserdennen) that either contained 50 or 100 nest-boxes (total of  
300), laid out in a grid, with an inter-nest-box distance of  ~50 
m. The wooden nest-boxes are 10 × 10 × 20 cm (w × l × d) with an 
entrance hole of  ~32 mm and are used by several songbird species 
throughout our study area: most commonly great tit, pied flycatcher 
(Ficedula hypoleuca), and blue tit, and in lower numbers: Eurasian 
nuthatch (Sitta europaea), tree sparrow (Passer montanus), and marsh 
tit (Poecile palustris). Habitat varied from predominantly Pendinculate 
oak (Quercus robur) to areas dominated by Scottish pine (Pinus syl-
vestris) and mixes of  these species with other tree species. All sites 
were located inside a natural area, although most sites were crossed 
by unpaved roads or bike lanes. Only one of  the sites (Lheebroek) 
was located near a major highway (±1 km away). Depending on 
the wind conditions, traffic noise could be heard faintly in all our 
sites. Nevertheless, noise levels measured at a subset of  nest-boxes 
sampled from all 4 sites were relatively low at 36.9 dB (see Halfwerk 
et  al. 2012 for details), mainly caused by natural sounds such as 
wind or singing birds.

We focused on the effect of  noise on reproductive success on 
cavity breeding songbirds. We focused in particular on 2 spe-
cies, the great tit and the blue tit, that have been shown to alter 
their communication in response to anthropogenic noise (see, e.g., 
Slabbekoorn and Peet 2003; Halfwerk et  al. 2011a; Lucass et  al. 
2016).

In 2009, we only exposed breeding great tits to noise, whereas in 
2010, we provided all cavity breeders a choice between noisy and 
control nest-boxes. We mapped great tit territories from the end 
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of  March till early April by visiting pairs on different days and by 
tracking their movements and territorial disputes for 30 min using a 
GPS (Garmin 60Csx). We returned to visit pairs until we mapped 
all territorial boundaries inside our study area (which could take up 
to 6 consecutive days). At the start of  the experiments, we scored 
nest building behavior of  all species occupying our nest-boxes on 
every other day. At the start of  egg laying, we switched to weekly 
routine checks until fledging of  chicks.

General noise exposure setup

We exposed birds inside nest-boxes to artificially generated low-fre-
quency traffic noise (filtered white noise in the range of  1–10 kHz 
with a decrease of  6.5 dB/kHz; Halfwerk and Slabbekoorn 2009) 
using full-range speakers (Peerless, 2.5  inch) connected to an mp3 
player and battery pack hidden under the leaf  litter. We extended 
the normal nest-box by removing the roof  and adding a second 
box on top (made of  the same material), inaccessible by the birds, 
but with a hole at the bottom, for both noise and control nest-
boxes (Figure 1). We inserted a speaker at a height of  15 cm within 
this second box to allow playback of  noise mimicking conditions 
inside as if  the nest-box was situated at 50 m from a major high-
way (Halfwerk et  al. 2011b; Halfwerk et  al. 2012; Halfwerk and 
Slabbekoorn 2014; Figure  1). Noise was played at ~65 dB (SPL, 
A-weighted, measured at the position of  the female with a Cesva 
SC-30 sound analyzer) day and night in 30-min loops with 10 s 
in between subsequent playback of  the loop file with a ramp off 
to silence and a ramp up to full exposure again to avoid abrupt 
changes in noise level. Previous measurements of  temporal varia-
tion in noise of  a busy highway indicated that the level remains 
constant throughout most of  the day and we therefore decided to 
play noise continuously at the same amplitude.

Experiment 1: effect of noise on reproductive 
success

In 2009, we carried out our first noise experiment in 3 different 
sites (Lheebroek, Dwingelderveld, and Bosrand). Within each site, 
we selected triplets of  nest-boxes in which great tits had started nest 
building. Each nest-box of  a triplet was randomly assigned 1 of  3 
noise treatments: noise started prior to egg laying (here after “noise 
laying”), noise started prior to hatching (here after “noise chick”), 

and a silent control condition (here after “control”). We placed 
the top box containing the speaker when a nest was close to being 
finished (day 1 of  the experiment, when animal fur was added on 
top of  a moss layer). We started noise playback on the next day for 
the “noise laying” treatment. For the “noise chick” and “control” 
treatment, we also placed the top box on day 1 and returned to 
the nest-box on day 2 to keep handling procedure the same across 
treatments. For this experiment, we ended up with 97 nest-boxes 
in which we observed great tit breeding activity. A  subset of  nest-
boxes was abandoned prior to the egg-laying phase (12 noise lay-
ing, 9 noise chick, 8 control). We do not know whether these birds 
settled for a different nest-box, bred outside our study area, or did 
not breed at all and therefore decided to remove these nest-boxes 
from our final analyses. We returned to the nest-boxes 5 days after 
start of  incubation to start the “noise chick” treatment or to replace 
batteries for the “noise laying” treatment. This way we ensured that 
noise was on prior to hatching. Noise exposure was stopped after 
chicks had fledged for both treatments.

Experiment 2: effect of noise on nest-box choice

In 2010, we carried out a nest-box choice experiment at 2 of  our 
study sites (Bosrand and Anserdennen, both populations with 50 
nest-boxes). We used 78 nest-boxes and temporarily closed the 
remaining 22 boxes to reduce the amount of  available breeding 
options. Nest-box treatments were alternated across the rows of  the 
grids, with the treatment of  the first nest-box in each row randomly 
assigned. Noise exposure started on the 24th of  March before any 
of  the pairs had started nest building and coincided with the period 
of  territorial settlement in 2010 in our study area. Consequently, 
some pairs ended up with only 1 nest-box in their territory, whereas 
others had a choice between a noisy and a quiet nest-box (see 
Figure  2 for a map with the locations of  nest-boxes and great tit 
territorial ranges). Based on our territorial mapping, we scored for 
each pair the number and type of  available nest-box and used that 
in our analyses of  nest-box occupancy patterns. Furthermore, we 
noted during our weekly routine checks that nest-box choice by 
great tits potentially affected nest-box availability for other species 
and decided to include blue tit nest-box occupancy as well. Over 
half  of  the broods of  experiment 2 failed during a sudden tem-
perature drop in early May 2010. We were consequently not able 

(a) (b)

Figure 1
Experimental setup for noise exposure inside nest-boxes. (a) Artificial nest-box, made of  wood and a metal plate around the entrance to keep out woodpeckers. 
(b) Experimental nest-box to play noise inside. We extended the normal nest-boxes in our study area with a wooden box, made from the same material. Inside 
the extended box we placed a speaker for noise playback, at ~15 cm away from the position of  the female when roosting. The automatic recorder attached to 
the opposite side of  the nest-box tree was used to record acoustic interactions between male and female in previous studies. Control nest-boxes only different 
in not having noise played inside.
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to reliable estimate the effect of  choice or noise on life-history traits 
other than lay date and clutch size.

Data collection

For experiment 1, we obtained life-history data on lay date (day 
of  first egg laid), final clutch size, number of  hatchlings, and num-
ber of  fledglings during weekly routine checks. We measured egg 
volume (using analogue calipers) during the incubation phase and 
banded hatchlings 3  days after hatching. We measured nestling 
mass (with an analogue scale) on day 7 (with day 0 = hatching day) 
and measured fledging mass (weight of  the chicks at day 14). We 
calculated chick growth for each individual by taking the differ-
ence between day 7 and fledgling weight. We checked nest-boxes 
after fledging for any dead chicks. Male and female great tits were 
caught on the nest at day 7, or if  we failed to catch them on that 
day, we took another attempt on day 14 (we caught 76% of  the 
males and 87% of  the females). We color-banded adult individuals 
and we measured weight (with the scale) and tarsus length (with 
the calipers) and determined age based on greater covert color (first 
year or older) of  both sexes. For experiment 2, we regarded a nest-
box as occupied by either great tit or blue tit once an egg was laid.

Data analyses

We constructed (generalized) linear models (GLMs) using the glm 
function from the package lme4 (R Team 2012; version 3.0). We 
used a model selection procedure to selected optimal link-functions 
and variance distribution based on Akaike’s Information Criterion 
of  each model (Zuur et  al. 2009). We tested all models for nor-
mality of  the residuals and examined q–q plots to assess overdis-
persion. Models that did not meet the model assumptions were 

discarded. Clutch size and egg volume model used a Gaussian 
variance distribution and a square-root link-function and included 
lay date as covariate. Number of  hatchlings and fledglings mod-
els used a Gaussian variance distribution and identity link-function 
and included lay date as covariate. Chick growth (averaged per 
nest-box) and fledging weight (averaged per nest-box) models used 
a Gaussian variance distribution and identity link-function and 
included lay date and clutch size as covariate. Models with male 
and female weight as dependent variable used a Gaussian variance 
distribution and identity link-function and included tarsus size as 
covariate. All models included site as fixed effect.

We used the Anova function from the package car to test for a sig-
nificant effect of  noise treatment on each of  the life-history traits. 
Pairs from the “noise chick” group did not receive noise during egg 
laying and we therefore decided to group these pairs with control 
pairs for the clutch size and egg volume models.

We also ran a power analysis using the package pwr in R to 
determine the smallest difference we could statistically detect 
with our data set at a significance level of  0.05 and power of  
0.8. For clutch size, we used a test for unequal sample sizes, 
whereas for number of  hatchlings and fledglings and fledging 
mass, we used a test for multiple groups, with sample sizes set 
to the group with lowest sample size. The power analyses pro-
vided an effect size, which we divided by the standard deviation 
(SD) of  our study population to calculate the smallest detectable 
difference between treatment groups. We compared this detect-
able difference with the expected differences based on parameter 
estimates from Halfwerk et al. (2011b). Parameter estimates were 
multiplied by 30, the difference in dB between noise and control 
treatment group.

house

paved road

meadow

great tit control NB
great tit noise NB
blue tit control NB
blue tit noise NB
unoccupied control NB
unoccupied noise NB
great tit 
territorial boundary

Figure 2
Example of  nest-box choices by great tits and blue tits at one of  our study sites. Map of  the area “Bosrand” that is characterized by a mixture of  meadows 
(light gray shading) and woodlands (dark gray shading, consisting mainly of  oak trees). Shown are noisy nest-boxes (black symbols) and control nest-boxes 
(gray symbols) used for our nest site selection experiment. We mapped great tit territories (white circled areas) by tracking focal pairs on several mornings 
during the period of  territory defense. After egg laying, we scored whether nest-boxes were occupied by great tits (square symbols), blue tits (circular symbols), 
or left unoccupied by both species (triangular symbols). Note that in this example, 15 great tit pairs had only one type of  nest-box, whereas 7 great tit pairs 
had both types inside their territorial boundaries. Also note that 7 blue tit pairs that bred within great tit territorial boundaries had settled for a noisy nest-
box, whereas the 3 blue tit pairs that were found in a control nest-box seemed to have had multiple nest-boxes to choose from.
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Nest-box occupancy rates were analyzed using GLMs in R, with 
occupancy as dependent variable (0 or 1), a binomial error distri-
bution, a logit link-function, treatment (noise or control), site, and 
lay date as fixed effects. We used the Anova function from the pack-
age car to test for significant differences in occupancy rates between 
noisy and control nest-boxes. In a first analysis, we calculated the 
probability that a nest-box was occupied, including all available 
nest-boxes, and determined whether this probability depended on 
noise treatment. In a second analyses, we repeated this procedure 
but tested for occupancy rates of  great tits and blue tits separately 
(for the other species, we had sample sizes of  <5 nest-boxes).

In a third analysis, we only included nest-boxes located inside 
great tit territories with both types of  treatment available (see 
Figure 2 for some examples of  territories containing multiple nest-
boxes). We also removed nest-boxes that were occupied or taken 
over by other species (nuthatch or tree sparrow, which are domi-
nant over both tit species) from further analysis. In a fourth analy-
sis, we removed nest-boxes used by great tits to assess the exclusion 
effect on blue tits nest-box occupancy. Additionally, we ran a bino-
mial test to assess whether the subset of  great tit pairs with multiple 
nest-boxes in their territories made a choice between treatments. 
Nest-box choice was not confounded by lay date: the start of  laying 
did not differ between the 2 tit species nor did noise treatment of  
the chosen nest-box have an effect on laying date within species.

RESULTS
Experiment 1: no significant effects of noise on 
reproductive success

Our experimental year was characterized by a narrow peak of  egg 
laying (mean = 17.11 with 1 April being day 1, SD = 3.25, range 
11–25) and egg hatching (mean = 39.88, SD = 3.09, range 33–50). 
Caterpillars were highly abundant with our sampling trees being 
defoliated on average by 75%, and the caterpillar peak was around 
9 May (Both C, personal communication). Hatching thus coincided 
with the date of  the caterpillar peak, but because of  the high caterpil-
lar abundance, most nestlings grew under favorable food conditions.

In our experiment, we successfully exposed 18 breeding great 
tits to long-term noise from the start of  egg laying until fledging  
of  the chicks, 20 pairs from the start of  hatching until fledging of  
the chicks, and 30 to control conditions. Pairs started laying eggs 
in the “noise-laying” treatment on average 1.24 days after the start  
of  the noise playback (SD  =  0.75, range 0–3). Lay date had a  
strong effect on clutch size as well as the number of  hatchlings 
and fledglings with birds that started laying eggs later having lower 
number of  offspring (Table 1). Lay date or clutch size had no sig-
nificant effect on chick growth or fledging mass, presumably as a 
result of  favorable foraging conditions in our experimental year.

Contrary to our expectations, birds from the noise laying group 
had bigger clutches compared with the control group, but the 
effect was not significant (Table  1). Birds from both noise treat-
ment groups also had a nonsignificant higher number of  hatch-
lings and fledglings, as well as a nonsignificant higher fledging mass 
when compared with the control group (Table 1). A power analysis 
revealed that the detectable differences (based on our sample size 
and SDs) were smaller than the expected differences (based on cor-
relational data from Halfwerk et al. 2011b; Table 2).

Experiment 2: effects of noise on nest-box choice

Our experimental treatment started 5  days before the first nest 
building was observed in any nest-box and on average 24  days 

before the start of  egg laying. Almost all nest-boxes were occupied 
by a songbird species by the end of  the experiment. The occu-
pancy rates for noisy nest-boxes were nevertheless found to be 
lower (82.6%) compared with the control nest-boxes (95.6%; GLM,  
Nnest-boxes = 78; degrees of  freedom [df] = 1; χ2 = 4.98; P = 0.026). 
Most of  our nest-boxes were occupied by great tits (37) and to a 
lesser extent by blue tits (20), nuthatches (5), tree sparrows (3), marsh 
tit (1), and pied flycatcher (1). The different species showed differ-
ent occupancy rates depending on nest-box noise treatment. Great 
tits occupied a control nest-box significantly more often compared 
with a noisy nest-box (χ2 = 4.73; P = 0.030; Figure 3a). Nuthatches 
showed a similar pattern, with all 5 pairs breeding in a control 
box. Interestingly, blue tits showed an opposite pattern, with more 
birds found breeding in noisy compared with control nest-boxes 
(χ2  =  5.32; P  =  0.021; Figure  3a). Two tree sparrow pairs were 
found to breed in the noisy nest-box, whereas 1 tree sparrow pair, 1 
pied flycatcher pair, and 1 marsh tit pair bred in a control nest-box.

We carried out several follow-up analyses in which we took 
nest-box availability into account. We determined great tit territo-
rial boundaries and counted the number of  available nest-boxes 
inside these territories. Great tit pairs had an average territory 
size of  0.36 ± 0.14 ha that contained on average 1.7 (range 1–6) 
nest-boxes (see Figure  2 for some examples). In 13 great tit terri-
tories, a pair could choose between noise and control boxes, and 
in these territories, we found a much stronger effect of  noise on 
nest-box occupancy for both tit species (Figures 2 and 3b). Great 
tits almost exclusively choose to breed in the control nest-box (bino-
mial test: N = 13, proportion control nest-boxes = 0.52; P = 0.004). 
We repeated the analyses on nest-box occupancy rates only includ-
ing nest-boxes inside great tits territories with both types available. 
This follow-up analysis confirmed that great tits were more often 
found to occupy the control nest-box (Nnest-boxes  =  37; χ2  =  13.5; 
P < 0.0001; Figure 3b), whereas blue tits breeding inside these great 
tit territories were found to occupy the noisy nest-boxes more often 
(Nnest-boxes = 37; Nblue tit pairs = 13; χ2 = 10.0; P = 0.002). Finally, when 
we excluded the nest-boxes occupied by great tits as a choice option 
from the analysis, the difference in occupancy disappeared for blue 
tits (Nnest-boxes = 24; χ2 = 20.15; P = 0.14). Great tit pairs occupying 
territories with only 1 nest-box treatment did not differ in occu-
pancy of  either noisy or control treatment nest-boxes (binomial 
test: N = 24; P = 0.50).

DISCUSSION
We exposed great tits during 2 breeding seasons to artificial traf-
fic noise inside their nest-boxes. In the first year, we experimentally 
forced pairs to breed in noise or control conditions. We exposed 
breeding birds to noise during the egg laying and nestling stage, 
but we found no significant effect of  our treatment on any of  the 
life-history traits that we measured. In the second year, we provided 
nest-boxes in our study area with and without noise broadcast 
inside during the period of  nest territory defense and nest site selec-
tion. We found great tits to occupy control boxes more often than 
noisy boxes. Interestingly, we found an opposite pattern for blue 
tits, which was likely caused by blue tits settling for the nest-boxes 
that remained empty after great tits had made their choice.

No experimental evidence for negative impact of 
breeding in noise

A long-term population study on great tits breeding along a traffic 
noise gradient reported a negative correlation between noise levels 
and clutch size (Halfwerk et al. 2011b), with about 1 egg difference 

from close to the highway (ca 65 dB) to further away (ca 45 dB). 
Furthermore, traffic noise has been shown to mask male–female 
communication (Halfwerk et al. 2011a) and we therefore did expect 
noise-exposed females to invest less in their clutches. Given the mag-
nitude of  our experimental manipulation (more than 30 dB differ-
ence with ambient noise), we had expected birds from the noise 
treatment to lay 1–2 eggs less. In contrast, birds were found to pro-
duce on average bigger clutches (0.6 eggs more) in noise, although 
the differences with the control group were statistically not significant.

We also did not find a significant effect of  noise exposure inside 
the nest-box on chick growth, fledging mass, or the number of  
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from close to the highway (ca 65 dB) to further away (ca 45 dB). 
Furthermore, traffic noise has been shown to mask male–female 
communication (Halfwerk et al. 2011a) and we therefore did expect 
noise-exposed females to invest less in their clutches. Given the mag-
nitude of  our experimental manipulation (more than 30 dB differ-
ence with ambient noise), we had expected birds from the noise 
treatment to lay 1–2 eggs less. In contrast, birds were found to pro-
duce on average bigger clutches (0.6 eggs more) in noise, although 
the differences with the control group were statistically not significant.

We also did not find a significant effect of  noise exposure inside 
the nest-box on chick growth, fledging mass, or the number of  

fledglings. Noise has been shown to affect parent–offspring com-
munication, with parents responding less to their chicks and chicks 
responding less to their parents during noise treatments (Leonard 
and Horn 2005, 2008; Francis and Barber 2013). Such negative 
effect of  noise on communication could potentially lead to reduced 
food provisioning by parents, reduced chick growth, and ultimately 
fledging success (Schroeder et al. 2012). Studies on begging behav-
ior by nestling tree swallows (Tachycineta bicolor) did however show 
that birds can alter their begging calls in response to noise and 
thereby restore feeding and growth rates as well as fledging suc-
cess (Leonard and Horn 2005, 2008). Furthermore, experimental 

Table 1
No effect of  noise on life-history traits

Dependent variable Fixed effects Parameter estimate SE χ2 df P-value

Clutch size (n = 68; R2 = 0.25) Intercept 13.76 1.22
Lay date −0.22 0.07 8.79 1 0.003
Noise 0.59 0.47 1.58 1 0.209
Site (LB) 0.25 0.54 5.56 2 0.062
Site (BR) 1.18 0.51

Egg volume (n = 68; R2 = 0.05) Intercept 1.45 0.08
Lay date 0.00 0.01 0.79 1 0.375
Noise −0.02 0.03 0.46 1 0.496
Site (LB) −0.01 0.04 2.50 2 0.286
Site (BR) 0.05 0.04

Number of  hatchlings (n = 64; R2 = 0.21) Intercept 11.29 1.67
Lay date −0.21 0.10 4.42 1 0.035
Noise (laying) 0.61 0.69 1.11 2 0.575
Noise (chicks) 0.65 0.57
Site (LB) 1.28 0.74 9.46 2 0.009
Site (BR) 2.08 0.69

Chick growth (n = 59; R2 = 0.13) Intercept 654.38 201.09
Lay date 8.76 6.53 1.80 1 0.180
Clutch size −6.38 13.18 0.23 1 0.629
Noise (laying) −6.56 43.20 2.32 2 0.314
Noise (chicks) −56.45 38.79
Site (LB) −70.98 46.91 3.92 2 0.141
Site (BR) 20.81 44.14

Number of  fledglings (n = 58; R2 = 0.20) Intercept 10.70 1.56
Lay date −0.17 0.09 3.23 1 0.072
Noise (laying) 0.55 0.66 1.07 2 0.584
Noise (chicks) 0.54 0.61
Site (LB) 1.52 0.73 10.01 2 0.007
Site (BR) 1.94 0.64

Fledging mass (n = 58; R2 = 0.13) Intercept 20.45 1.23
Lay date −0.06 0.04 2.11 1 0.146
Clutch size −0.18 0.08 4.85 1 0.028
Noise (laying) 0.26 0.26 2.15 2 0.342
Noise (chicks) 0.33 0.24
Site (LB) 0.33 0.29 2.31 2 0.315
Site (BR) 0.38 0.27

Female mass (n = 52; R2 = 0.33) Intercept 4.91 3.61
Tarsus size 0.66 0.19 12.34 1 <0.001
Noise (laying) 0.14 0.28 3.25 2 0.197
Noise (chicks) 0.44 0.25
Site (LB) 0.08 0.25 1.27 2 0.530
Site (BR) 0.31 0.28

Male mass (n = 44; R2 = 0.33) Intercept 4.10 3.35
Tarsus size 0.70 0.17 17.45 1 <0.001
Noise (laying) −0.08 0.27 0.34 2 0.842
Noise (chicks) −0.15 0.26
Site (LB) 0.10 0.25 0.22 2 0.895
Site (BR) −0.04 0.29

Output of  GLMs based on data obtained in experiment 1. Units for egg volume are milliliters, for chick growth grams (weight gain from day 7 till day 14 post-
hatching) and for fledging, male and female mass also grams. For clutch size and egg volume, we pooled pairs from the noise chicks treatment with the controls 
as these pairs did not receive noise prior to or during laying. Sample sizes and model fit (R2) are indicated for each life-history model. Parameter estimates and 
standard errors (SEs) were calculated per treatment group. Noise treatment and site consisted of  3 groups: laying = group that received noise from start of  
laying until fledging; chicks = group that received noise from incubation until fledging; LB = site Lheebroek; BR = site Bosrand.
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nest-box exposure to breeding house sparrows (P.  domesticus) also 
showed no effect of  noise on chick growth or fledging success 
(Angelier et  al. 2016). Another study on captive white-crowned 
sparrows (Zonotrichia leucophrys) even found (counterintuitive) posi-
tive effects of  noise on nestling physiology and growth (Crino et al. 
2013). Finally, Potvin and MacDougall-Shackleton (2015) exposed 
captive zebra finches to noise and found an impact on hatchling 
weight, but differences disappeared at the moment of  fledging. 
These studies together with ours seem to suggest that birds can 
adjust to noise inside the nest-box over time. However, the effect of  
noise may depend on individual differences, such as baseline stress 
levels or coping styles (Naguib et al. 2013; Potvin and MacDougall-
Shackleton 2015), something that needs to be taken into account 
for future studies.

High levels of  noise may also cause chronic stress that can 
translate to a reduction in body weight or reduced investment in 
the clutch by females (Kight and Swaddle 2011). Female great tits 
roosted in their experimental nest-box during the night and females 
from the noise treatment spend therefore most of  their time in a 
noisy environment. We did not measure stress physiology directly, 
but we would expect at least to find an effect of  noise on clutch 
size, egg volume, or female body weight to support this hypothesis. 
A  recent noise exposure study on captive zebra finches found no 

effect on stress hormone levels and also no effect on clutch size con-
firming our results (Potvin and MacDougall-Shackleton 2015). The 
authors did however find higher embryo mortality rates in the noise 
treatment group, showing that noise has the potential to reduce 
reproductive output, at least under captive conditions.

Effects of noise on nest-box choice and species 
interactions

In a second experiment, we provided noisy and quiet control nest-
boxes in our population before the start of  the breeding season. 
Some great tit pairs ended up with only one type of  nest-box in 
their territory, whereas other great tit pairs had multiple nest-boxes 
to choose from. We found that great tits avoided breeding in noisy 
nest-boxes when individual pairs had choice available inside their 
territory. We also found great tits to settle for a noisy nest-box when 
they had no other option to choose from. Great tits do not always 
defend territories and these nondefending birds typically invade 
another pairs territory after the period of  territory defense has 
ceased (Dhondt and Schillemans 1983; Both 2004). Nondefending 
birds are also known to lay smaller clutches and fledge fewer chicks 
(Dhondt and Schillemans 1983). Some of  the birds in our study 
that had settled for a noisy nest-box were not seen defending terri-
tories during our focal observations. These birds may also have had 

Table 2
Statistical power of  experiment 1 and the expected effect of  noise treatment

Dependent variable

Group sample size

SD

Effect of  noise

Laying Chicks Control Detectable Expected

Clutch size 18 50 1.89 1.30 −1.59
Number of  hatchlings 17 20 27 2.09 0.94 −1.17
Number of  fledglings 15 18 25 2.09 1.00 −1.32
Fledging mass 15 18 25 0.78 0.37 −0.94

We carried out power analyses on 4 life-history traits for which we had correlative data on the effects of  noise. For each life-history trait, we calculated the 
minimal effect size that could be detected based on our sample sizes, using a power of  0.8 and a P-value of  0.05 and SDs from our study area. Expected 
differences were based on data from Halfwerk et al. (2011b). Data on clutch size from the noise chick group were pooled with the control group because this 
group of  birds did not receive noise treatment during laying. Detectable differences were smaller than expected differences for all 4 life-history traits.
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Figure 3
Species-specific impact of  anthropogenic noise on nest-box occupancy rates. Shown are the number of  occupied nest-boxes per treatment for 2 bird species 
(the great tit and blue tit) that are known to compete over nest sites. (a) Great tits were found significantly more often to breed in quiet control nest-boxes 
compared with noisy nest-boxes. Blue tits showed an opposite pattern. (b) The effect of  noise on nest-box occupancy patterns becomes stronger when taking 
territorial boundaries into account. A subset of  great tit pairs had both nest-box types inside their territorial boundaries. When limiting our analysis to the 
set of  nest-boxes from these territories, we found all but one great tit pair to choose the quiet control nest-box. A subset of  blue tits was also found to breed 
within the territorial boundaries of  a great tit pair. Blue tits in these territories were found to occupy the remaining noisy nest-boxes.

lower reproductive output, which would have lead to an indirect 
relationship between noise exposure and breeding performance.

We also found blue tits to occupy noisy nest-boxes more often 
than quiet control nest-boxes. The most likely explanation for this 
counterintuitive pattern is that blue tits are forced out of  quiet nest-
boxes by great tits and consequently need to settle for the remain-
ing nest-boxes that happen to be noisy by chance. Great tits are 
dominant over smaller blue tits and are known to be able to exclude 
blue tits from nesting when cavities are limited (Kempenaers and 
Dhondt 1991). Furthermore, when we focused on the subset of  
blue tit pairs that had a nest-box inside the territorial boundaries 
of  a great tit pair, we found the effect of  noise on nest-box occu-
pancy pattern to become stronger. These findings suggest that noise 
may affect heterospecific competition over resources (Slabbekoorn 
and Halfwerk 2009), although further tests would need to reveal 
whether these patterns hold when whole territories are exposed to 
noise.

Comparing experimental evidence with 
correlational studies

We found long-term experimental noise exposure to influence the 
settlement of  wild breeding birds. These findings are in line with 
much of  the earlier work relating breeding densities to (estimated) 
noise levels (Reijnen and Foppen 1995; Bayne et al. 2008; Francis 
et  al. 2009). The lack of  experimental effect on reproductive suc-
cess in our study is, on the other hand, in stark contrast to several 
correlational studies showing an adverse effect of  noise (Halfwerk 
et al. 2011b; Kight et al. 2012; Schroeder et al. 2012). We have at 
least 3 potential hypotheses for the discrepancy between correla-
tional studies and our experimental results. The first hypothesis is 
that the observed correlations between reproduction and noise lev-
els are caused by other habitat features that may covary with noise. 
Noisy areas thus differ in other aspects that can affect reproduc-
tion and experiments like ours are crucial in clarifying causation. 
In this scenario, the potential detrimental effects of  noise are over-
emphasized by correlational studies. The second hypothesis is that 
noise mostly hampers the birds outside their nest-box, for example, 
in their foraging success (Quinn et  al. 2006; see also below). Our 
experiment only mimicked noise levels inside the nest-box, whereas 
correlational studies typically focus on noise levels that are recorded 
both inside and outside. The third hypothesis is that noise pollu-
tion interacts with other factors of  environmental quality, such as 
food availability, and that the very high caterpillar abundance in 
our experimental year overrode the effect of  noise.

Effects of noise outside the nest-box

Many animals alter their communication signals when exposed to 
noise and this may affect signal efficacy, as well as predation risk 
(Read et  al. 2013; Slabbekoorn 2013). Some bird species change 
the start of  their dawn song in response to experimental noise 
exposure (Arroyo-Solis et al. 2013), whereas other birds alter song 
frequencies (Halfwerk and Slabbekoorn 2009; Kight and Swaddle 
2015). These behavioral changes may directly affect a male’s ability 
to defend his territory or to obtain (extrapair) matings (Halfwerk 
et  al. 2011a; Huet des Aunay et  al. 2013; Luther and Magnotti 
2014; Greives et al. 2015). Birds may also change song posts when 
confronted by noise, either to increase the transmission of  their 
own song or to improve their capacity to listen to the songs of  their 
rivals (Mathevon et  al. 1996; Halfwerk et  al. 2012; Polak 2014). 
However, a change in song post may consequently increase the risk 
of  predation (Halfwerk et al. 2012).
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lower reproductive output, which would have lead to an indirect 
relationship between noise exposure and breeding performance.

We also found blue tits to occupy noisy nest-boxes more often 
than quiet control nest-boxes. The most likely explanation for this 
counterintuitive pattern is that blue tits are forced out of  quiet nest-
boxes by great tits and consequently need to settle for the remain-
ing nest-boxes that happen to be noisy by chance. Great tits are 
dominant over smaller blue tits and are known to be able to exclude 
blue tits from nesting when cavities are limited (Kempenaers and 
Dhondt 1991). Furthermore, when we focused on the subset of  
blue tit pairs that had a nest-box inside the territorial boundaries 
of  a great tit pair, we found the effect of  noise on nest-box occu-
pancy pattern to become stronger. These findings suggest that noise 
may affect heterospecific competition over resources (Slabbekoorn 
and Halfwerk 2009), although further tests would need to reveal 
whether these patterns hold when whole territories are exposed to 
noise.

Comparing experimental evidence with 
correlational studies

We found long-term experimental noise exposure to influence the 
settlement of  wild breeding birds. These findings are in line with 
much of  the earlier work relating breeding densities to (estimated) 
noise levels (Reijnen and Foppen 1995; Bayne et al. 2008; Francis 
et  al. 2009). The lack of  experimental effect on reproductive suc-
cess in our study is, on the other hand, in stark contrast to several 
correlational studies showing an adverse effect of  noise (Halfwerk 
et al. 2011b; Kight et al. 2012; Schroeder et al. 2012). We have at 
least 3 potential hypotheses for the discrepancy between correla-
tional studies and our experimental results. The first hypothesis is 
that the observed correlations between reproduction and noise lev-
els are caused by other habitat features that may covary with noise. 
Noisy areas thus differ in other aspects that can affect reproduc-
tion and experiments like ours are crucial in clarifying causation. 
In this scenario, the potential detrimental effects of  noise are over-
emphasized by correlational studies. The second hypothesis is that 
noise mostly hampers the birds outside their nest-box, for example, 
in their foraging success (Quinn et  al. 2006; see also below). Our 
experiment only mimicked noise levels inside the nest-box, whereas 
correlational studies typically focus on noise levels that are recorded 
both inside and outside. The third hypothesis is that noise pollu-
tion interacts with other factors of  environmental quality, such as 
food availability, and that the very high caterpillar abundance in 
our experimental year overrode the effect of  noise.

Effects of noise outside the nest-box

Many animals alter their communication signals when exposed to 
noise and this may affect signal efficacy, as well as predation risk 
(Read et  al. 2013; Slabbekoorn 2013). Some bird species change 
the start of  their dawn song in response to experimental noise 
exposure (Arroyo-Solis et al. 2013), whereas other birds alter song 
frequencies (Halfwerk and Slabbekoorn 2009; Kight and Swaddle 
2015). These behavioral changes may directly affect a male’s ability 
to defend his territory or to obtain (extrapair) matings (Halfwerk 
et  al. 2011a; Huet des Aunay et  al. 2013; Luther and Magnotti 
2014; Greives et al. 2015). Birds may also change song posts when 
confronted by noise, either to increase the transmission of  their 
own song or to improve their capacity to listen to the songs of  their 
rivals (Mathevon et  al. 1996; Halfwerk et  al. 2012; Polak 2014). 
However, a change in song post may consequently increase the risk 
of  predation (Halfwerk et al. 2012).

Anthropogenic noise can also compromise foraging behavior, 
either by increasing stress levels and vigilance or by causing dis-
traction (Quinn et al. 2006; Chan and Blumstein 2011; Chan et al. 
2011; Purser and Radford 2011). Several bird species have been 
found to show reduced feeding rates when exposed to experimental 
noise (Quinn et al. 2006; Ware et al. 2015). Great tits in noisy ter-
ritories may also be less efficient in foraging, which would directly 
translate to lower body condition and lead to lower investments 
(e.g., clutch size or food provisioning) in their offspring.

To conclude, we have shown that anthropogenic noise exposure 
inside nest-boxes can affect nest site selection of  birds but not nec-
essarily their reproductive success. These findings help to narrow 
down the potential mechanism underlying the negative relationship 
between anthropogenic noise and avian reproductive success that 
have been repeatedly reported. Our results suggest that breeding 
in noise may not be sufficiently stressful to translate to lower repro-
ductive output or that breeding birds can rapidly adapt. Finally, we 
found an unexpected impact of  noise on the interaction between 
2 species that can compete over the same nesting sites, suggesting 
an additional route by which noise pollution can alter species den-
sities and thereby diversity (Francis et  al. 2009; Slabbekoorn and 
Halfwerk 2009).
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