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Abstract

Ambient noise can affect the availability of acoustic information to animals, altering both for-

aging and vigilance behaviour. Using captive zebra finches Taeniopygia guttata, we exam-

ined the effect of ambient broadband noise on foraging decisions. Birds were given a choice

between foraging in a quiet area where conspecific calls could be heard or a noisy area

where these calls would be masked. Birds foraging in noisy areas spent a significantly more

time vigilant than those in quiet areas, resulting in less efficient foraging. Despite this there

was no significant difference in the amount of time spent in the two noise regimes. However

there did appear a preference for initially choosing quiet patches during individuals’ second

trial. These results emphasise how masking noise can influence the foraging and anti-pre-

dation behaviour of animals, which is particularly relevant as anthropogenic noise becomes

increasingly prevalent in the natural world.

Introduction

Humans have dramatically altered the temporal, spectral, and spatial aspects of the world’s

soundscape [1–6]. These anthropogenic noises are generally characterised by higher ampli-

tudes and lower spectral frequencies than those typically found in nature, which reduces the

ability of many animals to distinguish signals and cues from background noise [7, 8]. Many

animals utilise acoustic cues and signals as sources of information while carrying out a variety

of behaviours. These can include the vocalisations of conspecifics whilst searching for a mate

[9] or the sound of approaching predators when attempting to avoid predation [10]. Missing

these cues and signals could result in missed mating opportunities, starvation, injury, or even

death. As such, the disruption of an animal’s ability to receive cues and signals by anthropo-

genic noise might have significant impacts on an animal’s behaviour.

A number of studies have investigated how animals change their signalling strategies in

response to anthropogenic noise by adjusting their signal’s amplitude or pitch [11–16].

Another important aspect to consider is the effect of noise on the potential receivers of acoustic

signals, or the impacts of loud noise on vital non-communication behaviours such as foraging

[6, 17–22]. If acoustic signals and cues are unavailable, animals may be able to use alternative

sources of information, but this can impact other behaviours. For example, many animals will
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use alarm signals or the sound of approaching predators as a source of information about pre-

dation risk, allowing less time to be spent scanning for predators and more time for other

activities such as foraging [23–25]. The masking of these signals and cues by high levels of

background noise could therefore increase predation risk, forcing animals to compensate by

spending more time scanning for visual cues of predation risk [21, 22, 26]. This increase in vig-

ilance will reduce time available for other behaviours [18, 26, 27]. Additionally, animals that

are “distracted” by the presence of background noise may make sub-optimal decisions about

predator avoidance or foraging [21, 28–33]. In both cases, the presence of high levels of back-

ground noise could have fitness consequences due to missed opportunities, injury or predation

[21, 26, 32].

Studies of noise and predation avoidance have reported significant increases in time spent

vigilant and other changes in anti-predator behaviour [18, 21, 24, 26]. There is also evidence

that noisy conditions lead to decreases in food intake [18, 24, 28]. Optimal foraging theory

states that an individual will attempt to maximise its net energy gain by leaving a patch once

intake drops below a critical threshold [34, 35]. If noise reduces foraging intake rates then we

would expect animals to spend more time in quiet areas than noisy ones. Animals have been

shown to avoid noisy areas when making breeding habitat decisions [36, 37], but few studies

exist examining how noise affects choice of foraging location (but see: [6, 20, 38–40]).

We examine this using a captive population of zebra finches Taeniopygia guttata. Zebra

finches are social and highly gregarious; while foraging in a group, they constantly communi-

cate with flock-mates using contact calls that could potentially be masked by background

noise. Contact calls help keep a group cohesive and allow individuals to keep track of the loca-

tions of other group members even when they cannot be seen [41]. As individual zebra finches

have been shown to respond negatively to perceived isolation [42], and because of the negative

behavioural trade-offs associated with noise, we expected that individuals would spend less

time foraging when in noisy areas and that individuals would choose to forage in quieter areas

when given the choice.

Methods

Methodological and animal welfare issues were approved by the Ethical Committee of the Uni-

versity of Exeter and discussed with our Home Office inspector, who agreed that no special

licence was required. The condition and health of all birds were monitored on a daily basis.

Except when participating in trials, the birds were housed in an outdoor aviary in two single-

sex cages containing an average of ten birds apiece. Food and water were provided ad libitum
and the birds had access to nest boxes in which they could roost during cool weather. Outdoor

temperatures ranged from 4.0˚C to 26.5˚C. Only females were used in experiments as these

individuals were less likely than males to engage in territorial behaviours such as singing or

displaying during experimental trials (Dall, personal observation). A total of 20 individuals

were tested, with ages of either 3 (n = 13) or 4 (n = 7) years old. While engaged in testing, birds

were moved six at a time to an indoor aviary which had a light:dark cycle of 14:10 hours and

an average temperature of 19.5˚C. Birds were always moved the day before trials in order to

allow them to acclimatise to the different environmental conditions.

To better replicate the auditory conditions of flocks in the wild [42], birds in the indoor avi-

ary were placed in cages 1.2 m away and 1.24 m above the test arena (Fig 1). From this location

(which was not visible to a bird in the test chamber), these birds could deliver contact calls to

an individual in the test arena. The contact calls of the live audience were supplemented with a

recording of conspecific zebra finch calls recorded in the outdoor aviary. These calls were

played continuously from two MP3 players attached to portable speakers (Sandisk Sansa clip

Ambient noise and zebra finch foraging behaviour

PLOS ONE | https://doi.org/10.1371/journal.pone.0209471 December 31, 2018 2 / 12

https://doi.org/10.1371/journal.pone.0209471


+ Mp3 player, Milpitas, USA; Portable Sound Laboratories iMaingo 2 speakers, Agoura Hills,

USA) positioned 0.5 m from the arena (Fig 1).

The test arena consisted of a central corridor (0.3 × 0.3 × 1.7 m) with two chambers on

either side (0.7 × 0.8 × 0.3 m). Each of these chambers was accessible from the central corridor

by a single door (0.18 × 0.2 m). This design was intended to make the foraging environment

sufficiently complicated so that a bird’s choice was not simply based on a preference for the

right or left side of the arena. The ceilings of all four chambers were composed of a thin wire

mesh that prevented birds from escaping but allowed a clear line of sight for a camera (Sony

Handycam DCR-SR37, Tokyo, Japan) on each side of the arena (Fig 1).

Each chamber contained water, grit, sloping walls (to prevent birds from moving out of

sight of cameras) and a food tray containing seed covered with approximately 0.5 cm of aviary

bird sand. The amount of food provided per tray was equivalent to half a bird’s average daily

intake. Grit and water were also available in the central corridor.

Acoustic foam was installed in both the foraging chambers and central corridor to maintain

a difference of 20 dB (sound pressure level; SPL) between the two sides of the arena.

Experimental ambient noise, consisting of an artificial broadband noise centred around a

450-Hz tone (ranging from 200-Hz to 800-Hz) was generated in Audacity ([43], S1 Fig.) and

broadcast from another two MP3 players attached to portable speakers placed at a distance of

0.25 m from the exterior wall of the test arena (Fig 1). The tone overlapped with the mean fre-

quency of female zebra finch contact calls (400 Hz to 500 Hz, Zann [42], Vignal, Mathevon

[44]), meaning that our ambient noise at least partially masked the vocalisations of zebra

finches. During the first and last 20 seconds of each ambient noise recording, the volume was

slowly faded in and out, respectively, to avoid startling the birds. Noise levels were compared

using a digital sound level meter (Dick Smith Electronics Digital Sound Level Meter Q 1362,

Sydney, Australia), calibrated to report “real-world” values using tones of known amplitude

and frequency [45, 46]. The maximum amplitude of the “noisy” noise regime was 70 dB (SPL,

A), comparable to levels achieved by heavy traffic or vegetation movement caused by high

wind speeds [47]. In comparison, noise levels in the “quiet” treatment on the other side of the

arena were 50 dB (SPL, A) while the noise was playing.

Fig 1. Layout of test arena. Diagram (not to scale) showing positioning of cameras, audience noise (AN) speakers and

masking noise (MN) speakers. Thicker walls surrounding the central corridor represent those supplemented with

soundproofed foam.

https://doi.org/10.1371/journal.pone.0209471.g001
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Prior to the beginning of testing, all birds were given two hours to explore the test arena in

groups. At the beginning of each trial (after the difference in noise on either side of the arena

had been checked), a focal bird was chosen at random and was placed in the central corridor

of the testing arena for two hours. During this time, the doors to all four adjoining chambers

were closed. This time allowed the focal individual to recover from the stress of being handled

and relocated, and deprived the bird of food so as to encourage foraging once the trial began.

At the end of the two hours, the doors to the side chambers were opened and playback of

ambient noise began on one side of the arena (randomly selected by coin toss). After 30 min-

utes, the noise regime was reversed so that the initially exposed side remained quiet (50 dB

(SPL, A)) and the other side was exposed to noise. Each trial lasted a total of one hour. Every

bird was tested twice, with at least one day of rest before the second trial. During the second

trial, the order in which sides of the arena were exposed to noise was the opposite of the previ-

ous trial.

When evaluating footage of the trial, we focused on three behaviours. First, we examined

whether birds showed an initial preference for a quiet foraging chamber when first entering

one of the side chambers from the central corridor. Second, we explored whether focal individ-

uals cumulatively spent more time in quiet or noisy chambers over the course of the trial.

Third, we analysed the amount of time each birds spent vigilant, foraging, in flight or engaged

in other behaviours such as preening. Vigilance was defined as holding the head up and look-

ing at the surrounding environment and foraging was defined as looking down toward the for-

aging tray. As with other studies examining vigilance during foraging, we assumed that birds

were unable to gather visual information about the surrounding environment while in the

head-down posture [18, 48].

We tested how noise affected foraging choices and behaviour by fitting generalised linear

models with binomial error structures in R using the package lme4 [49, 50]. The first model fit-

ted initial choice of noise regime as a binary response variable, in relation to a bird’s age and

trial number. Three other models examined the proportion of time a bird spent; in a noise

regime, vigilant, and foraging, in response to type of noise regime, trial number, and age. All

proportions of time were measured as the proportion of total time spent in areas of the test

arena other than the central corridor. All combinations of predictors and their two-way inter-

actions were tested, with individual ID included as a random effect. Response variables were

all rescaled and grand mean centred before being modelled. All models were fitted using bino-

mial error structures and AICc scores used to decide which combination of fixed effects best

predicted within-site correlation (Bartoń 2016). Where there were multiple candidate models

within Δ2AICc of the top model, model averaging was carried out [51]. Additionally, we tested

whether birds exhibited a preference for initially choosing quiet patches in a particular trial,

using a permutation test which compared the number birds that chose the quiet side of the test

arena in a trial in relation to what would be expected if the choice was random. To do this, we

generated 1000 random choices for each individual that left the centre corridor in each trial.

Results

All 20 birds carried out the first trial, but in the second trial 3 birds remained in the central cor-

ridor and were therefore not considered in the analysis. Models of choice of initial noise

regime suggested that birds were significantly more likely to choose to first enter a quiet patch

in the second trial (Table 1, Fig 2). Similarly, comparing our results to those generated by 1000

random permutations indicated that while birds displayed no preference during the first trial,

in the second trial significantly more birds initially chose the quiet noise regime than would

have been expected if the choice was purely random (Fig 3). However time spent in a chamber

Ambient noise and zebra finch foraging behaviour
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was found to not to be related to ambient noise level or any of the other explanatory variables

included in the full model, with the most parsimonious model being the null model (S1 Table).

Time budgets appeared to be impacted by ambient noise levels, with significantly more

time spent vigilant in noisy patches (Table 2, Fig 4), resulting in significantly less time spent

foraging (Table 3, Fig 4). Time spent foraging varied between trials, with birds spending

slightly more time foraging in their second trial. However, trial number did not affect the pro-

portion of time spent vigilant (Fig 4).

Discussion

Our study supports the hypothesis that ambient noise results in altered foraging behaviours.

There are several potential explanations for these results. Impacted individuals may perceive

the environment as riskier when they are no longer able to hear conspecifics. Individuals may

also be unable to make efficient foraging or anti-predation choices or suffer increased stress

while in a noisy environment. Alterations in feeding patch choice and behavioural time bud-

gets associated with feeding can reduce foraging efficiency and impact predator detection,

though this was not directly tested in this experiment. Similar changes in anti-predator behav-

iour have been reported in a range of different species [18, 24, 29, 32, 33] suggesting that these

changes in behaviour are relevant across a range of taxa.

Table 1. Model averaged estimates of models within 2 ΔAICc of the top model (See S2 Table) predicting the probability of birds initially choosing a chamber within

the quiet noise regime, with 95% confidence intervals, based on the models within.

Parameter Importance Estimate 2.5% Confidence Interval 97.5% Confidence Interval

Intercept -0.45 -1.60 0.70

Age (4) 1 -0.77 -3.32 0.41

Trial (2) 2 2.39 0.46 4.32

https://doi.org/10.1371/journal.pone.0209471.t001

Fig 2. Initial chamber choice. Graph shows proportion of individuals initially choosing a quiet chamber of a noisy

chamber in each trial, with standard error.

https://doi.org/10.1371/journal.pone.0209471.g002
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Almost all birds chose a foraging patch and remained there until the end of the trial, despite

changes in background noise. The birds may have been unwilling to relocate because explora-

tion might have been deemed riskier or less efficient than remaining within a known patch,

even if a change in ambient noise regime suddenly rendered it less “safe” [52]. Having previ-

ously experienced quieter conditions in a particular patch, a bird might also assume that the

patch would eventually become quiet again, regardless of current noise levels. This might be

particularly true since the finches had previously heard the contact calls of conspecifics in or

near that patch. Despite this, a higher number of birds actively chose to initially enter a quiet

patch during the second trial. After their experiences during the first trial, birds may have asso-

ciated a noisy patch with reduced foraging intake or lower levels of safety, and chosen to avoid

it [53]. Zebra finches might also be less sensitive to the type of artificial noise used in this study

and therefore less likely to move to a different patch [54]. Alternatively, increased sensitivity

might result in a freeze response also making it unlikely to switch patches whilst under the

noise treatment.

Zebra finches showed an increase in vigilance behaviour in noisy conditions. Time spent

vigilant did not decrease during the second trial, suggesting that birds did not become habitu-

ated to the noise. We therefore suggest that the increase in vigilance in noisy areas was not a

neophobic response. The change in behaviour observed may be due to an inability to hear the

contact calls of conspecifics or detect auditory cues of predators approaching. Like many other

species, zebra finches likely utilise both visual and auditory social information from conspecif-

ics when assessing predation risk [55]. A head-down foraging posture results a bird’s visual

information about its surroundings being reduced or entirely unavailable [48, 56, 57]. In this

case, zebra finches should rely heavily on auditory signals and cues, both from conspecifics

and approaching predators [18, 48, 58]. In the absence of social information from conspecifics,

individuals will only have access to their own personal information [55]. This results in more

time spent scanning for predators, which can lead to reductions in foraging efficiency [18, 21,

24, 27].

Fig 3. Results of permutation tests. Results of permutation tests comparing the actual proportion of birds initially

choosing a quiet patch (red line) to that of 1000 random choices in a): trial 1, b) trial 2.

https://doi.org/10.1371/journal.pone.0209471.g003

Table 2. Model estimates of top model predicting the proportion of time spent vigilant, with 95% confidence intervals.

Parameter Estimate 2.5% Confidence Interval 97.5% Confidence Interval

Intercept 0.62 0.54 0.71

Snd (Silence) -0.22 -0.33 -0.10

https://doi.org/10.1371/journal.pone.0209471.t002
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Alternatively, individuals might be “distracted” by the presence of masking noise, diverting

a limited amount of attention to the noise itself. This could cause them to make sub-optimal

foraging decisions which increases the amount of time required to forage due to taking longer

to find and handle food items [30, 59]. A distracted individual might also require longer to

scan for predators as the distraction causes them to take longer to process visual information

[29, 33, 60]. In our experiment, mean time spent foraging was significantly lower under the

noisy regime, while vigilance increased. This could support the idea that scanning requires

more time under the distracting effect of noise, rather than foraging requiring more time. We

did not test birds’ foraging intake so are unable to assess the number of errors made in the dif-

ferent noise regimes [31, 33]. In future experiments recording body condition before and after

trials would help better quantify the impact of noisy conditions on foraging efficiency. Another

potential explanation for changes in behaviour is that individuals might be undergoing

increased stress or annoyance due to the noise, causing a reduced motivation to move or for-

age [59]. However, previous studies suggest that our noise regime of 70 dB might be insuffi-

cient to cause a stress response [18]. Additionally, if changes in behaviour are caused by stress

or annoyance we might expect some degree of habituation over the course of the trials [18, 61],

though potentially birds were not exposed enough times for this to occur. Nor did we observe

Fig 4. Changes in foraging and vigilance behaviour. Graph showing the effect of noise regime and trial number on

the mean proportion of time spent vigilant and foraging, with standard error.

https://doi.org/10.1371/journal.pone.0209471.g004

Table 3. Model averaged estimates of top models predicting the proportion of time spent foraging, with 95% confidence intervals, based on the models within 2

ΔAICc of the top model (See S3 Table).

Parameter Importance Estimate 2.5% Confidence Interval 97.5% Confidence Interval

Intercept 0.09 0.01 0.17

Snd (Silence) 2 0.17 0.08 0.26

Trial (2) 1 0.03 0.02 0.18

https://doi.org/10.1371/journal.pone.0209471.t003
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an increase in startle behaviour in any of our videos [26]. Performing a similar experiment and

comparing the stress levels of individuals would help clarify to what extent any observed deci-

sions may be stress related. Similarly examining individuals’ behaviours under noise treatment

whilst in groups would also help separate stress or annoyance from the effects of masking

noise. It is uncertain to what extent the reduction in foraging observed here and in other stud-

ies also occurs in the wild [27, 33], though this might be one explanation for the observed

declines of populations in noisy areas [7, 38, 58].

Wild animals might also be negatively affected if masking noise increases the difficulty of

detecting approaching predators [21, 22], although noise pollution might also have an adverse

effect on predators by making it difficult for them to use auditory cues to detect prey [62]. In

our study, birds did not seem to exhibit any preference for spending time in quiet, “safe”

patches over noisy, “risky” patches. Although animals foraging in noisy areas have been shown

to exhibit a greater tendency to retreat to cover or engage in other anti-predator behaviour

when startled under noisier conditions [22, 24, 26], we did not observe this behaviour during

our trials. This may lead to the suggestion that the changes in behaviour seen here are more

due to the masking of conspecific acoustic signals than an increase in perceived risk of preda-

tion or stress. If this is the case, social species may be more severely impacted by masking noise

than those that typically forage alone, though individuals could potentially avoid these impacts

by altering their signals amplitude and pitch in response to adverse noise conditions [11–16].

Disentangling perceived predation risk from lack of access to auditory information from con-

specifics will require further study, such as performing similar experiments on groups of

animals.

Our experiment joins a growing number of studies showing how acoustic interference can

influence on the behaviour of animals [2, 21, 32, 63]. Understanding how the disruption of

auditory information by ambient noise affects behaviour will provide valuable insights into the

utilisation of auditory information in animals and its importance in animal groups. Further

study to distinguish between behaviour changing due to lack of auditory information or due to

perceived predation risk will also determine if masking noise will have a greater impact on

social species. All this could be extremely important when considering future management of

species whose ranges are being encroached on by anthropogenic noise, such as those near

shipping lanes or roads.

Supporting information

S1 Fig. Spectrogram of a section of the noise used in experiments [64].

(TIFF)

S1 File. Time budget data. Time spent in different activities in different treatment types, for

each trial.

(TXT)

S2 File. Patch hoice data. Individual’s initial choice of test chamber for each trial.

(TXT)

S1 Table. Model selection table for proportion of time spent in a treatments, in relation to

treatment type, bird age and trial number. Full model and all models within Δ2 AICc of the

top model are displayed. Most parsimonious model is highlighted in bold.

(PDF)

S2 Table. Model selection table for probability of bird first entering a quiet chamber, in

relation to bird age and trial number. Full model and all models within Δ2 AICc of the top

Ambient noise and zebra finch foraging behaviour

PLOS ONE | https://doi.org/10.1371/journal.pone.0209471 December 31, 2018 8 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209471.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209471.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209471.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209471.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209471.s005
https://doi.org/10.1371/journal.pone.0209471


model are displayed. Most parsimonious model is highlighted in bold.

(PDF)

S3 Table. Model selection table for proportion of time spent foraging in treatments, in

relation to treatment type, bird age and trial number. Full model and all models within Δ2

AICc of the top model are displayed. Most parsimonious model is highlighted in bold.

(PDF)

S4 Table. Model selection table for proportion of time spent vigilant in treatments, in rela-

tion to treatment type, bird age and trial number. Full model and all models within Δ2 AICc

of the top model are displayed. Most parsimonious model is highlighted in bold.

(PDF)

Acknowledgments

Thanks to Nicole Westbury-Harris for animal care and Jan Stipala for assistance with test

chamber construction.

Author Contributions

Conceptualization: Julian C. Evans, Sasha R. X. Dall, Caitlin R. Kight.

Formal analysis: Julian C. Evans.

Investigation: Julian C. Evans.

Methodology: Julian C. Evans, Caitlin R. Kight.

Supervision: Sasha R. X. Dall, Caitlin R. Kight.

Writing – original draft: Julian C. Evans.

Writing – review & editing: Julian C. Evans, Sasha R. X. Dall, Caitlin R. Kight.

References
1. Pijanowski BC, Villanueva-Rivera LJ, Dumyahn SL, Farina A, Krause BL, Napoletano BM, et al.

Soundscape Ecology: The Science of Sound in the Landscape. BioScience. 2011; 61(3):203–16.

https://doi.org/10.1525/bio.2011.61.3.6.

2. Shannon G, McKenna MF, Angeloni LM, Crooks KR, Fristrup KM, Brown E, et al. A synthesis of two

decades of research documenting the effects of noise on wildlife. Biological Reviews. 2016; 91(4):982–

1005. https://doi.org/10.1111/brv.12207 PMID: 26118691

3. Barber JR, Crooks KR, Fristrup KM. The costs of chronic noise exposure for terrestrial organisms.

Trends in Ecology & Evolution. 2010; 25(3):180–9. https://doi.org/10.1016/j.tree.2009.08.002

WOS:000275605300008. PMID: 19762112

4. Halpern BS, Walbridge S, Selkoe KA, Kappel CV, Micheli F, D’Agrosa C, et al. A Global Map of Human

Impact on Marine Ecosystems. Science. 2008; 319(5865):948–52. https://doi.org/10.1126/science.

1149345 PMID: 18276889

5. Hildebrand JA. Anthropogenic and natural sources of ambient noise in the ocean. Marine Ecology Prog-

ress Series. 2009; 395:5–20. https://doi.org/10.3354/meps08353

6. Ware HE, McClure CJW, Carlisle JD, Barber JR. A phantom road experiment reveals traffic noise is an

invisible source of habitat degradation. Proceedings of the National Academy of Sciences. 2015; 112

(39):12105–9. https://doi.org/10.1073/pnas.1504710112 PMID: 26324924

7. Slabbekoorn H, Ripmeester EAP. Birdsong and anthropogenic noise: implications and applications for

conservation. Molecular Ecology. 2008; 17(1):72–83. https://doi.org/10.1111/j.1365-294X.2007.03487.

x PMID: 17784917

8. Warren PS, Katti M, Ermann M, Brazel A. Urban bioacoustics: it’s not just noise. Animal Behaviour.

2006; 71(3):491–502. https://doi.org/10.1016/j.anbehav.2005.07.014.

Ambient noise and zebra finch foraging behaviour

PLOS ONE | https://doi.org/10.1371/journal.pone.0209471 December 31, 2018 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209471.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209471.s007
https://doi.org/10.1525/bio.2011.61.3.6
https://doi.org/10.1111/brv.12207
http://www.ncbi.nlm.nih.gov/pubmed/26118691
https://doi.org/10.1016/j.tree.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19762112
https://doi.org/10.1126/science.1149345
https://doi.org/10.1126/science.1149345
http://www.ncbi.nlm.nih.gov/pubmed/18276889
https://doi.org/10.3354/meps08353
https://doi.org/10.1073/pnas.1504710112
http://www.ncbi.nlm.nih.gov/pubmed/26324924
https://doi.org/10.1111/j.1365-294X.2007.03487.x
https://doi.org/10.1111/j.1365-294X.2007.03487.x
http://www.ncbi.nlm.nih.gov/pubmed/17784917
https://doi.org/10.1016/j.anbehav.2005.07.014
https://doi.org/10.1371/journal.pone.0209471


9. Candolin U. The use of multiple cues in mate choice. Biological Reviews. 2003; 78(4):575–95. PMID:

14700392

10. Hollén LI, Radford AN. The development of alarm call behaviour in mammals and birds. Animal Behav-

iour. 2009; 78(4):791–800. https://doi.org/10.1016/j.anbehav.2009.07.021.

11. Slabbekoorn H, Peet M. Ecology: Birds sing at a higher pitch in urban noise. Nature. 2003; 424

(6946):267-.

12. Potvin DA, Parris KM, Mulder RA. Geographically pervasive effects of urban noise on frequency and

syllable rate of songs and calls in silvereyes (Zosterops lateralis). Proceedings of the Royal Society B:

Biological Sciences. 2011; 278(1717):2464–9. https://doi.org/10.1098/rspb.2010.2296 PMID:

21208948

13. Parks SE, Johnson M, Nowacek D, Tyack PL. Individual right whales call louder in increased environ-

mental noise. Biology Letters. 2010; 7(1):33–5. https://doi.org/10.1098/rsbl.2010.0451 PMID:

20610418

14. Hanna D, Blouin-Demers G, Wilson DR, Mennill DJ. Anthropogenic noise affects song structure in red-

winged blackbirds (Agelaius phoeniceus). Journal of Experimental Biology. 2011; 214(21):3549–56.

https://doi.org/10.1242/jeb.060194 PMID: 21993783

15. Halfwerk W, Bot S, Buikx J, van der Velde M, Komdeur J, ten Cate C, et al. Low-frequency songs lose

their potency in noisy urban conditions. Proceedings of the National Academy of Sciences. 2011; 108

(35):14549–54 https://doi.org/10.1073/pnas.1109091108 PMID: 21876157

16. Francis CD. Vocal traits and diet explain avian sensitivities to anthropogenic noise. Global change biol-

ogy. 2015; 21(5):1809–20. https://doi.org/10.1111/gcb.12862 PMID: 25688983

17. Siemers BM, Schaub A. Hunting at the highway: traffic noise reduces foraging efficiency in acoustic

predators. Proceedings of the Royal Society of London, Series B: Biological Sciences. 2010; 278

(1712):1646–52. https://doi.org/10.1098/rspb.2010.2262 PMID: 21084347

18. L. Quinn J, J. Whittingham M, J. Butler S, Cresswell W. Noise, predation risk compensation and vigi-

lance in the chaffinch Fringilla coelebs. Journal of Avian Biology. 2006; 37(6):601–8. https://doi.org/10.

1111/j.2006.0908–8857.03781.x

19. Krebs H, Weyers P, Macht M, Weijers H-G, Janke W. Scanning behavior of rats during eating under

stressful noise. Physiology & Behavior. 1997; 62(1):151–4.

20. Schaub A, Ostwald J, Siemers BM. Foraging bats avoid noise. Journal of Experimental Biology. 2008;

211(19):3174–80. https://doi.org/10.1242/jeb.022863 PMID: 18805817

21. Kern JM, Radford AN. Anthropogenic noise disrupts use of vocal information about predation risk. Envi-

ronmental Pollution. 2016; 218:988–95. https://doi.org/10.1016/j.envpol.2016.08.049. PMID: 27595178

22. Meillère A, Brischoux F, Angelier F. Impact of chronic noise exposure on antipredator behavior: an

experiment in breeding house sparrows. Behavioral Ecology. 2015; 26(2):569–77. https://doi.org/10.

1093/beheco/aru232

23. Beauchamp G. What is the magnitude of the group-size effect on vigilance? Behavioral Ecology. 2008;

19(6):1361–8. https://doi.org/10.1093/beheco/arn096

24. Rabin LA, Coss RG, Owings DH. The effects of wind turbines on antipredator behavior in California

ground squirrels (Spermophilus beecheyi). Biological Conservation. 2006; 131(3):410–20. https://doi.

org/10.1016/j.biocon.2006.02.016.

25. Grade AM, Sieving KE. When the birds go unheard: highway noise disrupts information transfer

between bird species. Biology Letters. 2016; 12(4):20160113. https://doi.org/10.1098/rsbl.2016.0113

PMID: 27095267

26. Shannon G, Crooks KR, Wittemyer G, Fristrup KM, Angeloni LM. Road noise causes earlier predator

detection and flight response in a free-ranging mammal. Behavioral Ecology. 2016; 27(5):1370–5.

https://doi.org/10.1093/beheco/arw058

27. Shannon G, Angeloni LM, Wittemyer G, Fristrup KM, Crooks KR. Road traffic noise modifies behaviour

of a keystone species. Animal Behaviour. 2014; 94:135–41. https://doi.org/https://doi.org/10.1016/j.

anbehav.2014.06.004

28. Purser J, Radford AN. Acoustic Noise Induces Attention Shifts and Reduces Foraging Performance in

Three-Spined Sticklebacks (Gasterosteus aculeatus). PLoS ONE. 2011; 6(2):e17478. https://doi.org/

10.1371/journal.pone.0017478 PMID: 21386909

29. Wale MA, Simpson SD, Radford AN. Noise negatively affects foraging and antipredator behaviour in

shore crabs. Animal Behaviour. 2013; 86(1):111–8. http://dx.doi.org/10.1016/j.anbehav.2013.05.001.

30. Chan AAY-H, Blumstein DT. Attention, noise, and implications for wildlife conservation and manage-

ment. Applied Animal Behaviour Science. 2011; 131(1–2):1–7. http://dx.doi.org/10.1016/j.applanim.

2011.01.007.

Ambient noise and zebra finch foraging behaviour

PLOS ONE | https://doi.org/10.1371/journal.pone.0209471 December 31, 2018 10 / 12

http://www.ncbi.nlm.nih.gov/pubmed/14700392
https://doi.org/10.1016/j.anbehav.2009.07.021
https://doi.org/10.1098/rspb.2010.2296
http://www.ncbi.nlm.nih.gov/pubmed/21208948
https://doi.org/10.1098/rsbl.2010.0451
http://www.ncbi.nlm.nih.gov/pubmed/20610418
https://doi.org/10.1242/jeb.060194
http://www.ncbi.nlm.nih.gov/pubmed/21993783
https://doi.org/10.1073/pnas.1109091108
http://www.ncbi.nlm.nih.gov/pubmed/21876157
https://doi.org/10.1111/gcb.12862
http://www.ncbi.nlm.nih.gov/pubmed/25688983
https://doi.org/10.1098/rspb.2010.2262
http://www.ncbi.nlm.nih.gov/pubmed/21084347
https://doi.org/10.1111/j.2006.09088857.03781.x
https://doi.org/10.1111/j.2006.09088857.03781.x
https://doi.org/10.1242/jeb.022863
http://www.ncbi.nlm.nih.gov/pubmed/18805817
https://doi.org/10.1016/j.envpol.2016.08.049
http://www.ncbi.nlm.nih.gov/pubmed/27595178
https://doi.org/10.1093/beheco/aru232
https://doi.org/10.1093/beheco/aru232
https://doi.org/10.1093/beheco/arn096
https://doi.org/10.1016/j.biocon.2006.02.016
https://doi.org/10.1016/j.biocon.2006.02.016
https://doi.org/10.1098/rsbl.2016.0113
http://www.ncbi.nlm.nih.gov/pubmed/27095267
https://doi.org/10.1093/beheco/arw058
https://doi.org/https://doi.org/10.1016/j.anbehav.2014.06.004
https://doi.org/https://doi.org/10.1016/j.anbehav.2014.06.004
https://doi.org/10.1371/journal.pone.0017478
https://doi.org/10.1371/journal.pone.0017478
http://www.ncbi.nlm.nih.gov/pubmed/21386909
http://dx.doi.org/10.1016/j.anbehav.2013.05.001
http://dx.doi.org/10.1016/j.applanim.2011.01.007
http://dx.doi.org/10.1016/j.applanim.2011.01.007
https://doi.org/10.1371/journal.pone.0209471


31. Morris-Drake A, Kern JM, Radford AN. Cross-modal impacts of anthropogenic noise on information

use. Current Biology. 2016; 26(20):R911–R2. https://doi.org/10.1016/j.cub.2016.08.064 PMID:

27780055

32. Simpson SD, Radford AN, Nedelec SL, Ferrari MCO, Chivers DP, McCormick MI, et al. Anthropogenic

noise increases fish mortality by predation. 2016; 7:10544. https://doi.org/10.1038/ncomms10544

PMID: 26847493

33. Simpson SD, Purser J, Radford AN. Anthropogenic noise compromises antipredator behaviour in Euro-

pean eels. Global Change Biology. 2015; 21(2):586–93. https://doi.org/10.1111/gcb.12685 PMID:

25098970

34. Hilton GM, Ruxton GD, Cresswell W. Choice of Foraging Area with Respect to Predation Risk in Red-

shanks: The Effects of Weather and Predator Activity. Oikos. 1999; 87(2):295–302. https://doi.org/10.

2307/3546744

35. Eric L C. Optimal foraging, the marginal value theorem. Theoretical Population Biology. 1976; 9(2):129–

36. https://doi.org/10.1016/0040-5809(76)90040-x PMID: 1273796

36. Kleist NJ, Guralnick RP, Cruz A, Francis CD. Sound settlement: Noise surpasses land cover in explain-

ing breeding habitat selection of secondary cavity nesting birds. Ecological Applications. 2016; 27

(1):260–73. https://doi.org/10.1002/eap.1437 PMID: 28052511

37. Blickley JL, Blackwood D, Patricelli GL. Experimental Evidence for the Effects of Chronic Anthropogenic

Noise on Abundance of Greater Sage-Grouse at Leks. Conservation Biology. 2012; 26(3):461–71.

https://doi.org/10.1111/j.1523-1739.2012.01840.x PMID: 22594595

38. Francis CD, Ortega CP, Cruz A. Noise Pollution Changes Avian Communities and Species Interactions.

Current biology. 2009; 19(16):1415–9. https://doi.org/10.1016/j.cub.2009.06.052. S0960-9822(09)

01328-1 PMID: 19631542

39. Francis CD, Kleist NJ, Ortega CP, Cruz A. Noise pollution alters ecological services: enhanced pollina-

tion and disrupted seed dispersal. Proceedings of the Royal Society B: Biological Sciences. 2012; 279

(1739):2727–35. https://doi.org/10.1098/rspb.2012.0230 PMID: 22438504

40. Clinton DF, Catherine PO, Ryan IK, Peter JN. Chapter 9: Are nest predators absent from noisy areas or

unable to locate nests? Ornithological Monographs. 2012; 74(1):101–10. https://doi.org/10.1525/om.

2012.74.1.101

41. Kondo N, Watanabe S. Contact calls: Information and social function. Japanese Psychological

Research. 2009; 51(3):197–208. https://doi.org/10.1111/j.1468-5884.2009.00399.x

42. Zann RA. The zebra finch: a synthesis of field and laboratory studies. Oxford; New York: Oxford Uni-

versity Press; 1996.

43. The Audacity Team. Audacity. 1.2 ed. Pittsburg, PA, USA2012.

44. Vignal C, Mathevon N, Mottin S. Mate recognition by female zebra finch: analysis of individuality in male

call and first investigations on female decoding process. Behavioural processes. 2008; 77(2):191–8.

https://doi.org/10.1016/j.beproc.2007.09.003 PMID: 17980974

45. Kight CR, Swaddle JP. Eastern Bluebirds Alter their Song in Response to Anthropogenic Changes in

the Acoustic Environment. Integrative and Comparative Biology. 2015; 55(3):418–31. https://doi.org/

10.1093/icb/icv070 PMID: 26116201

46. Kight CR, Saha MS, Swaddle JP. Anthropogenic noise is associated with reductions in the productivity

of breeding Eastern Bluebirds (Sialia sialis). Ecological Applications. 2012; 22(7):1989–96. https://doi.

org/10.1890/12-0133.1 PMID: 23210314

47. Brumm H, Slabbekoorn H. Acoustic Communication in Noise. Advances in the Study of Behavior. 35:

Academic Press; 2005. p. 151–209.

48. Lima SL, Bednekoff PA. Back to the basics of antipredatory vigilance: can nonvigilant animals detect

attack? Animal Behaviour. 1999; 58(3):537–43. https://doi.org/10.1006/anbe.1999.1182 PMID:

10479369
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