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Abstract

The influence of human activity on the biosphere is increasing. While direct damage (e.g. habitat destruction) is rela-

tively well understood, many activities affect wildlife in less apparent ways. Here, we investigate how anthropogenic

noise impairs foraging, which has direct consequences for animal survival and reproductive success. Noise can dis-

turb foraging via several mechanisms that may operate simultaneously, and thus, their effects could not be disentan-

gled hitherto. We developed a diagnostic framework that can be applied to identify the potential mechanisms of

disturbance in any species capable of detecting the noise. We tested this framework using Daubenton’s bats, which

find prey by echolocation. We found that traffic noise reduced foraging efficiency in most bats. Unexpectedly, this

effect was present even if the playback noise did not overlap in frequency with the prey echoes. Neither overlapping

noise nor nonoverlapping noise influenced the search effort required for a successful prey capture. Hence, noise did

not mask prey echoes or reduce the attention of bats. Instead, noise acted as an aversive stimulus that caused avoid-

ance response, thereby reducing foraging efficiency. We conclude that conservation policies may seriously underesti-

mate numbers of species affected and the multilevel effects on animal fitness, if the mechanisms of disturbance are

not considered.
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Introduction

With human impact on wildlife increasing globally,

there is a pressing need to understand its reach and

consequences. However, many human activities have

the potential to negatively affect other species by mech-

anisms that can be hard to detect and can operate at a

distance, which makes environmental impact assess-

ments particularly challenging. One such disturbance is

anthropogenic noise (i.e., acoustic noise produced by

human activities).

Spatial and temporal abundance of anthropogenic

noise has increased considerably since the Industrial

Revolution in both terrestrial and marine environ-

ments (Barber et al., 2010; Slabbekoorn et al., 2010;

Simpson et al., 2015). Intense anthropogenic noise is

closely linked to urban development, resource extrac-

tion or expanding transportation networks. Recent

measurements in the USA show that not even the

remote wilderness areas are safe from transportation

noise and that typical noise levels strongly exceed

natural ambient noise levels (Barber et al., 2010; Frist-

rup, 2015). In addition to the elevated sound pres-

sure level, anthropogenic noise differs strongly from

natural sounds in the frequency composition, spatial

distribution and diurnal dynamics (Warren et al.,

2006). Anthropogenic noise adversely affects humans

and other animals. In humans, it is responsible for

sleep disturbance, psychological problems, as well as

for higher risks of cardiovascular diseases, tinnitus

and cognitive impairments of children (WHO, 2011).

In animals, anthropogenic noise has been shown to

change or even disrupt a variety of crucial biological

processes ranging from communication to foraging or

even reproduction (Barber et al., 2010; Brumm, 2010;

Kight & Swaddle, 2011; Francis & Barber, 2013). The

impacts of anthropogenic noise on animals are not

only limited to individuals or populations of single

species, but also reach the community level (Francis

et al., 2012). Consequently, anthropogenic noise repre-

sents a major environmental pollutant of global con-

cern, attracting attention from biologists, resource

managers and policy makers (Francis & Barber,

2013).

Foraging is performed virtually by all animal species

and is crucial for their survival and reproduction

(Lemon, 1991). Anthropogenic noise has recently been

shown to impair foraging in different species (L. Quinn

et al., 2006; Purser & Radford, 2011; Siemers & Schaub,

2011; Wale et al., 2013). However, it is not yet clear

exactly how noise disturbs foraging. Hypotheses of

three potential mechanisms of noise disturbance have
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been put forward thus far: acoustic masking, reduced

attention and noise avoidance.

Acoustic masking is a perceptual process, where sur-

rounding sounds interfere with the detection or recogni-

tion of target sound (Moore, 2012). Acoustic masking

occurs if the target sound and interfering sounds spec-

trally and temporally overlap with each other. As a

result, acoustic masking can only hinder foraging in ani-

mals that find their food by relying on sounds with spec-

tra similar to that of the background noise (Barber et al.,

2010; Brumm, 2010; Siemers & Schaub, 2011; Francis &

Barber, 2013; Bunkley et al., 2015). Members of many

taxa are potentially affected by acoustic masking during

foraging, including owls, carnivores, nocturnal primates

and many species of bat (Siemers & Schaub, 2011).

Some bats, such as the greater mouse-eared bat (Myo-

tis myotis), locate their prey by listening to prey-gener-

ated sounds (Arlettaz et al., 2001; Jones et al., 2011) that

are produced by the prey and are not to be confused

with echoes of bat calls. Prey-generated sounds overlap

spectrally with anthropogenic noise (Schaub et al.,

2008). A recent study found that traffic noise can deteri-

orate the foraging performance of the greater mouse-

eared bats up to 60 m away from highways (Siemers &

Schaub, 2011). Because of the spectral overlap, the

authors suggested that a likely mechanism of noise dis-

turbance in this species was acoustic masking.

In contrast to bats using prey-generated sounds, a

high proportion of echolocating bat species find their

food by broadcasting high-pitched calls and analysing

the reflected echoes, that is by echolocation. Because

the bulk of anthropogenic noise energy is concentrated

at much lower frequencies than the energy of bat echo-

location calls (Fig. 2c; see also Siemers & Schaub, 2011),

one may be tempted to conclude that such noise cannot

mask the reflected prey echoes for these bats. However,

traffic noise at 15 m distance from a highway can be as

loud as 30 dB SPL (sound pressure level in dB, root

mean square relative to 20 lPa) at frequencies around

30 kHz, which lies in the frequency range used for

echolocation by several bat species (Schaub et al., 2008).

Due to the severe transmission loss of ultrasonic

sounds in air and the low sound reflection of prey (low

target strength), the received echoes by bats are much

weaker than the emitted calls (Luo et al., 2014a). Fur-

thermore, high frequency parts of the sound are more

sensitive to transmission loss, which means that they

get filtered out from the echoes before reaching the bat

(Stilz & Schnitzler, 2012). The resulting weak and low-

pass-filtered echoes (Fig. 2c) can potentially be masked

by anthropogenic noise. The role of acoustic masking as

a mechanism of disturbance to foraging bats is, how-

ever, still a puzzle that has not been addressed experi-

mentally.

Attention is defined as the allocation of cognitive

resources among simultaneous tasks (Anderson, 2009)

and is, by definition, limited. Therefore, performance of

a task decreases when additional tasks have to be pro-

cessed. This decrease is stronger and more likely to

occur for difficult tasks (Anderson, 2009). For example,

walking and chewing gum hardly interfere with each

other, whereas using a cell phone while driving leads

to a higher risk of car accidents (Lamble et al., 1999). To

foraging animals, anthropogenic noise is an additional

input that may decrease the available cognitive

resources for dealing with foraging tasks (prey detec-

tion, localization, decision-making etc.). Therefore, it

has the potential to affect many animal species includ-

ing bats (Dukas & Kamil, 2001; Barber et al., 2003;

Dukas, 2004; Chan & Blumstein, 2011). It was proposed

that reduced attention deteriorated foraging perfor-

mance in three-spined sticklebacks exposed to anthro-

pogenic noise (Purser & Radford, 2011).

Anthropogenic noise may also act as a stressor

(Wright et al., 2007). In this study, we adopt the defini-

tions proposed by Romero (2004) and refer to a ‘stres-

sor’ as an unpredictable, noxious stimulus that induces

characteristic physiological and behavioural changes,

collectively termed a ‘stress response’. Behaviourally, a

stress response manifests itself as startling, freezing,

hiding, avoiding stressors and interruption of foraging

(Delaney et al., 1999; Frid & Dill, 2002; Wright et al.,

2007; Purser & Radford, 2011; Francis & Barber, 2013).

However, because these behaviours can also occur out-

side of a stress response, they cannot be taken as evi-

dence for it, without showing that they are

accompanied by necessary physiological changes (Ro-

mero, 2004; Wright et al., 2007). Furthermore, the

threshold, at which a minor aversion to stimulus turns

into a stress response, is hard if not impossible to define

(McEwen & Wingfield, 2003). Therefore, we will use

the more general terms ‘aversive stimulus’ and ‘avoid-

ance response’ in this study.

It is very difficult to estimate the role of different

mechanisms by which anthropogenic noise impairs sur-

vival and reproduction, particularly because several of

them can operate simultaneously. Ignorance of the

underlying mechanism, in turn, hinders the accurate

prediction of the damage by noise pollution to wildlife

(Francis & Barber, 2013) and can cause planners to

underestimate the urgency for conservation measures.

Here, we propose a diagnostic framework that can be

used to experimentally identify the mechanism of noise

disturbance to foragers of any species capable of detect-

ing the noise. We test how the diagnostic framework

fulfils this task and ask whether and how anthropo-

genic noise impairs foraging in Daubenton’s bats (Myo-

tis daubentonii, Kuhl, 1817), a species that uses
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echolocation to find prey (Dietz et al., 2009). We manip-

ulated the presence of spectral overlap and the diffi-

culty of prey detection in a laboratory foraging

experiment, to examine our diagnostic predictions.

Diagnostic framework

In the following, we describe the diagnostic framework.

It uses the specific characteristics of auditory processes

associated with acoustic masking, of cognitive mecha-

nisms that allocate attention, and of avoidance

responses to aversive stimuli, to generate testable pre-

dictions (Fig. 1).

Acoustic masking makes the task of detecting or rec-

ognizing a target sound more difficult. We predict that

under the acoustic masking hypothesis, the search

effort required for a successful foraging event increases

and foraging efficiency decreases only if the noise over-

laps spectrally with the sound carrying the prey infor-

mation. Therefore, the nonoverlapping noise that has to

be used in the control treatment should have no effect

on foraging.

If noise impairs foraging by reducing the available

attention, the effort required for a successful foraging

event in noise should be higher than without noise. This

effect will only be observable if the foraging task is diffi-

cult enough to compete for attention with the noise

(Anderson, 2009). Hence, when designing the experi-

ment, it is important to include foraging tasks with dif-

ferent levels of difficulty. Both the acoustic masking and

the reduced attention hypotheses predict an increase in

search effort required for a successful foraging event.

They can be discriminated from each other by testing

whether the noise without spectral overlap has an effect.

Namely, if noise limits attention, both overlapping noise

and nonoverlapping noise will increase the effort

required for a successful foraging event. In contrast, if

noise interferes by masking prey information, the nonov-

erlapping noise should not have an effect.

If noise acts as an aversive stimulus (or even stres-

sor), we predict that animals will avoid the noise source

and decrease their foraging activity. Therefore, the

effort invested in searching for food should decrease,

which distinguishes the effect of noise avoidance from

noise-reduced attention and acoustic masking. Foragers

may avoid noise directly, but it is conceivable that they

may instead avoid the area where foraging is less prof-

itable because noise masks prey information or reduces

forager’s attention. Such secondary mechanisms of

noise disturbance can be revealed using the following

predictions. If avoidance behaviour is a response to

acoustic masking, a decrease in foraging activity will

not occur if the spectral overlap is removed from the

noise. If attention overload is causing the avoidance, it

Fig. 1 Diagnostic framework for identifying the mechanism of noise disturbance to foraging animals. The grey ellipse illustrates that

several mechanisms may operate at the same time and interact. For example, an avoidance response may also be triggered indirectly as

a result of acoustic masking or of reduced attention. Currently, we are not aware of any potential mechanisms not shown in this dia-

gram.
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will not take place if the overload is removed by suffi-

ciently reducing the difficulty of the foraging task.

Again, the increased search effort required for success-

ful prey capture is a necessary indicator of attention

overload and acoustic masking. Note the difference

between ‘search effort required for a successful prey

capture’ and ‘search effort’, with the latter serving to

test the noise avoidance hypothesis.

Materials and methods

Animals and housing

Daubenton’s bat uses echolocation to detect prey and prefers

to forage low above water bodies, trawling prey from the water

surface (Dietz et al., 2009). This makes it particularly suitable to

test our hypotheses. First, the acoustic prey information avail-

able to the bat (echoes) is known, and it is possible to manipu-

late whether traffic noise spectrally overlaps it or not (Fig. 2c).

Second, Daubenton’s bat can have a rather small foraging habi-

tat, which allows us to ensonify it homogeneously with noise.

Third, prey detection ability in this species is sensitive to the

amount of clutter, for example nonprey echoes from vegetation

on the water surface (Boonman et al., 1998; Siemers & Schnit-

zler, 2004), which we used to manipulate the sensory difficulty

of foraging to test the reduced attention hypothesis.

Four adult male Daubenton’s bats participated in the exper-

iments. The animals were captured in August 2011 in a mist

net over the river Eider near Kiel, Germany. The river crosses

a highway that lies 2.8 km away from the capture site. There-

fore, it is likely that all of the study individuals had experi-

enced traffic noise in the wild before the experiments. The

temporary captivity of five Daubenton’s bats was licensed by

the State Agency for Agriculture, Environment and Rural

Areas (LLUR; licence no. 314/5327.74.1.6). The bats were

housed, and experiments were conducted at the Max Planck

Institute for Ornithology in Seewiesen, Germany (licence no.

515/5327.74.1.6 by Landratsamt Starnberg). Outside the forag-

ing experiments, the bats were held in a mesh tent Tatonka

Double Mosquito Dome (length 9 width 9 height:

2 9 1.2 9 1.2 m), in which they were able to fly freely. The

tent was placed in a room with regulated temperature (23 °C)
and air humidity (70%), with a light regime of 8-h darkness

and 16-h light. The bats received their food (mealworms, lar-

vae of beetle Tenebrio molitor) during the foraging experiments.

On very rare occasions, when a bat had not caught enough, it

was fed additional mealworms after the experiment. The diet

was supplemented with vitamins, minerals and other essential

nutrients. The bats were held in captivity for over 6 months

before the start of this experiment, and they adapted well to

the captive environment. They also participated in other

experiments, in which they caught mealworms from the water

surface (Zseb€ok et al., 2013). The bat keeping facility was

located away from the roads, and care was taken that bats did

not experience any continuous loud noise in captivity. After

the study, bats were released back to the wild at the place of

capture.

Experimental setup

We conducted the experiment in a large flight room during

the dark phase of the photoperiodic cycle. Walls and ceiling

were covered with sound-absorbing foam. We split the flight

room into two compartments, one being considerably larger

than the other, by hanging a black curtain from the ceiling

(Fig. 2a). In the large compartment (length 9 width 9 height:

5.3 9 4 9 3 m), we constructed a quadrangular water pond

(length 9 width 9 depth: 3.8 9 2.5 9 0.1 m), where Dauben-

ton’s bats could forage naturally by trawling prey from the

water surface (Dietz et al., 2009). In the small compartment,

the experimenter was able to monitor bat behaviour and

record data without disturbing the bats. On each trial, we

(a)

(b)

(c)

Fig. 2 Experimental setup and playback sounds. (a) Schematic

of the flight room (not to scale). Depicted are three cameras for

monitoring bat behaviour, loudspeaker for playbacks, micro-

phone and feeding patch in the pond. (b) Clutter levels and pos-

sible positions of prey on the feeding patch. (c) Spectrogram of a

typical echolocation call of Daubenton’s bat and its echo during

prey search in the experimental room. Note that the echo is

much weaker in amplitude and low-pass-filtered in comparison

with the original call. Shown are spectrograms and spectra of

traffic noise and silence sequences used for playback. There is

no frequency overlap between echoes and nonoverlapping

noise.

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3278–3289

HOW ANTHROPOGENIC NOISE AFFECTS FORAGING 3281



offered a mealworm on a 1 9 1 m feeding patch in the pond.

We manipulated the level of clutter by adding different

amounts of artificial vegetation to the feeding patch (Fig. 2b).

We used plastic grass stalks of about 3 mm width in bundles

of about 30 stalks each. The bundles were about 2 cm wide at

the top and reached about 6 cm out of the water surface.

Higher density of vegetation around the mealworm generated

more clutter to make prey detection more difficult. In total,

there were three clutter levels: no clutter, middle clutter and

high clutter. They differed in the number of grass bundles that

covered the feeding patch as depicted in Fig. 2b. The meal-

worm was pinned on a thin metal wire at one of the four pos-

sible locations.

Sound recordings were played back to the foraging bat with

a loudspeaker (Ultrasonic Dynamic Speaker ScanSpeak, Avi-

soft, Germany), which was mounted on a tripod placed next

to the black curtain for the first 10 days of data collection

(Fig. 2a). During the remaining 5 days of data collection, the

speaker stood on the opposite side of the feeding patch, next

to a microphone used for recording of echolocation calls. In

both situations, the loudspeaker was at a height of 0.7 m and

at a distance of 1.7 m from the centre of the feeding patch. The

location of the speaker was changed to rule out the possibility

that foraging performance would decrease due to specific

location of the noise source. Echolocation calls were recorded

with a custom-built microphone (condenser microphone with

a flat response of � 3 dB between 30 and 120 kHz connected

to an A/D converter PCTape, sampling rate 384 kHz, 16-bit

depth; Department of Animal Physiology, University of

T€ubingen, Germany) and stored in a laptop. The foraging

behaviour of bats was filmed under infrared (IR) illumination

(custom made LED-strobes, 875 nm wavelength, flashing at

50 Hz) with three IR-sensitive cameras (WAT-902H2 Ultimate,

Watec, Japan) and DigiProtect computer interface and soft-

ware (ABUS Security, USBBOX).

Before collecting data, each bat was released in the flight

room for about 45 min per day and 6 days per week until it

spontaneously learned to catch mealworms from any of the

four possible positions at any of the three clutter levels, with-

out acoustic playback. The bats needed less than a week to

learn to forage without clutter. We then progressively added

artificial vegetation to the patch until bats were able to suc-

cessfully catch mealworms in all situations. This took about

4 weeks. One of original five bats had to be excluded from the

study, because it did not forage in clutter. After the learning

phase ended, data collection started. On each experimental

day, each bat had the possibility to forage in several blocks of

nine one-minute trials. In addition to the three clutter levels,

there were three noise treatments (see below). Each trial in a

block had a unique combination of clutter and noise treatment

of the nine possible pairs. In total, we collected data from three

bats on 15 days and from bat CB on 12 days. During a trial,

the sound recording was continuously played. The playback

was triggered manually, when the bat started to search for a

mealworm and therefore lowered its flight height below the

height of the loudspeaker (i.e., 0.7 m). In the wild, these bats

typically hunt within 0.3 m height above water surface (Kalko

& Schnitzler, 1989). There was a delay between the time, when

the experimenter estimated the height of the bat as lower

than 0.7 m, and the start of the playback. To account for this

delay, we chose to trigger the playback already at 0.7 m

instead of 0.3 m. The trial ended either when the bat caught

the mealworm, or when the one-minute playback stopped.

Between the trials, the experimenter pinned the next meal-

worm to one of four positions and changed the clutter level

of the feeding patch. For each trial, position of the meal-

worm, clutter level and playback sound were chosen pseu-

dorandomly. This was done as follows. We first randomly

generated the order of the three clutter levels in a block.

Then we randomly generated the order of the three noise

treatments within each of the three clutter levels. The posi-

tion of the mealworm was randomly selected with the con-

straint that mealworms did not occur at the same position in

two consecutive trials. We stopped the experimental session

after the bat had not searched for food for about 15 min

(after approximately 20 trials). Overall, each bat participated

in 283, 169, 259 or 254 trials, respectively. For numbers of tri-

als per treatment see Fig. 3.

Playback sounds

We used three types of playback sounds, which we refer to as

silence, nonoverlapping noise and overlapping noise (Fig. 2c).

We assembled them in Adobe Audition 3.0, at a sampling rate

of 192 kHz and 16-bit depth. All playback sounds were high-

pass-filtered at 1 kHz (digital fast Fourier transform (FFT) fil-

ter, 2048 points, Blackman window) to remove low-frequency

components probably inaudible to the bats and to avoid dam-

aging the loudspeaker (Siemers & Schaub, 2011).

We assembled playback noise from highway traffic record-

ings made at 15 m from the Autobahn A8, Stuttgart-Munich,

Germany (for details see Schaub et al., 2008). First, we created

five overlapping noise sequences by splicing 500 ms long cuts

of amplitude peaks that represent the sounds of 43 passing

cars and trucks from the original traffic noise recordings.

Then, five nonoverlapping noise sequences were created by

low-pass-filtering the overlapping noise sequences at 25 kHz

(digital FFT filter, 2048 points, Blackman window). The nonov-

erlapping noise did not spectrally overlap with Daubenton’s

bats’ echolocation calls, whose minimum frequency lies above

28 kHz (Jones & Rayner, 1988). The silence sequence was gen-

erated by setting all the samples to zero.

Both types of traffic noise were played back at an amplitude

around 76 dB SPL with the instant amplitude ranging

68–84 dB SPL. These sound pressure levels were measured

with a SPL meter (Voltcraft, SL-400) placed at the centre of the

feeding patch at the same height as the loudspeaker to which

it was directed. Our SPL meter could only measure sounds of

frequencies within 0.25–8 kHz, which is narrower than the full

frequency range of the traffic noise (Fig. 2c). However,

because traffic noise contains most of its sound energy at

lower frequencies, the difference in SPL between the original

file and its components <8 kHz was minute. We estimated this

measurement error to be 0.15 dB, using a digital low-pass fil-

ter (order six Butterworth) with the cut-off frequency at 8 kHz

to simulate the frequency sensitivity of the SPL meter. This

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3278–3289
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assured that the SPL meter underestimated the SPL of the

overlapping noise by a negligible amount.

Data analysis

To quantify foraging performance, we measured behavioural

parameters that we define as follows. We counted a trial as

successful, if the bat captured or attacked the mealworm within

the one-minute period. The success rate was the number of suc-

cessful trials divided by the number of trials of a bat within

the same treatment. The number of the search flights was the

number of the flight passes in a trial. A flight pass was tallied

whenever the bat flew by the feeding patch at the flight height

lower than 0.7 m (Video S1, S2). The number of search flights

required for success equals the number of search flights in a suc-

cessful trial. In other words, the number of search flights required

for success was counted exclusively for trials, in which the bat

caught or attacked the food.

Daubenton’s bats adjust their echolocation calls to the

amount of clutter (Kalko & Schnitzler, 1989), which correlates

with the difficulty of prey detection (Siemers & Schnitzler,

2004). Therefore, we measured characteristics of echolocation

calls to examine whether clutter had any effect on echoloca-

tion performance (see Supporting Information for details).

Statistical analysis

We quantified bats’ foraging performance with three depen-

dent variables (i.e. success rate, number of search flights and num-

ber of search flights required for success). We modelled these as

functions of three explanatory variables: playback type, clutter

level and individual identity (if data from all bats were

included), using generalized linear models (GLMs) run in SPSS

21.0 (IBM Corp., New York, NY, USA). The success rate was

modelled as a binomially distributed number of successful tri-

als within the total trial number using the logit link function.

We used Poisson distribution and log link function for number

of search flights and number of search flights required for success.

The model fits were examined by subsequent analyses of

residuals. These analyses confirmed that residuals were inde-

pendently and identically distributed. The statistical infer-

ences in all GLMs were based on the log-likelihood ratio test

statistic (�2lnΛ) used to compare models with and without

the tested factor. We examined the effect of playback type on

success rate, on number of search flights (as a measure of search

effort) and on number of search flights required for success (as a

measure of difficulty of foraging task) to search for diagnostic

characteristics of acoustic masking, avoidance response and

reduced attention. In case that acoustic masking or reduced

attention decreases foraging success, we expect not only a

higher mean number of search flights required for success, but

also a higher variance. This is because noise is expected to

have differently strong effects on the bats that approach the

foraging patch from different directions. To test for both mean

and variance effects, we compared the frequency distributions

of the mean number of search flights required for success

under different treatments using pairwise goodness-of-fit

tests. We used a version of Kolmogorov–Smirnov test for this

purpose (see Supporting Information for details). This test

was also used to examine the effect of clutter level on both the

mean number of search flights required for success and on its

variation. If clutter increases the difficulty of the foraging task,

both distribution parameters are expected to be higher in clut-

ter treatments. The increase in variance is expected, because

the negative effect of clutter varies with bat’s direction of

approach to the patch. All P values for pairwise comparisons

reported in this study were adjusted with the sequential

Dunn–�Sid�ak correction (Sokal & Rohlf, 1994) and are denoted

with Padj.

(a) (b)

(c) (d)

Fig. 3 Overall success rates of individual bats in different noise and clutter treatments. Above each bar is the number of trials from

which the success rate was calculated.
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Results

Traffic noise, both overlapping and nonoverlapping

type, affected the foraging success of Daubenton’s bats.

Playback type had a significant effect on success rate

(GLM, �2lnΛ = 289, df = 2, P < 0.00001). Success rate

was higher in silence than in both overlapping noise

and nonoverlapping noise (Fig. 3; post hoc comparison

of success rate between overlapping noise and silence:

mean difference � SE = 60 � 3.4%, Padj < 0.00001; post

hoc comparison between nonoverlapping noise and

silence: mean difference � SE = 50 � 3.6%,

Padj < 0.00001). The bats had only slightly lower suc-

cess rate in the overlapping noise condition than in the

nonoverlapping noise condition (mean difference

� SE = 11 � 4.5%, Padj = 0.019). The decrease in suc-

cess rate in noise was not present in all individuals

(Fig. 3). Three bats had lower success rate in the noise

than in the silence treatments (Fig. 3a,b,c; GLMs, effect

of playback type, �2lnΛ: 148, 73 and 108, df = 2, all

P < 0.00001). In contrast, success rate of the fourth bat

was not affected by noise (Fig. 3d; GLM, effect of play-

back type, �2lnΛ = 5.09, df = 2, P = 0.078). Besides the

adverse effect of the nonoverlapping noise, acoustic

masking hypothesis was also unsupported by the result

that noise did not affect search effort required to cap-

ture a prey (next paragraph).

The number of search flights required for success did

not differ among silence, nonoverlapping and overlap-

ping noise treatments in any individual (Fig. 4a, GLMs,

effect of playback type, �2lnΛ: 0.78, 3.07, 1.59, 2.68;

df = 2, P = 0.68, 0.22, 0.45, 0.26). This shows that noise

did not noticeably reduce the attention available to for-

aging bats. In addition, we compared the empirical dis-

tributions of the number of search flights required for

success with Kolmogorov–Smirnov tests. The results

show that in treatments that differed only in playback

type and not in clutter level (Supporting Information;

green cells in Tables S1, S2), the success probability

increased at the same rate with the number of search

flights. In other words, noise did not influence the dis-

tribution of search effort required for success, which

contradicts both reduced attention and acoustic mask-

ing hypotheses.

(a) (b) (c)

(d) (e) (f)

Fig. 4 Effects of traffic noise and vegetation clutter on the search effort and echolocation behaviour of Daubenton’s bat. (a–c) Data are

presented as marginal means and the 95% confidence intervals. These values were computed within the generalized linear model,

while statistically controlling the effects of other factors, that is controlling the effect of clutter level (a,b), and the effect of noise treat-

ment (c). Comparison of corresponding values individual by individual in panels (a) and (b) provides a hint towards understanding

the success rate data in Fig. 3. Specifically, if the number of search flights in a treatment (b) is lower than number of search flights

required for success (a), the success rate is low. Panels (d–f) show quartiles of echolocation call parameters; data sets pooled from all

bats. The lines and stars denote statistically significant differences.
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With their echolocation behaviour, bats showed that

they indeed perceived denser artificial vegetation as

increased clutter. Specifically, in treatments with more

vegetation, they produced calls with shorter duration

(Fig. 4d, LM, F179,2 = 9.42, P = 0.00013) and shorter

inter-pulse interval (Fig. 4e, LM, F179,2 = 40.14,

P < 0.00001). Other call parameters did not differ sig-

nificantly. The search effort data show that the diffi-

culty of the foraging task increased with clutter. The

number of search flights required for success

increased from no clutter, via middle clutter to high

clutter treatments (Fig. 4c, GLM, effect of clutter

level, �2lnΛ = 367, df = 2, P < 0.00001). We also

found differences in empirical distributions of search

effort required for success among treatments that

differed in clutter level and not playback type.

Under higher clutter levels, bats often exhibited sig-

nificantly lower rate of growth in the foraging suc-

cess with increasing number of search flights

(Supporting Information; light blue cells in Tables S1

and S2, Fig. S1). The results of the number of search

flights required for success confirm that our clutter

manipulation was an appropriate way to manipulate

the task difficulty as required for testing the

reduced attention hypothesis.

On average, bats reduced the foraging activity in the

noise treatments. We found that both nonoverlapping

noise and overlapping noise reduced the number of

search flights (GLM, effect of playback type,

�2lnΛ = 141, df = 2, P < 0.00001). Specifically, com-

paring with the silence treatment, bats made on aver-

age 1.3 and 1.7 flights less in nonoverlapping and

overlapping noise treatments, respectively (both

Padj < 0.00001). The number of search flights in the

overlapping noise treatment was significantly lower

than in the nonoverlapping noise treatment (mean

difference � SE = 0.39 � 0.15, Padj = 0.008). Three

bats had significantly lower number of search flights

in the noise treatments than in the silence treatments

(Fig. 4b, GLMs, effect of playback type, �2lnΛ: 83,

80, 53; df = 2, all P < 0.00001). Reduced foraging

success during noise playback in these three individ-

uals was related to the decreased prey search activ-

ity due to noise avoidance. They often abandoned

the foraging patch immediately after the noise play-

back started (Video S2). By contrast, noise did not

influence the number of search flights of the fourth

individual (Fig. 4b, cyan line; GLM, �2lnΛ = 1.23,

df = 2, P = 0.54), which was the same bat that did

not experience reduced foraging success (Fig. 3d).

The reduction in foraging success due to observed

decrease in foraging activity and patch abandonment

in those three bats supports the noise avoidance

hypothesis.

Discussion

Several studies have pointed out the problem that the

different mechanisms by which noise disturbs animals

can operate simultaneously and can therefore not be

distinguished from each other without ambiguity (Pur-

ser & Radford, 2011; Siemers & Schaub, 2011; Francis

et al., 2012; Francis & Barber, 2013; Simpson et al.,

2015). Here, we developed a diagnostic framework

with predictions that discriminate each mechanism

from the others. We then implemented it with Dauben-

ton’s bats. We found that traffic noise, on average, dete-

riorated the foraging performance of bats, even without

the frequency overlap with prey echoes. However, indi-

vidual bats differed in their sensitivity to noise, and

one individual did not experience any observable dis-

turbance. Due to small sample size, we cannot reach

any conclusion concerning how sensitivity to noise may

vary in wild populations of echolocating bats. Further-

more, we found that noise did not affect search effort

required for prey capture. We conclude that noise

avoidance was the mechanism that decreased the forag-

ing efficiency. By this mechanism, noise can adversely

affect even those species that do not rely on sounds to

find prey. Hence, conservation policies may seriously

underestimate the number of species affected and the

effect size, by not considering the mechanisms of dis-

turbance. Our framework performed well as a diagnos-

tic tool. With it, we showed that avoidance response

was the mechanism of disturbance, whereas we found

no support for the remaining mechanisms or joint

effects of several mechanisms. The framework can eas-

ily be adapted to diagnose the mechanisms and esti-

mate effects of acoustic disturbance in other species.

No effect of acoustic masking observed

The following results show that acoustic masking was

not the mechanism of noise disturbance in the foraging

Daubenton’s bats. First, three bats had a substantially

lower foraging success in both overlapping noise and

nonoverlapping noise than in silence. The adverse

effects of nonoverlapping noise cannot be caused by

acoustic masking. The foraging success of the remain-

ing bat was not affected by noise. Such a differential

response would have hardly occurred, if a physiologi-

cal process like acoustic masking had been behind the

reduced foraging performance. Namely, sensory physi-

ology of prey detection is not expected to differ among

individuals of the same species. Second, neither over-

lapping noise nor nonoverlapping noise increased

search effort required for a successful prey capture.

How does the lack of support for acoustic masking

hypothesis by anthropogenic noise apply to wild popu-
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lations of bats? Acoustic masking is a hearing physiol-

ogy phenomenon. It is unlikely to find significant dif-

ferences in hearing physiology among the bat species

that find prey using echolocation system with calls of

similar frequency range to those of Daubenton’s bats.

Hence, despite the low number of individuals on which

our results are based, we suggest that a majority of

these species will likely not suffer from acoustic mask-

ing of their prey echoes by anthropogenic noise. This

contradicts the explanation that lower foraging activi-

ties of trawling bats close to turbulent water are due to

the masking of prey echoes (Mackey & Barclay, 1989).

Because water gurgling has a similar spectro-temporal

composition to anthropogenic noise (Feng et al., 2006),

it is unlikely that it masks the echoes. Recently, ultra-

sonic deterrents have been developed that playback

broadband noise to prevent bats from colliding with

wind turbines. The design of these deterrents has usu-

ally been guided by the assumption that noise disturbs

bats by masking their echolocation calls and echoes

(Arnett et al., 2013). However, our study indicates that

other mechanisms likely play a more important role in

noise disturbance of bats. Moreover, at least some bat

species are capable of detecting echoes as low as 35 dB

below the white noise level (Griffin & Grinnell, 1958).

Considering this and evidence from the present study,

we caution that more studies with different species

should be conducted to improve our understanding of

how anthropogenic or ambient noise mechanistically

affect orientation and foraging in bats. Only with such

understanding will we be able to efficiently approach

the problem of deterring bats from wind power plants

and other sources of noise near to protected bat popula-

tions. There are two groups of bats, however, that can

potentially be sensitive to noise disturbance by acoustic

masking. One consists of the species that find food

using prey-generated sounds (Siemers & Schaub, 2011)

and the other group are the species that use lower fre-

quency echolocation to detect prey (Rydell & Arlettaz,

1994). These groups are interesting candidates for the

application of our diagnostic framework in future

studies.

No evidence for reduced attention

We did not find any indication that noise reduced

attention available to foraging. First, the number of

search flights required for success did not increase with

the addition of noise, even when the prey capture task

was challenging. Second, the probability of prey cap-

ture increased at the same rate with the number of

search flights in the presence and absence of noise.

To test for the effect of reduced attention, it is neces-

sary that animals are engaged in a challenging task

(Dukas & Kamil, 2001; Dukas, 2004). Is it possible that

even prey capture in the high clutter treatment was not

difficult enough for the noise to overburden the atten-

tion? The following evidence clearly disagrees with this

possibility. First, prey detection in Daubenton’s bats is

more sensitive to clutter interference than that of its

congeners (Siemers & Schnitzler, 2004). Second, the

Daubenton’s bats showed with their echolocation

behaviour that they perceived the feeding patch as

more cluttered in treatments with denser vegetation.

Third and most important, prey capture demanded

more effort in the presence of clutter. Specifically, the

bats needed on average three times more search flights

for a successful prey capture in the high clutter treat-

ment than in the no clutter treatment. We also found

that distributions of the number of search flights

required for success often differed between treatments

that differed only in clutter level (Supporting Informa-

tion; light blue cells of Tables S1 and S2).

Noise avoidance reduced foraging success

Three of the four bats reduced their foraging effort in

both traffic noise and low-pass-filtered traffic noise that

did not overlap prey echoes. They often abandoned the

feeding patch immediately after the start of the noise

playback (Video S2). Consequently, these individuals

suffered a reduced foraging success and consumed less

food in noise than in silence. By contrast, the fourth bat

that did not show avoidance response enjoyed the same

success rate in noise and in silence.

The avoidance response in Daubenton’s bats could

have been caused by noise itself acting as an aversive

stimulus. Alternatively, bats could have avoided noise,

because it made foraging unprofitable by either mask-

ing the prey echoes or reducing the available attention.

However, if any of the latter two possibilities would be

true, then we would expect a higher search effort

required for prey capture in the presence of noise. This

was clearly not the case. We showed that noise pres-

ence had no effect on the search effort required for suc-

cessful capture event. Furthermore, the probability of

successful capture increased with the number of search

flights at equal rates in treatments with or without

noise. We can conclude that bats avoided the traffic

noise itself, because they were averse to it, which

reduced their foraging performance.

The aversive response can have different levels.

Stronger aversion can turn into a stress response, which

is characterized by both behavioural and physiological

changes (e.g. increased heart rate and concentration of

steroid hormones; McEwen & Wingfield, 2003; Romero,

2004). We did not measure physiological variables and

therefore cannot conclude that noise acted as a stressor.
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However, this is a likely possibility. Behaviourally, the

stress response to noise has qualitatively the same char-

acteristics as the simple avoidance response and ulti-

mately they have the same consequences for the bats:

reduced foraging success and hence reduced fitness

(Lemon, 1991). The only difference can be in the magni-

tude of responses; however, this will matter only in

cases where the responses are gradual instead of binary

(leave or stay).

Notably, not all Daubenton’s bats exhibited avoid-

ance response. One bat did not reduce its search

effort and continued foraging in the presence of

noise. This result exemplifies individual variation in

sensitivity to aversive stimuli. Recent growth in the

study of individual variation has shown that many

species exhibit strong and consistent inter-individual

differences in boldness (Sloan Wilson et al., 1994;

Ward et al., 2004). It has also been shown that physi-

ological differences underlying behavioural stress

responses are relatively stable (Cohen & Hamrick,

2003; Wright et al., 2007). Because individual varia-

tion in response to human disturbance is such a

common phenomenon, potentially of high importance

to conservation, it calls for further investigation.

Another important question to address in the future

is to determine the proportion of bats within a popu-

lation that show noise avoidance behaviour, which

cannot be answered by the present experiment due

to low number of tested individuals.

To estimate the variation in avoidance response of

the wild population of Daubenton’s bats, a much larger

number of individuals should be tested. Nevertheless,

our data show that this variation exists. It would be

interesting to compare how populations differ in the

proportion of individuals sensitive to anthropogenic

noise and how this proportion depends on the traffic

concentration in the vicinity of their habitat. Our bats

originated from an area with a high road density and

have probably all experienced traffic noise in the wild.

This suggests that even extensive experience with

anthropogenic noise may not necessarily lead to habitu-

ation. We cannot judge however, whether the lack of

the response to noise treatment in one individual

resulted from habituation to traffic noise that took place

in the wild, or the individual has ignored the presence

of the noise during its entire life. After the bats were

released back to the wild, they were radiotracked for a

few days. They stayed in the vicinity of the capture site

and used different roosts (Frauke Kr€uger, personal

communication). None of them roosted next to the

highway. We have no information on relatedness or

colony membership of our bats. Due to vicinity of the

roosting trees, it is possible that the bats originate from

the same colony. It is likely that differences in the

avoidance of anthropogenic noise exist among colony

members.

Daubenton’s bats had slightly lower success rates in

the overlapping than in the nonoverlapping noise

treatments. This might be considered an indication of

acoustic masking that would take place in addition to

the aversive effect in the overlapping noise treat-

ments. However, in that case, we would expect the

search effort required for a successful prey capture to

be higher in the overlapping noise. This was clearly

not the case. A more likely explanation is that over-

lapping noise was perceived as louder and thus

caused a stronger avoidance response than the nonov-

erlapping noise, despite similar playback amplitudes.

The hearing of Daubenton’s bats is likely more sensi-

tive to higher frequency components of the noise,

because this is the frequency range of their echoloca-

tion. Thus, the overlapping noise that contained

higher frequency components was probably perceptu-

ally louder to the bats and may have caused the

stronger avoidance response. This is evidenced by the

result that bats invested less effort in foraging during

the playback of overlapping noise than nonoverlap-

ping noise.

The sensitivity of bats to anthropogenic noise

seems to depend on the behavioural context.

Although traffic noise decreases the foraging effi-

ciency of greater mouse-eared bats, the same species

sometimes occupies roosts exposed to considerable

anthropogenic noise (Schaub et al., 2008). A likely

explanation for the tolerance of bats to anthropogenic

noise during roosting is the greater sensitivity to

other noise stimuli. Roosting bats are often torpid,

and it has been shown in the greater mouse-eared

bat that colony noise disturbed torpid bats more

strongly than traffic noise (Luo et al., 2014b). In our

experiments, the noise appeared rather abruptly,

because the playback was triggered when a bat

started foraging. Noise exposure ended after one

minute. Could wild bat populations experience a

more continuous noise pollution and therefore

respond differently? This seems unlikely, and we

argue that exposure to traffic noise by foraging bats

is not continuous, but rather acute. First, the ampli-

tude of the traffic noise varies strongly even at a

busy highway (Schaub et al., 2008). Second, during

the time when bats are foraging, car density becomes

lower and thus time intervals between the passing

cars are longer. Third, foraging bats, including Dau-

benton’s bat, travel long distances (Parsons & Jones,

2003), which introduces additional variation to noise

exposure. However, because of short duration of our

study, we cannot judge the consequences of regular

noise exposure over years.
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Anthropogenic noise can adversely affect more species
than expected

So far, studies on effects of anthropogenic noise on ani-

mals have often concentrated on species in which noise

has an obvious potential to mask information of biolog-

ical importance (Slabbekoorn & Peet, 2003; Brumm,

2013; Proppe et al., 2013). In bats, research efforts thus

focused on species that find prey using prey-generated

sounds (Schaub et al., 2008; Siemers & Schaub, 2011;

Luo et al., 2014b) that strongly overlap with anthropo-

genic noise in frequency (Schaub et al., 2008). Here, we

show that traffic noise disturbed Daubenton’s bats by

reducing their foraging activity, despite having no

effect on their acoustic prey detection ability. Particu-

larly, even the noise that did not spectrally overlap with

the echolocation calls, and thus did not mask their prey

echoes, disturbed the bats. This demonstrates that

anthropogenic noise can adversely influence a substan-

tially larger number of species than expected judging

from spectral composition of noise (see also Hage et al.,

2013). These include species that do not rely on sounds

for foraging and other behaviours with direct fitness

effects. Noise impairment of animal survival and repro-

duction likely operates through multiple behavioural

and ecological channels, making its evaluation a chal-

lenging task. We strongly recommend taking this into

account and using the precautionary principle, when

trying to estimate the effects of noise pollution on wild-

life. Environmental impact assessments should also

investigate species that may not appear to be affected

by anthropogenic noise, when judging from the current

knowledge of their sensory ecology.
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Table S1. Noise does not change the search effort required for foraging in Daubenton’s bats.
Table S2. Statistics for the tests presented in Table S1.
Fig. S1. Graphical illustration of the relationship between the frequency of successful captures and the number of search flights.
Video S1. An example of foraging behaviour of a bat (WE) in the middle clutter and silence experimental treatment.
Video S2. An example of foraging behaviour of a bat (WE) in the middle clutter and overlapping noise experimental treatment.
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