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ABSTRACT

Global increases in environmental noise levels — arising from expansion of human populations, transportation networks,
and resource extraction — have catalysed a recent surge of research into the effects of noise on wildlife. Synthesising a
coherent understanding of the biological consequences of noise from this literature is challenging. Taxonomic groups
vary in auditory capabilities. A wide range of noise sources and exposure levels occur, and many kinds of biological
responses have been observed, ranging from individual behaviours to changes in ecological communities. Also, noise
is one of several environmental effects generated by human activities, so researchers must contend with potentially
confounding explanations for biological responses. Nonetheless, it is clear that noise presents diverse threats to species
and ecosystems and salient patterns are emerging to help inform future natural resource-management decisions. We
conducted a systematic and standardised review of the scientific literature published from 1990 to 2013 on the effects
of anthropogenic noise on wildlife, including both terrestrial and aquatic studies. Research to date has concentrated
predominantly on European and North American species that rely on vocal communication, with approximately
two-thirds of the data set focussing on songbirds and marine mammals. The majority of studies documented effects
from noise, including altered vocal behaviour to mitigate masking, reduced abundance in noisy habitats, changes
in vigilance and foraging behaviour, and impacts on individual fitness and the structure of ecological communities.
This literature survey shows that terrestrial wildlife responses begin at noise levels of approximately 40 dBA, and
20% of papers documented impacts below 50 dBA. Our analysis highlights the utility of existing scientific information
concerning the effects of anthropogenic noise on wildlife for predicting potential outcomes of noise exposure and
implementing meaningful mitigation measures. Future research directions that would support more comprehensive
predictions regarding the magnitude and severity of noise impacts include: broadening taxonomic and geographical
scope, exploring interacting stressors, conducting larger-scale studies, testing mitigation approaches, standardising
reporting of acoustic metrics, and assessing the biological response to noise-source removal or mitigation. The broad
volume of existing information concerning the effects of anthropogenic noise on wildlife offers a valuable resource to
assist scientists, industry, and natural-resource managers in predicting potential outcomes of noise exposure.

Key words: acoustics, noise pollution, human disturbance, vocal communication, acoustic metrics, masking, physiology,
behaviour, mitigation, fitness, conservation.
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I. INTRODUCTION

Noise generated by human activities has increased
dramatically over recent decades as a result of population
growth, urbanisation, globalisation of transportation
networks, and expansion of resource extraction. Road traffic
in the USA, for example, has outstripped population growth
over the past 40 years by a factor of ten, and the number
of domestic passenger flights has more than tripled since
the early 1980s (Barber, Crooks & Fristrup, 2010). In
marine environments, the distribution and effects of human
activity (e.g. offshore oil extraction, commercial ship traffic)
are extensive (Halpern etal, 2008), and shipping alone
is estimated to have increased low-frequency background
sound levels by 12 dB over the past few decades (Hildebrand,
2009). With the rapid escalation of noise pollution, there
is growing concern regarding its impacts on human health
and the functioning of natural systems (Chepesiuk, 2005;
McGregor etal., 2013).

Anthropogenic changes to the acoustic environment
include increases in the number of high-intensity noise events
and chronically elevated and homogenised background
sound levels. The impact of these changes has been most
thoroughly assessed in humans, with profound physiological
and psychological consequences, including increased risk of
cardiovascular disease (Babisch etal., 2005; Hansell etal.,
2013), sleep deprivation (Fyhri & Aasvang, 2010), and
cognitive impairment (Szalma & Hancock, 2011). These
impacts are estimated to cost at least one million healthy
life years per annum in Western Europe (Fritschi etal.,
2011). Protective legislation for human communities was
implemented four decades ago in the USA (Noise Control Act

of 1972, Quiet Communities Act of 1978) and more recently

(1) Expand geographic and taxonomic sampling
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in the European Union (Environmental Noise Directive
2002/49/EC).

Quantifying the effects of anthropogenic noise on wildlife
1s challenging. Sensitivity to noise varies widely across taxa
(Kaseloo & Tyson, 2004; Brumm & Slabbekoorn, 2005;
Morley, Jones & Radford, 2013; Slabbekoorn, 2013), and
may also vary depending upon context, sex, and life history
(Ellison et al., 2012; Francis & Barber, 2013). Noise can induce
compound biological responses (e.g. shifts in vocalisation
and movement; McLaughlin & Kunc, 2013), and is rarely
isolated from other forms of environmental disturbance, such
as habitat alteration and visual disturbance, confounding
interpretation of biological responses to noisy environments
(Summers, Cunnington & Fahrig, 2011). Furthermore,
determining the scale and extent of disturbance involves
carefully measuring characteristics of the sound source, such
as duration (chronic, intermittent), frequency content, and
intensity (Nowacek ezal., 2007; Southall etal., 2007; Francis
& Barber, 2013; Gill etal., 2015).

Despite these challenges, a coherent research focus on
noise impacts has recently emerged. Review papers have
either focussed broadly on wildlife (Brumm & Slabbekoorn,
2005; Barber etal, 2010; Kight & Swaddle, 2011), or
targeted specific taxonomic groups such as birds (Patricelli
& Blickley, 2006; Slabbekoorn & Ripmeester, 2008; Ortega,
2012; Slabbekoorn, 2013), fish (Slabbekoorn etal., 2010;
Radford, Kerridge & Simpson, 2014), and invertebrates
(Morley etal., 2013). The Marine Mammal Protection Act
stimulated noise regulation for marine mammals, and there
have been several reviews of the effects of noise on these
species (Richardson etal., 1995; Boyd etal,, 2008; Tyack,
2008; Southall et al., 2009; Ellison etal., 2012). Some reviews
have focused on specific behaviours (Luther & Gentry, 2013)
or responses to noise (Wright etal., 2007; Hotchkin & Parks,

Biological Reviews 91 (2016) 9821005 © 2015 Cambridge Philosophical Society



984

2013), while conceptual frameworks for evaluating noise
impacts to wildlife have also recently been published (Moore
etal., 2012; Francis & Barber, 2013).

This review provides a systematic and standardised
synthesis of the peer-reviewed literature published from 1990
to 2013 reporting responses of wildlife to anthropogenic noise
in terrestrial and aquatic habitats. It documents prominent
trends in research topics and methods, the kinds of noise
sources that have been studied and the measurements used to
characterise them, and gaps in research coverage that merit
attention in future research. Ultimately, we highlight the
utility of existing scientific information concerning the effects
of anthropogenic noise on wildlife for predicting potential
outcomes of noise exposure and implementing meaningful
mitigation measures.

II. LITERATURE REVIEW METHODOLOGY

We conducted a detailed literature search using Thompson’s
ISI Web of Science within the following subject areas
‘Acoustics’, “Zoology’, ‘Ecology’, ‘Environmental Sciences’,
‘Ornithology’, ‘Biodiversity Conservation’, ‘Evolutionary
Biology’, and ‘Marine Freshwater Biology’ from 1990 to
2013. The specific search terms were ([WILDLIFE or
ANIMAL or MAMMAL or REPTILE or AMPHIBIAN
or BIRD or FISH or INVERTEBRATE] and [NOISE
or SONAR]), which returned a total of 2205 scientific
peer-reviewed articles. These papers were filtered so only
empirical studies focussed on documenting the effects of
anthropogenic noise on wildlife were included in the final
data set (N =242). Reviews, syntheses, method papers
(N'=32), and studies dealing solely with natural acoustic
sources (N = 22) were excluded.

We reviewed the remaining publications to systematically
characterise each study using 21 attributes, including details
on the publication (journal, discipline, and year published),
study design (playback or natural experiment, field or
laboratory-based), and biological information (geographic
region, general taxonomic grouping, and whether the study
occurred in aquatic or terrestrial habitats). Journal titles
were used to classify each of the papers using the following
disciplinary categories: acoustics, behaviour, captive animals
and welfare, conservation and management, ecology,
environment, general biology, taxon-specific, physiology,
and other. In addition, studies were classified based on
the type of anthropogenic noise source, the acoustic metrics
reported to describe the noise source and the biological
responses measured in the study (see online Supporting
Information, Appendix S1 for full details of extracted
information).

Prior to commencing the full literature review process,
we characterised ten randomly selected publications as a
group to ensure accuracy and consistency of reporting across
individual reviewers. Each of the authors then characterised
a subset of the publications (five studies) across all 21
attributes to ensure that definitions of categories were
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clear and assignments were unambiguous. To improve the
consistency of the data-collection process further, each paper
was reviewed independently by at least two authors with
G.S. and ML.F.M. resolving any inconsistencies.

(1) Noise-source categories

We considered all anthropogenic sound sources as noise,
regardless of whether the noise was intentionally produced,
such as seismic exploration, sonars, acoustic deterrents, or an
unintended by-product of human activity such as maritime
shipping, traffic corridors, and construction. Furthermore,
we categorised noise sources based on anthropogenic activity,
not necessarily the characteristics of the noise stimulus,
although we also recorded and present this information
(see online Appendix S1). Six noise-source categories were
used: environmental, transportation, industrial, military,
recreation, and other.

Studies were assigned to the environmental noise category
when the noise investigated was not attributed to a specific
source, but rather included all the acoustic energy generated
by human activity at a given location and time, also
known as urban noise or background noise. In many cases,
these acoustic environments include sources from the other
defined noise categories that were not identified in the
experimental design. Noise sources in the transportation
category comprised both commercial and private vehicles,
including road traffic (motorcycles, automobiles, buses),
waterway traffic (boats, ferries, commercial ships), and
non-military aerial traffic (commercial jets, helicopters).
Studies that investigated specific recreational activities, such
as whale-watching boats and air tour helicopters, were
separated from the transportation studies. The industrial
noise source category included studies that examined
the effects of energy exploration (e.g. seismic surveys),
construction (e.g. pile driving), and the operations associated
with different energy sectors. Military sources included
gunfire, explosions, aircraft, naval sonar, and in some
cases, entire military training operations. We categorised
the remainder of the studies as ‘other’, with most studies in
this category using a simulated noise source, such as white
noise, and not representing a specific human activity.

(2) Acoustic measurements

We evaluated if complete and accurate characterisation
of acoustic environments, signals or stimuli, was provided.
Information was collected on the acoustic metrics reported,
where the reported level was measured (i.e. on site, on animal,
not reported, estimated), and if background sound levels
were measured. In addition, we recorded whether details
on spectral characterisation (e.g. bandwidth and frequency
weighting) and analysis (e.g. duration of measurement,
sampling frequency, reference pressure) were reported. If
details on the analysis of the acoustic data were not presented,
we noted whether the study referenced an established
standard or included details on the settings of a commercially
available instrument.
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(3) Biological responses

A categorical framework was developed to summarise
the biological responses measured in each study. The
biological responses were classified into nine distinct
categories to help assess the distribution of studies across
types of responses. These included: (z) physiology (stress,
hearing loss/damage, immune function, gene expression);
() direct fitness metrics (survival, fecundity, clutch
size); (uz) mating behaviour (attraction, mating success,
territorial behaviour, pair bonding); (i) foraging behaviour
(foraging rate, predation rate, hunting/foraging success);
(v) movement (spatial distribution, fleeing rate, avoidance,
dive pattern); (v2) vigilance; (viz) vocal behaviour (call
rate, intensity/amplitude, frequency shift, song length, call
type, signal timing); (vizz) population metrics (abundance,
occupancy, settlement, density); and (ix) community-level
metrics (species composition, predator—prey interactions).
If studies measured multiple biological responses, a second
category was noted.

III. STATE OF THE KNOWLEDGE

Research on the impacts of anthropogenic noise on
wildlife has steadily risen over the past two decades
(1990-2013), with a rapid increase in the volume of
published, peer-reviewed articles since 2010 (Fig. 1). The 242
studies that we reviewed have been published in 97 scientific
journals, covering a broad range of scientific disciplines from
general biology to conservation to physiology (Table 1).
Documented responses to a variety of anthropogenic noise
sources (Table 2) have included shifts in physiology (e.g.
impaired hearing, elevated stress hormone levels), alteration
of key behaviours (e.g. foraging, vigilance, movement),
and interference with ability to detect important natural
sounds (e.g. vocalisations of conspecifics) (T'able 3). In the
following sections, we explore topics that emerged from our
analysis of the existing literature and provide supporting
examples.

(1) The taxonomic and geographical diversity of
noise research

Many animals have specialised auditory organs and utilise
sound for a variety of ecological functions from navigation
and detection of resources to alerting conspecifics to the
presence of predators. It is not surprising that noise impacts
have been investigated in many taxonomic groups of animals,
including vertebrates and invertebrates, and across a diverse
range of terrestrial and aquatic habitats (Table 1). This
broad taxonomic and geographic sampling is crucial to
understanding how animals respond to noise across a
range of auditory capabilities, behavioural contexts, levels
of prior exposure, and noise sources. Further, investigating
the effects of noise on a diversity of taxa within a study
system enables detailed exploration of the complex and

985

potentially differential responses to the same noise source.
For example, in the woodlands of north-western New
Mexico, USA, species richness of nesting birds was reduced
as a function of anthropogenic noise, but birds that were
able to tolerate noisier habitats had higher reproductive

success due to reduced predation (Francis, Ortega
& Cruz, 2009).
Although the published literature includes broad

taxonomic sampling, birds and marine mammals are by far
the most studied groups (Table 1; Fig. 1). Terrestrial research
has focused mainly on effects on vocal communication, while
aquatic research has also explored noise effects on movement,
foraging, and physiology (Table 3). Underrepresented taxa
in the published literature include reptiles, amphibians, and
invertebrates (Table 1). Invertebrate studies, for instance,
contributed only 4% of the total data set, yet this group
contains 97% of the world’s documented animal species,
fulfilling varied and important ecological roles, such as prey
species, pollinators, and serving as sensitive indicators of
environmental change (de Soto etal, 2013). Invertebrate
species also provide excellent model species for studying the
complex effects of noise given their size, rapid generation
time, and the ease of maintaining laboratory populations
(reviewed by Morley etal., 2013).

Similar to its taxonomic focus, research on the effects
of anthropogenic noise on terrestrial systems has been
geographically biased, with 81% of the research conducted
in either North America or Europe (this includes all
laboratory and theoretical studies), while South America,
Asia, and Africa remain underrepresented (Table 1). Yet
developing nations are likely to experience the greatest
level of population and economic growth over coming
decades (Bloom, 2011). This situation provides important
opportunities and motivation to study the effects of noise in
less-disturbed habitats and to introduce known mitigation
strategies to avoid negative consequences, particularly given
that South America, Asia, and Africa are also home
to some of the most biodiverse regions on the planet
(Jenkins, Pimm & Joppa, 2013). Individual-, population-, and
community-level reactions to a novel noise stimulus will likely
differ between areas previously exposed to anthropogenic
noise over extended periods of time and areas where
anthropogenic noise exposure is lower and the source was
recently introduced.

(2) Isolating the effects of noise

Anthropogenic noise is commonly associated with human
activities that produce multiple types of disturbances (e.g.
visual, habitat fragmentation). A number of experimental
approaches have been developed to isolate noise from
these other confounding variables, these include natural
experiments contrasting noisy and quiet areas while holding
other variables constant (e.g. natural gas compressor studies;
Habib, Bayne & Boutin, 2006; Bayne, Habib & Boutin, 2008;
Francis etal., 2009), and controlled playback experiments
where noise is introduced in isolation to the other forms
of disturbance (e.g. for free-ranging populations of marine
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Fig. 1. Number of peer-reviewed publications reporting the effects of anthropogenic noise on wildlife from 1990 to 2013.
Publications are divided into broad taxonomic categories: birds, aquatic mammals, terrestrial mammals, fish, reptiles/amphibians

and invertebrates.

mammals and birds: Blickley, Blackwood & Patricelli, 20124;
Blickley etal., 2012b; Goldbogen etal., 2013; McClure etal.,
2013).

Studies that have isolated noise from potentially
confounding variables have provided crucial evidence that
noise alone can directly alter behaviour (Karp & Root,
2009; DeRuiter etal., 20135), reduce habitat quality (Blickley
etal., 2012b), and cause physiological impacts (Mooney,
Nachtigall & Vlachos, 2009) across a range of species.
For example, a recent playback study created a 0.5km
‘phantom acoustical road’ to compare migratory bird
habitat utilisation during ‘on’ and ‘off” conditions (McClure
etal., 2013). The results from this sequence of trials,
combined with concurrent observations of nearby control
habitat (similar vegetation, no noise playback), provide
decisive evidence that noise alone causes rapid changes in
habitat use.

A combination of research approaches has proved
important in identifying the consequences of noise
disturbance. Natural experiments utilising existing acoustical
gradients over time or space (48% of reviewed studies)
have the potential to confound the effects of noise with
other disturbances (see Summers etal, 2011), but can
be complimentary to controlled playback experiments
conducted on free-ranging populations (15% of reviewed
studies). Furthermore, biologically relevant responses at the
individual, population, and community level can be identified
in the field, whereas noise and the specific mechanisms
driving changes in behaviour and physiology can be isolated
with greater ease under laboratory conditions (Kight &
Swaddle, 2011).

Biological Reviews 91 (2016) 982—1005 © 2015 Cambridge Philosophical Society

(3) Relationship between the perception of noise
and response

Biological responses to noise are varied (Table 3), in part
because responses depend upon the perception of noise
(reviewed by Francis & Barber, 2013). Noise can be
perceived as a threat, as observed when animals respond
similarly to playbacks of anthropogenic noise and predator
calls (e.g. Tyack etal., 2011). In other cases, noise causes
sensory degradation or the inability to detect acoustic cues
from conspecifics, predators, prey or the environment,
which can alter predator—prey interactions (Siemers &
Schaub, 2011), reduce reproductive success (Halfwerk ezal.,
2011b), and change settlement dynamics (Holles ezal., 2013).
Additionally, noise can distract animals from attending to
more crucial stimuli in the environment (Chan etal., 2010),
it can be a direct stressor causing pain or elevated stress
hormone levels (Blickley ezal.,, 201256; Rolland etal., 2012),
or in some instances, noise may provide a shelter from
disturbance-sensitive predators (Francis etal., 2009; Brown
etal., 2012).

The mechanisms by which animals respond to noise are
not necessarily mutually exclusive. For example, animals
that remain in a ‘noisy’ habitat because it provides a
shelter from predators will likely have to contend with
sensory degradation, either through changes in vocalisations
(Mockford & Marshall, 2009; Mockford, Marshall &
Dabelsteen, 2011) or vigilance patterns (Quinn etal.,
2006; Rabin, Coss & Owings, 2006). Noise can also
induce the same response via compound mechanisms; for
mnstance, reductions in foraging activity may be driven
by a combination of increased perceived predatory threat,
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Table 2. Proportion of studies in different noise-source categories

Graeme Shannon and others

Noise-source

Per cent of Per cent of

category Examples terrestrial studies aquatic studies
Environmental General background noise (urban and developed areas, no 5 35
specific source identified)
Transportation Commercial (maritime shipping, commercial aircraft, train, 30 13
bus) and private (general traffic, automobile, motorcycle,
small boat) transport noise
Industrial General construction, machinery, energy (wind, oil and gas) 23 8
development and operation, pile driving, seismic survey
(air-guns), echo sounder, and underwater communication
network noise
Military Gun fire, explosion, naval sonar, and aircraft noise 12 12
Recreation Hunting, whale-watching, air tour, snowmobile, and race-track 3 2
noise
Other Simulated (white, pink, tones), human voice, alarm, aquarium, 27 31

and chainsaw noise

distraction, stress-induced loss of appetite, and masking of
prey cues (Bracciali etal., 2012; Wale, Simpson & Radford,
2013).

Evidence suggests that the characteristics of the acoustic
signal (e.g. frequency, duration, onset, intensity) and the
biology of the species in question (e.g. hearing range,
behavioural state, habitat, vocal behaviours) are important
for predicting how noise is likely to affect a particular
organism (reviewed by Francis & Barber, 2013; Parris
& McCarthy, 2013). Chronic noise sources are likely to
degrade auditory cues important for predator/prey detection
(Siemers & Schaub, 2011), communication (Hatch etal.,
2012) and orientation (Ellison etal., 2012), especially if the
noise source is high intensity and overlaps in frequency
with an organism’s hearing capabilities or the sound of
interest (e.g. footfalls, leaves rustling; see Goerlitz, Greif
& Siemers, 2008). Shifts in vocal rate, call intensity, call
type, call frequency (as reviewed by Slabbekoorn, 2013),
the timing of singing (Fuller, Warren & Gaston, 2007),
and duration of calling (Diaz, Parra & Gallardo, 2011)
have been studied extensively among birds (and marine
mammals) to explore how vocal communication is affected
by anthropogenic noise (see Tables 1 and 3), and to
examine possible behavioural adaptations that are employed
to overcome masking. The link between vocal flexibility and
persistence in noisy environments has been demonstrated in
a number of species (Francis etal., 2011d; Proppe, Sturdy
& St Clair, 20135) and vocal behaviour and ability to learn
can influence a vocal response to noise (Hu & Cardoso,
2010; Rios-Chelén etal., 2012). Recent theoretical work
predicted the reduction in active space of vocal signals for
birds moving from rural to urban habitat and identified
the communication benefits of raising vocal frequency in
noisy environments, particularly for species with calls in the
lower frequency range (reviewed by Parris & McCarthy,
2013). Nevertheless, a change in vocalisation may come with
significant consequences, including altered energy budgets
and loss of vital information (Read, Jones & Radford, 2014).
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Although explored to a lesser extent, responses to reduced
cue detection, such as movement away from the noise (e.g.
Miksis-Olds & Wagner, 2011; McLaughlin & Kunc, 2013)
and a reduction in foraging efficiency (Schaub, Ostwald &
Siemers, 2008; Siemers & Schaub, 2011), have also been
demonstrated in the presence of chronic noise.

Noise sources that are novel, unpredictable, or are
acoustically similar to biologically relevant sounds are
predicted to elicit responses similar to those associated
with predation risk (flee, hide, startle responses; reviewed
by Francis & Barber, 2013). Although the sound must be
detected, the noise does not need to overlap with peak
hearing capabilities or be received at a high intensity to elicit
antipredator behaviour. For example, beaked whales (iphius
cavirostris) responded similarly to playbacks of military sonar
and calls of killer whales (their main predator) (Tyack etal.,
2011). In this case sonar overlapped with the peak hearing
range of the study species, but sonar also elicited antipredator
responses in blue whales (Balaenoptera musculus) with hearing
sensitivities in much lower frequencies (Goldbogen etal.,
2013), and failed to elicit responses in Atlantic herring
(Clupea harengus), despite overlap with their most sensitive
hearing range (Doksater et al., 2009). Thus, the frequency and
intensity of noise are just a few of the factors driving responses,
with temporal and spatial context of the disturbance, prior
experience and similarity to relevant biological sounds also
playing key roles (reviewed by Ellison etal., 2012).

Current research is furthering our understanding of
the specific mechanisms driving the observed biological
responses to noise and the contextual factors that shape
them. For example, the presence of young (Maier etal.,
1998), social status (Bruintjes & Radford, 2013), and spatial
orientation relative to a noise source (Delaney etal., 1999;
Ellison etal., 2012) can all drive differential responses. The
duration and timing of noise stimuli are also important, as
extended exposure to a chronic noise source may ultimately
lead to tolerance or habituation, particularly if it provides an
indirect benefit (e.g. a predator shelter; Francis etal., 2009;
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Table 3. Distribution of studies by biological response and noise source

Noise source

Biological response  Environmental Transportation Industrial Military Other
vocal behaviour O 203% 9.9% 1.4% 1.9% 2.8%
movement 1.9% 4.2% 5.7% 6.1% 4.2%
§ physiology - 42% 5.2% 2.4% 7.5%
% population metrics 1.4% 4.2% 4.7% 0.5% -
g vigilance - 0.9% 0.5% 0.9% 0.5%
E mating behaviour - 1.4% 0.9% - 0.5%
5 foraging behaviour - 2.4% - 0.5% -
direct fitness metrics 0.5% 0.5% 0.9% - -
community-levelmetrics 0.5% - 0.5% - -
vocal behaviour - - 4.2%
g movement 2.5% 2.5% - 3.3% 3.3%
\IZL physiology - 0.8% 2.5% 0.8% 5.8%
g population metrics 2.5% 5.8% 7.5% 0.8%
E vigilance - 1.7% 0.8% 1.7% 0.8%
= mating behaviour - 1.7% 1.7% - 0.8%
% foraging behaviour - 1.7% - - -
Ea direct fitness metrics 0.8% - 0.8% - -
community-levelmetrics 0.8% - 0.8% - -
Q vocal behaviour 3.3% 4.3% 1.1%
8 physiology 4.3%
E population metrics - 2.2% 1.1% - -
2 vigilance - - - - -
§- mating behaviour - 1.1% - - -
< foraging behaviour - 3.3% - 1.1% -
direct fitness metrics - 1.1% 1.1% - -

community-level metrics - -

Only studies that reported a statistically measured response were included. Colour shading indicates the relative number of studies in each

category.

Brown etal., 2012). Studies combining different metrics of
response, such as spatial distribution and vocal activity,
may offer further insight into the varied consequences
and trade-offs for species and communities exposed to
noise (McLaughlin & Kunec, 2013). Ultimately, predicting
how noise characteristics, behavioural contexts, and animal
biology interact will be central in identifying habitats that
are of conservation concern and implementing effective
mitigation strategies.

(4) Ecological consequences of noise

A diverse range of biological responses to noise, from
altered hearing thresholds of captive fish to changes
in movement and foraging behaviour of large marine
mammals in the open ocean, have been measured. Of
the 242 studies included in this review, 88% reported

a statistically measured biological response to noise
exposure (see Table 3 & online Appendix 1 for further
details). A small number of these studies have begun
examining the impacts of noise using metrics associated
with population persistence (survival, reproductive fitness),
community interactions (predator—prey interactions), and
ecosystem services (pollination) to understand the biological
costs of anthropogenic noise. For example, studies on
the mmpacts of noise to population persistence measured
declines in productivity of breeding (Kight, Saha & Swaddle,
2012), reduction in fitness (Schroeder etal., 2012), and
change in timing of settlement (Pine, Jefls & Radford,
2012).

Investigating the effects of noise on multiple taxa within
a study system enables detailed exploration of the complex
and interactive nature of noise impacts. Noise was found
to impact key ecological services, enhancing pollination
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via reduced predation in noisy areas for hummingbirds,
while decreasing seed dispersal for dominant plants because
key dispersers avoided noisy areas (Francis etal, 2012).
Investigating the effects of noise on lower trophic levels
can also reveal community-level impacts of noise. For
instance, exposure to continuous turbine noise interfered
with natural settlement cues for two species of abundant
estuarine crabs, likely disrupting food-web interactions (Pine
etal., 2012). Noise altered species interactions, including
predator—prey interactions in terrestrial (Schaub et al., 2008;
Siemers & Schaub, 2011) and marine (Kuningas etal., 2013;
Wale etal., 2013) communities, while social interactions of
cichlid fish shifted in the presence of boat noise (Bruintjes
& Radford, 2013). Although these studies did not directly
test the consequences for community structure and function,
changes in species interaction may ultimately translate into
community-level effects.

The majority of noise research has used comparatively
short-term natural or controlled experiments that commonly
focus on behavioural change in single species and are spatially
discrete. While this approach has proved pivotal in revealing
the widespread impacts associated with noise, evidence
for long-term effects on populations and communities is
generally only suggestive. Long-term experiments conducted
over broad spatial scales may offer a more complete
understanding of the population-level and interacting effects
of noise on wildlife.

(5) Application of research to develop and
implement noise mitigation

The global increase in anthropogenic noise levels across
both human-dominated and natural habitats presents
a significant conservation challenge, especially when
considered in conjunction with other threats to wildlife
and ecosystem integrity. There is a real need for research
on the impacts of noise on wildlife to translate into
management actions or recommendations (Tabarelli &
Gascon, 2005). While a variety of noise-mitigation methods
exist, only 9% of the studies reviewed provided specific
recommendations. Recommendations included the use of
physical barriers to noise, geographical and temporal
restrictions to human activity, and quiet technology
(Table 4), yet few studies directly tested the effectiveness
of these methods. The majority of studies with mitigation
statements were published in conservation, ecology, and
environmental journals and focussed primarily on terrestrial
ecosystems.

Physical barriers are a commonly suggested mitigation
tool that have been used along roadways to reduce noise
levels for human populations (Murphy & King, 2011)
and wildlife (Slabbekoorn & Ripmeester, 2008). However,
the benefits of these barriers extend a relatively short
distance. Barriers also can compound fragmentation effects
by restricting animal movement, and their costs may well
exceed other mitigation approaches (Summers etal., 2011).
Collectively, these considerations suggest that noise barriers
are most suitable for roadside habitat of especially high
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conservation value, or to enhance the eflectiveness of
road-crossing structures or tunnels. Alternative options to
reduce road noise include restrictions to traffic flows during
sensitive life-history periods, speed reductions, improved
road surface substrates, and new tyre technology. Controlled
studies documenting changes in wildlife behaviour and
habitat utilisation in response to reducing roadway noise
would extend the findings of recent noise broadcast
studies, and document the conservation value of quiet-road
investment.

The noise-barrier approach can be effective for industrial
activities such as resource extraction and construction, where
machinery generates a point noise source that is spatially
compact (Table 4). Specific methods have included the use
of bubble curtains to reduce pile-driving noise in marine
environments (Wiirsig, Greene & Jefferson, 2000) and the
erection of sound barriers to minimise noise from terrestrial
gas compressor stations (Francis etal., 2011d). Implementing
barrier mitigation measures may prove expensive (e.g.
$175-200 million to reduce oil and gas extraction noise
by 4 dB; Bayne etal., 2008), making it unlikely that industry
will adopt these measures without specific regulations in
place (Ortega, 2012).

(6) Characterising complex acoustic stimuli

Anthropogenic noise is a complex and challenging source of
pollution to quantify, varying in duration, amplitude, and
frequency content, while being modified by the medium
through which it travels. The detailed reporting of acoustic
measurements is necessary to repeat experiments, provide
insight on the kinds of noise stimuli that induce a response,
and synthesise results across studies. We were surprised
that acoustic metrics and measurement methods were not
always documented in these papers. Although the majority
of studies used common acoustic metrics such as root-mean
square sound pressure level (SPL), sound exposure level
(SEL), or equivalent noise level (Leq) (see online Appendices
S1 and S2 for descriptions of these metrics), 30% provided
no details on the received sound levels of the noise stimulus
and 10% simply reported a dB level without information on
how the value was measured or calculated (Fig. 2). A notable
proportion of studies (38%) lacked a record of the spectral
analysis, such as duration of the measurement, frequency
range, and weighting function (Fig. 2). Measurements of
the background acoustic environment prior to exposure
to a noise source (excluding the environmental noise
category) were reported in only 53% of the literature
(Fig. 2). Given the cross-disciplinary nature of terrestrial and
aquatic bioacoustic research and the difference in reference
pressure between air and water, it is surprising that the
majority of studies (51%) did not report the reference
pressure used when reporting a dB value (see Rossing,
2007 for further details). Ninety per cent of these studies
were conducted in terrestrial environments, implying the
use of the standard reference pressure in air, but this
is a potential source of confusion (reviewed by Chapman
& Ellis, 1998).
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Table 4. Examples of reported mitigation methods for reducing the negative effects of noise on wildlife

Environmental Transportation Industrial Military
Birds Urban planning (e.g. Engineering solutions (e.g. Use of sound barriers around
maintaining green road surfaces, tyres and ~ compressors to reduce
spaces and reducing vehicle engines) that affected area by 70% and
noise levels) to maintain ~ reduce noise [13] maintain occupancy and
biological communities nest success rates [4]
(3]
Reduction of aircraft noise Closing key roads during
exposure to <80 dBA of  breeding season;
river habitats used by reducing traffic speed
harlequin ducks [5] and volume [10]
Placement of new Use of 105 m
acoustically dominant hemispherical
features (roads, protection to eliminate
machinery) further owl flush response to
from nesting areas; overflights; minimising
limits to production flights 3 h following
during sensitive periods  sunset and preceding
of breeding; abatement dawn; separating
of current noise by overflights by at least
altering structures (c.g. 7 days [2]
sound walls, dense
vegetation, removing
highly reflective
surfaces, rerouting
traffic) [6]
Restricting traffic flow and
heavy truck use [14]
Wise planning along
transportation corridors
and mitigation of noise
along their paths to
enhance habitat for the
highest number of bird
species [16]
Terrestrial Setting criteria for height Noise barriers; construction  Limiting military training
mammals and density of road scheduling to avoid exercises during calving
bordering vegetation, noise-sensitive experiments  and post-calving season [8]
filling in gaps in tree [12]
lines and encouraging
canopy growth [15]
Aquatic Ship design and Air bubble curtains and Use of dose—function
fish/mammmals construction that ‘Hydro Sound Dampers’ methods in predicting the

includes methods to
reduce underwater
noise and limited
navigation permitted
within fish spawning
grounds during the
spawning season [17]

Definition of noise-free
areas or seasonal
restriction of noise
activities during
sensitive biological
periods [11]

(18]

Avoiding pile-driving during
calving and when animals
are in 500 m exclusion
zone; soft start or alarm
sound before operations;
restricting operations to
low tide; decoupling
equipment from hull of
piling vessel; use of bubble
curtain within 25 m radius
of the pile [1]

harassment of marine
mammals [20]

Consider the likely contexts of
exposure and the foraging
ecology of baleen whales in
planning military sonar
operations [19]
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Table 4. Continued

Graeme Shannon and others

Industrial Military

Environmental Transportation
Reptiles & Use of noise barriers on ~ Dense vegetation along
amphibians road network; roadsides (as a less
construction of new costly alternative to
roads at distances away solid barriers) to
from protected areas; attenuate traffic noise
technological advances; [9]
laws with standard
noise emission for
vehicles, speed and
driver behaviour [7]
Invertebrates

Applying the precautionary
principle when planning
high-intensity activities
such as explosions,
construction or seismic
exploration, in spawning
areas of marine
invertebrates with high
natural and economic
value [21]

[1] David (2006); [2] Delaney etal. (1999); [3] Fontana, Burger, & Magnusson (2011); [4] Francis ezal. (2011d); [5] Goudie & Jones (2004);
[6] Kight et al. (2012); [7] Lengagne (2008); [8] Maier etal. (1998); [9] Parris & Schneider (2009); [10] Parris etal. (2009); [11] Picciulin
etal. (2010); [12] Rasmussen e al. (2009); [13] Summers et al. (2011); [14] Zhang et al. (2012); [15] Zurcher, Sparks, & Bennett (2010); [16]
Proppe et al. (2013b); [17] Liu ezal. (2013); [18] Dihne etal. (2013); [19] Goldbogen ¢t al. (2013); [20] Houser, Martin & Finneran (201354);

[21] de Soto et al. (2013).

IV. IDENTIFYING NOISE LEVELS THAT ELICIT
A BIOLOGICAL RESPONSE

Our compilation and synthesis of research on the effects
of anthropogenic noise on wildlife offers an opportunity to
identify the noise levels that elicit biological responses. To
integrate information on wildlife responses to noise into a
common framework, we identified a subset of studies (69
terrestrial and 62 aquatic) that documented a significant
response to a noise stimulus and also reported an acoustic
value and metric at which a response occurred. Our
classification of a ‘significant response’ was based upon
the study reporting a statistical change in the particular
biological metric as a function of noise exposure. A variety of
metrics with different frequency weighting and bandwidths
were reported in this subset of studies (see online Appendix
52). It was not possible to adjust all values to a common
acoustic metric to compare across studies. Instead, we
reported the metrics used in each study and the specific
sound level (see Fig. 3); this provided graphical indications of
the different metrics to reveal potential artefacts or differences
in interpretation (Madsen, 2005).

Extracted noise levels were sorted to produce a cumulative
weight-of-evidence curve as a function of the noise level
at which a biological response was documented, thereby
summarising the number of studies reporting a response at
or below a given noise level. We compiled the results for
terrestrial and aquatic studies separately because they used
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different reference pressures to derive noise levels. These
cumulative curves span a wide range of species and biological
responses, in addition to different acoustic metrics. This
framework was modelled after a dose—response relationship,
but each increment in the weight-of-evidence function does
not represent an increasing number of responsive species.
Rather, these curves depict an increasing number of studies
documenting a response at a given noise level. Therefore, the
curves suggest accumulation of evidence, not accumulation
of response.

The cumulative weight-of-evidence provide
support for natural resource managers seeking to establish
management objectives for anthropogenic impacts or
developing policy on noise (Fig. 3). For example, a limit
on allowable noise levels can be supported by citing the
percentage or number of studies that have documented
biological impacts at or below that level. Lower noise
thresholds are more protective, but they are supported by
a smaller number of studies. Note that responses have been
documented in terrestrial environments at noise exposure
levels as low as 40dB SPL, and 14 studies documented
responses below 50dB (Fig. 3A). Predictions of natural
sound levels for the coterminous USA range from 24 to
40dB (LAeq, 1s, median summer daytime level; Mennitt,
Fristrup & Nelson, 2013). The terrestrial weight-of-evidence
curve includes all noise-source categories and species groups,
although representation is unbalanced (Table 5). Multiple
bird studies documented changes in song characteristics,

curves
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Anthropogenic noise sources

Environmental

% of total studies 21%

Received sound level

W Measured
Estimated
W Not reported

Acoustic metrics reported
W SPL, SEL Leg

Multiple, other
W Not reported

Record of spectral analysis

W Derails reported
Some details/

instrument setfings
W Not reported

Measured background noise level
100%

% of total studies  50% I
0% |
yes no

993

s

Military
11%

Transportation
32%

Industrial

20%

yes no yes no yes no

Fig. 2. Reporting of acoustic noise-source measurements. The chart divides all of the studies into noise source categories and
highlights different components of acoustic analysis, including whether the received sound level was measured, the types of acoustic
metric reported (see online Appendices S1 and S2 for acoustic metric definitions), whether details of the spectral analysis were
provided and whether background noise was measured (note that background noise provided the noise source for most studies in
the environmental category). Black-filled graphics indicate the proportion of studies in which details were not reported.

reproduction, abundance, stress hormone levels, and species
richness at levels >45dBA SPL (re 20uPa). Terrestrial
mammals exhibited increased stress levels and decreased
reproductive efliciency at noise levels between 52 and 68 dBA
SPL (re 20 puPa). Traffic noise exceeding 60 dBA SPL (re
20 uPa) impacted the vocal behaviour of male anurans and
traffic noise exceeding 80 dBA SPL (re 20 uPa) reduced the
foraging efficiency of gleaning bats.

The diversity of responses and metrics creates
opportunities for misinterpretation. For example, it might
seem reasonable to utilise the median of this cumulative
distribution as a noise-impact criterion that is robustly
supported by this body of literature. This would yield a
value of 60dB. This level would be cause for concern
In a community setting: it causes conversational speech
interference. The EPA (1974) recommended a 55dB
criterion to protect the health and welfare of the American
public. The inflated character of this median can be

explained by examining the metrics associated with the points
in Fig. 3A. Many of the studies that fall above the median
utilised metrics that typically exceed LAeq (SPL max, SEL),
or the studies did not specify the metric and measurement
procedure. Accordingly, the most useful portion of this curve
lies to the left of the median.

To provide insight into the relative effects of noise on
humans and wildlife, the cumulative curve for the terrestrial
wildlife studies was compared against human responses to
noise derived from a meta-analysis of human survey data
on annoyance at different noise levels (ANSI, 2005). The
human response curve represents the predicted percentage
of residents in quiet rural communities predicted to be
highly annoyed by a new or unfamiliar noise source.
Despite the heterogeneity in the wildlife noise metrics
and responses, the range of noise levels documented to
induce annoyance in humans and responses in terrestrial
wildlife are similar (40—100dB SPL re 20 puPa). Evidence
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Fig. 3. Cumulative per cent of studies reporting biological responses by wildlife for a given noise level. Only studies that reported
acoustic measurements are included (N = 131). See Appendices S1 and S2 for additional details on the noise levels, acoustic metric
definitions, frequency weighting and bandwidths for each study used to generate these curves. (A) Results from terrestrial studies.
Coloured symbols are used to reveal the potential influence of different metrics on the shape of the terrestrial curve. The human
response curve (solid line) represents the predicted percentage of residents in quiet rural communities predicted to be highly annoyed
by a new or unfamiliar noise source. (B) Results from the aquatic studies. Only SPL dB values were used to generate the cumulative
curve. For comparison, received levels from the terrestrial wildlife studies and the human response curves (right y axis) are also
plotted. The noise levels in the terrestrial wildlife and human studies were adjusted to the same scale as the aquatic studies. This was
done by adding 61.5 dB to the sound level values to account for the difference in reference pressure and impedance.

Biological Reviews 91 (2016) 982—1005 © 2015 Cambridge Philosophical Society



Effects of anthropogenic noise on wildlife

for wildlife responses to noise accumulates at lower exposure
levels than the rural human annoyance curve, although
the slopes are similar. Another connection between human
and wildlife noise studies is the onset of health effects.
Epidemiological studies suggest that humans may experience
elevated risk of hypertension when LAeq is greater than
55dB (Stansfeld & Matheson, 2003). Physiological and
fitness effects were documented by five papers included
in this review at noise exposure levels of 52, 52, 58, 60, and
68 dBA SPL.

The aquatic studies generally provided better descriptions
of their measurements, although in this literature variation
in the bandwidth of the noise stimulus varies and presents
a challenge for interpretation of the cumulative evidence
curves. Fifty per cent of the aquatic studies measured a
biological response at or below 125dB (re 1 uPa) (Fig. 3B).
The different reference pressure and acoustic impedances
between air and water account for 61.5 dB of the differences
in levels between terrestrial and aquatic studies (Leighton,
2012). The terrestrial data and human annoyance curves are
included in Fig. 3B after accounting for this correction factor.

The studies contributing to the aquatic weight-of-evidence
curve include all noise source categories and species groups
(Table 6). Manatees shifted their foraging and movement
behaviour when one-third octave band levels (4kHz)
exceeded 60 dB SPL, a notably low level. Otherwise, fishes,
mammals, and invertebrates responded to noise across a wide
range of noise levels (67—195dB SPL re 1 uPa) (see online
Appendix S2). Industrial noise, particularly high-intensity
sound sources such as seismic air guns, impacted the
physiology, vocal communication, and activity budgets of
aquatic species, with reduced abundance and catch rates of
fishes during relatively high levels of industrial noise (248 dB
SPL re 1 uPa). Marine mammals responded to industrial
noise by altering spatial movement patterns (107 dB Leq re
1 uPa), hearing thresholds (226 dB peak—peak re 1 uPa), and
calling behaviour (82 dB SPL re 1 uPa) (Table 6). Naval sonar
was the main source of concern in the military category (92%
of aquatic studies with military sources). Sonar caused active
avoidance, disrupted foraging, and temporary hearing loss
among marine mammals in close proximity to the source
(67 dB SPL re 1 uPa), yet showed limited effects on fish with
all documented responses occurring at higher noise levels
(195dB SPL re 1 uPa) (Table 6).

V. RESEARCH RECOMMENDATIONS

Our review has highlighted the substantial body of
information concerning the effects of anthropogenic noise on
wildlife. Such research can assist scientists, natural resource
managers, industry, and policy makers in both predicting
potential outcomes of noise exposure as well as implementing
meaningful thresholds and mitigation measures. Refinement
and focus on several key research areas will further strengthen
the conclusions and inferences that can be drawn regarding
the impacts of noise on wildlife.

995

(1) Expand geographic and taxonomic sampling

Research on the effects of anthropogenic noise on terrestrial
systems has been taxonomically and geographically biased,
with 65% of studies conducted on birds and marine mammals
and 81% of research carried out in either North America
or Europe (includes all theoretical and laboratory-based
studies). Investigating the effects of noise across a broader
array of species and habitats is crucial for developing
theories that explain variations in response to noise in
terms of unique auditory capabilities, social structure, life
history, ecological role, and evolutionary adaptation. Greater
knowledge of taxon-level responses to noise will also be useful
in predicting the likely responses of species that are too rare
or elusive to study directly and may reveal responses in
species previously thought unaffected because they occupy
noisy areas (Shannon etal, 2014) or have peak hearing
sensitivities outside of a particular noise source (Goldbogen
etal., 2013).

(2) Explore interacting effects

In most cases, it remains unclear whether responses to noise
will be further compounded by the introduction of potentially
heterotypic stressors such as artificial light and habitat
fragmentation. Designing studies that explore and quantify
how the addition of other stressors influences observed
biological responses to noise will facilitate evaluation of
the benefit of reducing noise in environments facing multiple
threats.

(3) Remove or reduce noise

Documenting biological responses in environments that have
experienced a reduction in noise, such as closure of a road,
closure of an energy facility, or a change in ship traffic routes,
may reveal how systems recover from chronic noise exposure.
Successful design requires knowledge and coordination with
proposed changes in order to capture conditions prior to the
reduction in noise levels.

(4) Invest in large-scale studies

To date there are very few studies that have attempted to
explore the effects of noise at the landscape scale and/or
over long temporal periods (e.g. seasonal, yearly), likely due
to the logistical and experimental challenges that it presents,
particularly in isolating the effects of noise from other sources
of disturbance (e.g. habitat fragmentation, human presence).
Nonetheless, in contrast to single-exposure, single-species
research, larger-scale approaches can provide direct insight
into the cumulative effects of noise exposure related to
population persistence, ecological integrity, and evolutionary
processes. Developing a systematic approach to sampling of
multiple species within a community and multiple metrics
of biological responses will therefore require coordination
across scientific disciplines and organisations.
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(5) Measure responses over a gradient of noise
levels

Additional studies are needed that investigate a gradient of
noise exposure rather than quiet versus loud treatments. A
gradient design provides insight on the levels of noise at
which a response is initiated and how the response changes
with increasing noise levels. This design can also reveal how
animals recover from exposure to noise, while exploring the
relationship between levels and duration of noise exposure
and habituation or sensitisation by different species.

(6) Evaluate mitigation measures

There isaneed to evaluate the ecological benefit of mitigation
measures in both terrestrial and aquatic environments.
Technological innovations (such as quieter ship propellers,
car and aeroplane engines, tyres, and asphalt), modifications
to standard operations (e.g. slower ship and vehicle
speeds, traffic flow control, road closures), and sound
barriers can significantly reduce noise levels in a particular
habitat; however the benefits to wildlife are not fully
understood. For example, how long does a road need
to be closed for the biological community to recover
from traffic noise? Do the unintended consequences of
sound barriers (e.g. fragmentation or acoustically reflective
surfaces) outweigh the benefits (Parris & Schneider, 2009)?
Further, design and implementation of mitigation methods
should match the timing and locations of biological
activity, particularly during biologically sensitive periods,
such as breeding (e.g. lekking behaviour in sage grouse
Centrocercus urophasianus; Blickley etal., 2012a,b) or seasonal
movement (e.g. spring migration in cetaceans; Patenaude

etal., 2002).

(7) Improve reporting of acoustic metrics

Identifying the conditions that elicit biological responses is
impossible without exposure information. Relevant details
should include specification of acoustic metrics, temporal
characteristics of the measurement (duration of recordings),
frequency range measured, weighting filters applied, and the
reference pressure used. Additionally, recording equipment
and measurement procedures (distances and duration) should
be documented for the source and received levels. Spectral
descriptions or graphics provide important detail on the
dominant frequencies of the noise source and can be
compared to the hearing sensitivities of different species. The
current state of the literature limits proper meta-analytical
approaches that would allow compilation, comparison, and
projection.

VI. CONCLUSIONS

(1) The substantial body of scientific research reviewed
here provides considerable evidence that anthropogenic
noise 1s detrimental to wildlife and natural ecosystems.
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(2) Expertise from a diverse range of disciplines is required
to improve understanding of the impacts associated with
noise, especially considering that the effects may be expressed
from the cellular to the ecosystem level.

(3) It is essential that research on the effects of
anthropogenic noise evolves to report acoustic metrics
accurately, test gradients of noise exposure, measure
long-term consequences of responses to noise, assess
cumulative effects of disturbance, investigate effectiveness
of mitigation measures and recovery from chronic noise
exposure, and fill in gaps with more diverse taxonomic
groups and noise sources.

(4) We provide a cumulate weight-of-evidence summary of
the recent literature, an initial step in providing guidance for
natural resource managers when evaluating anthropogenic
impacts or developing conservation policy.

(5) The imterface between marine mammal research,
regulation, and mitigation regarding noise provides an
exemplar for controlling impacts for other taxa and
ecosystems (Southall etal., 2007; Stokstad, 2014). While the
strides taken in the past decades have been impressive and
provide a solid basis for shaping this critically important
field of research, future activities should attempt to manage
these impacts on temporal and spatial scales relevant to
wildlife.
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