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MAY IT PLEASE THE PANEL: 

1 This memorandum is filed on behalf of The Isaac Conservation and Wildlife Trust (Trust).  

2 This memorandum is in response to the Panel’s requests for the references referred to by the 

Trust’s ornithological expert Dr John Dowding during the Chapter 6 hearing on Thursday 17 

March 2016
1
. 

3 Dr Dowding has advised the “international literature” he had in mind when answering Ms 

Appleyard’s question
2
 and the request from Judge Hassan

3
 were references cited in his 

evidence from Chapter 18 and some further references not referred to in that evidence. The 

references listed at paragraphs 5 and 6 below are those that relate specifically to the 

proposition “that birds do respond to noise and incrementally respond to greater noise”.
4
  

4 Dr Dowding has advised the literature references at paragraphs 5.2, 5.5, 6.2 and 6.3 are the 

most relevant for the Panel’s understanding of Dr Dowding’s response to the proposition “that 

birds do respond to noise and incrementally respond to greater noise”. That literature is 

therefore filed with this memorandum.  

5 Dr Dowding has advised the international literature from his Chapter 18 evidence
5
 he was 

referring to in response to Ms Appleyard’s question were cited and discussed in that evidence 

at paragraphs 12-20 and 24-29. The references are: 

5.1 Beason RC 2004. What can birds hear? Pp 92-96 in Timm RM and Gorenzel WP 
(eds) 2004. Proceedings of the 21st Vertebrate Pest Conference. University of 
California, Davis  

5.2 Blickley JL; Patricelli GL 2010. Impacts of anthropogenic noise on wildlife: research 
priorities for the development of standards and mitigation. Journal of International 
Wildlife Law and Policy 13: 274-292.  

5.3 Ellenberg U; Mattern T; Seddon PJ 2013. Heart rate responses provide an objective 
evaluation of human disturbance stimuli in breeding birds. Conservation Physiology 1: 
doi: 10.1093/conphys/cot013  

5.4 Gartrell BD; Collen R; Dowding JE; Gummer H; Hunter S; King E; Kingston L. Lilley 
C; Morgan KJ; McConnell HM; Simpson K; Ward JM 2013. Captive husbandry and 
veterinary care of northern New Zealand dotterels (Charadrius obscurus aquilonius) 
during the CV Rena oil spill response. Wildlife Research 40: 624-632. 

5.5 Kaseloo, PA; Tyson, KO 2004. Synthesis of noise effects on wildlife populations. 
Publication No FHWA-HEP-06-016, Federal Highway Administration, US Department 
of Transportation.  

                                                      
1
 Chapter 6 Hearing Transcript at page 784, lines 16-30 and page 795, lines 1-17. 

2
 Chapter 6 Hearing Transcript at page 784, lines 1-7. 

3
 Chapter 6 Hearing Transcript at page 795, lines 8-11. 

4
 Chapter 6 Hearing Transcript at page 795, lines 8-11. 

5
 Chapter 18 Statement of Evidence of Dr John Dowding on behalf of the Isaac Conservation and Wildlife Trust, dated 27 

January 2016. 



 
 

5.6 Patricelli GL; Blickley JL 2006. Avian communication in urban noise: causes and 
consequences of vocal adjustment. Auk 123: 639-649.  

5.7 Reijnen R; Foppen R; Ter Braak C; Thissen J 1995. The effects of car traffic on 
breeding bird populations in woodland. III. Reduction in the density in relation to the 
proximity of main roads. Journal of Applied Ecology 32: 187-202.  

5.8 Reijnen R; Foppen R; Meeuwsen H 1996. The effects of car traffic on the density of 
breeding birds in Dutch Agricultural Grasslands. Biological Conservation 75:255-260.  

5.9 Ryals BM; Dooling RJ; Westbrook E; Dent ML; MacKenzie A; Larsen ON 1999. Avian 
species differences in susceptibility to noise exposure. Hearing Research 131, 71-88. 

5.10 Swaddle JP; Page LC 2007. High levels of environmental noise erode pair 
preferences in zebra finches: implications for noise pollution. Animal Behaviour 74: 
363-368.  

5.11 Wingfield JC; Sapolsky RM 2003. Reproduction and resistance to stress: when and 
how. Journal of Neuroendocrinology 15: 711–724.  

6 Dr Dowding has advised the international literature he was referring to in response to Ms 

Appleyard’s question (and not found in his Chapter 18 evidence) was:  

6.1 Barber JR; Crooks KR; Fristrup KM 2009. The costs of chronic noise exposure for 
terrestrial organisms. Trends in Ecology and Evolution 25: 180-189. 

6.2 Dooling RJ; Popper AN 2007. The effects of highway noise on birds. Report to 
California Department of Transportation, contract 43A0139. 
 (http://www.dot.ca.gov/hq/env/bio/avian_bioacoustics.htm) 

6.3 Shannon G; McKenna MF; Angeloni LM; Crooks KR et al. 2015. A synthesis of two 
decades of research documenting the effects of noise on wildlife. Biological Reviews 
of the Cambridge Philosophical Society. doi: 10.1111/brv.12207 

7 As the references at paragraph 6 were not covered in evidence, Dr Dowding has indicated the 

extracts relevant to Ms Appleyard’s question are those identified in Attachment A.  

8 Digital copies of the other literature referred to at paragraphs 5 and 6 can be made available.  

Dr Dowding has advised they would total approximately a further 100 pages. 

 

 

________________________ 

D C Caldwell / A C Limmer  

Counsel for The Isaac Conservation and Wildlife Trust 

 



 
 

ATTACHMENT A – Relevant extracts from international literature previously unreferenced in 
evidence 

 
 

1 Shannon G; McKenna MF; Angeloni LM; Crooks KR et al. 2015. A synthesis of two decades 
of research documenting the effects of noise on wildlife. Biological Reviews of the Cambridge 
Philosophical Society. doi: 10.1111/brv.12207 

1.1 “Multiple bird studies documented changes in song characteristics, reproduction, 
abundance, stress hormone levels, and species richness  at levels ≥45 dBA  SPL.”

6
 

1.2 “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 60 dB.  This level would be cause for concern in 
a community setting: it causes conversational speech interference. The EPA (1974) 
recommended a 55 dB criterion to protect the health and welfare of the American 
public.”

7
 

1.3 “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 55 dB  (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.”

8
 

 

2 Barber JR; Crooks KR; Fristrup KM 2009. The costs of chronic noise exposure for terrestrial 
organisms. Trends in Ecology and Evolution 25: 180-189. 

2.1 “Deleterious physiological responses to noise exposure in humans and other animals 
include hearing loss [20], elevated stress hormone levels [21] and hypertension [22]. 
These responses begin to appear at exposure levels of 55–60 dB(A), levels that are 
restricted to relatively small areas close to noise sources [20].”

9
 

 

3 Dooling RJ; Popper AN 2007. The effects of highway noise on birds. Report to California 
Department of Transportation, contract 43A0139. 
 (http://www.dot.ca.gov/hq/env/bio/avian_bioacoustics.htm) 

3.1 “The informal, but well known, 60 dB(A) noise level for evaluating the effects of noise 
on avian acoustic communication was based on the facts and reasoning presented 
above. The question posed was this: At what noise level, above that of a quiet natural 
environment, could one begin to see effects of highway noise on avian vocal 
communication?”

10
 

3.2 “The 60 dB(A) noise guideline as an absolute value was a good starting point, but 
new data, based on a number of findings, suggest that it is now outdated. One reason 
for new caution is that 60 dB(A) was based on detection thresholds (i.e., critical 
ratios) from only a few birds. And we now have data from many more birds and there 
is now evidence that birds require even better signal-to-noise ratios to discriminate 
and to recognize sounds – in other words to communicate effectively. Since 
communication – not just detection of a sound - is the animal’s goal, arguing for a 
lower noise level guideline of 55 dB(A) is probably safer and more realistic.”

11
 

 

                                                      
6
 at pages 11-12 

7
 at page 12 

8
 at page 11 

9
 at page 181 

10
 at page 33 

11
 at page 34 
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Impacts of Anthropogenic Noise
on Wildlife: Research Priorities for the
Development of Standards and Mitigation
JESSICA L. BLICKLEY1

GAIL L. PATRICELLI2

1. INTRODUCTION

Human development introduces anthropogenic noise sources into the envi-
ronment across many elements of the modern terrestrial landscape, including
roads, airports, military bases, and cities. The impacts of these introduced
noise sources on wildlife are less well studied than many of the other effects
human activities have on wildlife, the most well known of which are habitat
fragmentation and the introduction of invasive species. A growing and sub-
stantial body of literature suggests, however, that noise impacts may be more
important and widespread than previously imagined.3 They range in effects
from mild to severe. They can impact wildlife species at both the individual
and population levels. The types of impacts run the gamut from damage to the
auditory system, the masking of sounds important to survival and reproduc-
tion, the imposition of chronic stress and associated physiological responses,
startling, interference with mating, and population declines.

Anthropogenic noise is a global phenomenon, with the potential to af-
fect wildlife across all continents and habitat types. Despite the widespread

1 Department of Evolution and Ecology, University of California, Davis, CA 95616, USA. E-mail:
jlblickley@ucdavis.edu

2 Department of Evolution and Ecology and Center for Population Biology, University of California,
Davis, CA 95616, USA. E-mail: glpatricelli@ucdavis.edu. For helpful discussion both authors thank Tom
Rinkes, Sue Oberlie, Stan Harter, Tom Christiansen, Alan Krakauer, Geoffrey Wandesforde-Smith, Paul
Haverkamp, Margaret Swisher, Ed West, Dave Buehler, Fraser Schilling, and the UC Davis Road Ecology
Center. Research funding is acknowledged from UC Davis, the U.S. Bureau of Land Management, Na-
tional Fish & Wildlife Foundation, Wyoming Sage-Grouse Conservation Fund (Wind River/Sweetwater
River Basin, Upper Green River, and Northeast Sage-Grouse Local Working Groups), and the Wyoming
Community Foundation Tom Thorne Sage Grouse Conservation Fund.

3 For a review of noise impacts on birds and other wildlife, see P. A. KASELOO & K. O. TYSON, SYNTHESIS

OF NOISE EFFECTS ON WILDLIFE POPULATIONS (U.S. Department of Transportation, Federal Highway Ad-
ministration, 2004); ROBERT J. DOOLING & ARTHUR N. POPPER, THE EFFECTS OF HIGHWAY NOISE ON BIRDS

(California Department of Transportation, Division of Environmental Analysis, 2007).
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IMPACTS OF ANTHROPOGENIC NOISE ON WILDLIFE 275

distribution of noise, the bulk of research on the effects of noise on terrestrial
wildlife has been limited to European countries and the United States. This
geographic bias in research may limit the application of the results from pre-
vious studies on a global basis, since the impacts may differ among habitats
and species.4

Since much human development involves the introduction of noise, sep-
arating out and understanding the impacts of noise pollution is a critical step
in developing effective wildlife policy, particularly the setting of standards
and the use of mitigation measures. The first step typically is to determine
the overall impact on the population demography of a species, by measuring
population declines and birth rates. Mitigation requires that the mechanisms
of this effect then be understood. From an initial determination, for exam-
ple, that roads decrease songbird population densities, there must next be an
estimation of the extent to which noise, dust, chemical pollution, habitat frag-
mentation, invasive weeds, visual disturbance, or road mortality are partial
and contributory causes of that impact before effective mitigation measures
aimed at noise can be chosen. Quieter pavements will not help songbirds if the
true cause of the problem is visual disturbance. The key challenge, then, is to
measure the contribution of noise to observed impacts on animal populations
while controlling for other variables.

In this article, we address three questions: what are the common sources
of anthropogenic noise; what is known about the mechanisms by which
noise impacts wildlife; and how can we use observational and experimen-
tal approaches to estimate the impacts of noise on whatever species are of
concern?

In answering these questions we deal at length with both observational
and experimental methods, the latter including both laboratory and field work.
We describe observational field studies on animal abundance and reproduc-
tion in impacted areas and a method for estimating the potential of noise
sources to mask animal vocalizations. We address both the feasibility and
value of laboratory and field experiments and describe a case study based on
an ongoing noise-playback experiment we have designed to quantify the im-
pacts of noise from energy development on greater sage-grouse (Centrocercus
urophasianus) in Wyoming.

4 The geographic bias in research has lead to a focus on species that live in temperate zones, with little
to no study of tropical species. Also of concern, many of the landscapes that have been the focus of
research on noise and wildlife in these industrialized nations have already been profoundly influenced
by human development such that the species or individuals living in these areas may be more tolerant
of disturbance. Application of the results of studies from developed to less developed landscapes would
potentially lead to an underestimation of the effects of noise. Anthropogenic changes to the environment
are occurring at an unprecedented rate in developing nations in tropical latitudes, however, we do not
yet know whether the results from existing research are applicable in these regions.
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276 BLICKLEY AND PATRICELLI

Our focus, then, is on noise impacts on animals in the terrestrial
environment,5,6 especially birds, which are the subjects of most terrestrial
studies.7 We also outline directions for future research and in a final section
emphasize the importance of this research for developing flexible wildlife
management strategies in landscapes that are increasingly subject to human
encroachment.

2. SOURCES OF NOISE

Noise is associated with most phases in the cycle of human development
activity, from early construction to the daily operation of a completed project.
Transportation systems are one of the most pervasive sources of noise across
all landscapes, including common sources like roads and their associated
vehicular traffic, airports and airplanes, off-road vehicles, trains, and ships.
Roads deserve special attention, because they are a widespread and rapidly
increasing terrestrial noise source. Although the surface area covered by roads
is relatively small, the ecological effects of roads, including noise, extend far
beyond the road itself, impacting up to one-fifth of the land area of the United
States, for example.8 Industrial noise sources, such as military bases, factories,
mining operations, and wind farms may be more localized in the landscape,
but are problematic for wildlife because the noise produced can be very loud.

The characteristics of noise vary substantially among sources. Each
source type exhibits variance in amplitude (i.e., loudness), frequency profile

5 Many terrestrial noise sources produce noise that travels through the ground as well as the air. Seismic
noise is likely to impact fossorial animals and animals that possess specialized receptors for seismic
detection, many of which communicate by seismic signals. We do not address seismic noise in this paper,
but it is an issue that warrants further discussion.

6 For recent treatments of noise in the marine environment, its impacts on marine species, and legal and
policy responses, see Noise Pollution and the Oceans: Legal and Policy Responses Part 1, 10 J. INT’L

WILDLIFE L. & POL’Y (2007) 101–199 and Noise Pollution and the Oceans: Legal and Policy Responses
Part 2, 10 J. INT’L WILDLIFE L. & POL’Y (2007) 219–288. See also, Committee on Characterizing
Biologically Significant Marine Mammal Behavior, Marine Mammal Populations and Ocean Noise,
DETERMINING WHEN NOISE CAUSES BIOLOGICALLY SIGNIFICANT EFFECTS 142 (Ocean Studies Board, Division
on Earth and Life Studies, National Research Council, The National Academies, 2005).

7 Birds have often been used in noise research because birds are generally easy to study due to their high
detectability, most species use vocal communication (making them likely to be impacted by noise) and
they are generally of high conservation importance.

8 R.T.T. Forman & R.D. Deblinger, The Ecological Road-Effect Zone of a Massachusetts (U.S.A.) Suburban
Highway, 14 CONS. BIOL. 36–46 (2000); R.T.T. Forman, Estimate of the Area Affected Ecologically by
the Road System in the United States, 14 CONS. BIOL. 31–35 (2000); R.T.T. Forman, B. Reineking, and
A.M. Hersberger, Road Traffic and Nearby Grassland Bird Patterns in a Suburbanizing Landscape, 29
ENVT’L. MGMT. 782–800 (2002). Due to its ubiquity, road noise is the most commonly studied type of
terrestrial noise. Road noise is, in general, similar to other types of anthropogenic noise and affects a
wide range of species and habitat types, so the research techniques and results can be applied to many
other types of anthropogenic noise.
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IMPACTS OF ANTHROPOGENIC NOISE ON WILDLIFE 277

(i.e., pitch), and spatial and temporal patterns. The interaction of these charac-
teristics is what determines in a narrow sense the impact of noise on wildlife,
setting aside the possibly confounding influence of contextual variables.

Intuitively, loud noise is more disruptive than quiet noise9 and noise
with frequencies similar to animal vocalizations is more likely to interfere
with (i.e., mask) communication than noise with different frequencies.10 Most
anthropogenic noise sources have energy concentrated in low frequencies
(<250 Hz), which can travel long distances with relatively little energy loss.
Such noise is also more difficult to control using traditional noise-abatement
structures, such as noise reflecting or absorbing walls along highways or
surrounding other fixed noise sources, such as industrial sites.11 Spatial pat-
terning of noise may also affect the level of disturbance. A highly localized
point source, like a drilling rig, will generally impact a smaller area than a
linear source, such as a highway, although the area of impact will also de-
pend on the amplitude and frequency structure of the noise. The temporal
patterning of noise can also be important, because animal behaviors are often
temporally patterned. Rush hour traffic, for example, often coincides with the
dawn chorus of bird song,12 an important time for birds because this is when
mates are attracted and territories defended.13

Environmental noise is not an entirely new problem for animals, nor is
human activity the exclusive cause of it. Natural environments have numerous
sources of ambient noise, such as wind, moving water, and sounds produced
by other animals. There is also evidence that animals living in naturally noisy
areas have made adaptations through the use of signals and signaling behaviors
to overcome the masking impacts of noise.14 However, if anthropogenic noise

9 M.E. Weisenberger et al., Effects of Simulated Jet Aircraft Noise on Heart Rate and Behavior of Desert
Ungulates, 60 J. WILDLIFE MGMT. 52–61 (1996).

10 Bernard Lohr et al., Detection and Discrimination of Natural Calls in Masking Noise by Birds: Estimating
the Active Space of a Signal, 66 ANIMAL BEHAV. 703–710 (2003).

11 S.P. SINGAL, NOISE POLLUTION AND CONTROL STRATEGY (2005).
12 R.A. Fuller et al., Daytime Noise Predicts Nocturnal Singing in Urban Robins, 3 BIOL. LETTERS 368–370

(2007).
13 C.K. CATCHPOLE & PETER J.B. SLATER, BIRD SONG: THEMES AND VARIATIONS (1995).
14 For example, the structural and temporal properties of many acoustic signals are adapted—by evolution

or through individual plasticity—to maximize the propagation distance and/or minimize interference
from natural noise sources. R. Haven Wiley & Douglas G. Richards, Adaptations for Acoustic Com-
munication in Birds: Sound Transmission and Signal Detection, in 1 ACOUSTIC COMMUNICATION IN BIRDS

131–181 (D. Kroodsma & E.H. Miller eds., 1982); H. Brumm, Signalling through Acoustic Windows:
Nightingales Avoid interspecific Competition by Short-Term Adjustment of Song Timing, 192 J. COMP.
PHYSIOL. A 1279–1285 (2006); Henrik Brumm & Hans Slabbekoorn, Acoustic Communication in Noise,
35 ADVANCES STUDY BEHAV. 151–209 (2005); Hans Slabbekoorn & Thomas B. Smith, Habitat-Dependent
Song Divergence in the Little Greenbul: An Analysis of Environmental Selection Pressures on Acoustic
Signals, 56 EVOLUTION 1849–1858 (2002); G.M. Klump, Bird Communication in the Noisy World, in
ECOLOGY AND EVOLUTION OF ACOUSTIC COMMUNICATION IN BIRDS 321–338 (D. Kroodsma & E.H. Miller
eds., 1996); Eugene S. Morton, Ecological Sources of Selection on Avian Sounds, 109 AM. NATURALIST

17–34 (1975).
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278 BLICKLEY AND PATRICELLI

differs enough from natural noise in frequency, amplitude, or daily/seasonal
patterns, animal adaptations to natural noise can be overwhelmed. Further-
more, the extensive introduction of anthropogenic noise into the environment
on a large scale is a relatively recent phenomenon, so that animals have had
only a limited opportunity to adapt to widespread and sometimes drastic
changes in their acoustic environments.15

3. THE POTENTIAL IMPACTS OF NOISE ON WILDLIFE

Animals exhibit a variety of responses to noise pollution (also called intro-
duced noise), depending on the characteristics of the noise and the animal’s
ability to tolerate or adapt to it. Noise impacts on wildlife can be observed at
the individual and population levels, which we now consider in turn.

3.1 Individual-Level Impacts

Some of the most dramatic impacts of noise on individuals are acute and need
to be distinguished from chronic effects. Acute impacts include physiological
damage, masking of communication, disruption of behavior, and startling. The
most direct physiological impact affects an animal’s ability to hear, either by
permanently damaging the auditory system, in which case it produces what is
called a permanent threshold shift (PTS) in hearing, or by causing temporary
decreases in hearing sensitivity, which are called temporary threshold shifts
(TTS).16 The noise levels required for PTS and TTS are quite loud,17 making
hearing damage unlikely in most terrestrial situations. Even extremely loud
sound sources will only cause PTS and TTS over a small area, because on
land sound attenuates very quickly with distance.18 This is why most studies

15 G. Patricelli & J. Blickley, Avian Communication in Urban Noise: Causes and Consequences of Vocal
Adjustment, 123 THE AUK 639–649 (2006); Paige S. Warren et al., Urban Bioacoustics: It’s Not Just
Noise, 71 ANIMAL BEHAV. 491–502 (2006); Lawrence A. Rabin et al., Anthropogenic Noise and Its Effects
on Animal Communication: An Interface Between Comparative Psychology and Conservation Biology,
16 INT’L J. COMP. PSYCHOL. 172–192 (2003); Lawrence A. Rabin & Correigh M. Greene, Changes to
Acoustic Communication Systems in Human-Altered Environments, 116 J. COMP. PSYCHOL. 137–141
(2002); H. Slabbekorn & E.A.P. Ripmeester, Birdsong and Anthropogenic Noise: Implications and
Applications for Conservation, 17 MOLECULAR ECOLOGY 72–83 (2008).

16 P. Marler et al., Effects of Continuous Noise on Avian Hearing and Vocal Development, 70 PROC. NAT’L

ACAD. SCI. 1393–1396 (1973); J. Saunders & R. Dooling, Noise-Induced Threshold Shift in the Parakeet
(Melopsittacus undulatus), 71 PROC. NAT’L ACAD. SCI. 1962–1965 (1974); Brenda M. Ryals et al., Avian
Species Differences in Susceptibility to Noise Exposure, 131 HEARING RES. 71–88 (1999).

17 PTS in birds may result from sound levels of "125 dBA SPL for multiple impulsive sounds and
"140 dBA SPL for a single impulsive sound. TTS can result from continuous noise levels of "93 dBA
SPL. The term “dBA SPL” refers to the A-weighted decibel, the most common unit for noise mea-
surements. It adjusts for human perception of sound and is scaled relative to the threshold for human
hearing.

18 Sound levels drop by approximately 6 dB (measured using dBA SPL, or any other decibel measure),
which represents a halving of loudness, with every doubling in distance from a point source, and 3 dB
with every doubling of distance from a linear source, such as a highway.
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IMPACTS OF ANTHROPOGENIC NOISE ON WILDLIFE 279

of impacts from highway and urban noise do not directly address PTS and
TTS, although they may need to be considered in extremely noisy areas.

Other acute impacts of noise, such as masking and behavioral disrup-
tion, occur over a much larger area. Masking occurs when the perception of
a sound is affected by the presence of background noise, with high levels of
background noise decreasing the perception of a sound.19 One possible con-
sequence of masking is a decrease in the efficacy of acoustic communication.
Many animals use acoustic signals to attract and retain mates, settle territorial
disputes, promote social bonding, and alert other individuals to predators. Dis-
ruption of communication can, therefore, have dramatic impacts on survival
and reproduction.20 In one laboratory study, high environmental noise reduced
the strength of the pair bond in monogamous zebra finches, Taeniopygia gut-
tata, likely because females either had increased difficulty identifying mates
or pair-bond maintenance calls were masked.21 The broader consequence of
this finding is that females in noisy areas may be more likely to copulate
with extra-pair partners, and this in turn can change the social and genetic
dynamics of a population.

In other research, birds have been found to change their songs and
calls in response to noise in urban areas, which may reduce masking of
communication.22 However, the consequences of this vocal adjustment on re-
production in a species remain unclear. One outcome may be that populations
using urban dialects have a better chance to thrive in urban areas. But by the
same token they may experience a decrease in mate recognition and/or gene
flow with populations in non-urban areas.23

Beyond interfering with communication, introduced background noise
can also mask the sounds of approaching predators or prey, and increase the
perception of risk from predation. Studies have yet to compare predation
rates or hunting success in noisy and quiet areas while controlling for other
confounding factors. The degree to which noise affects predator/prey relations

19 Lohr et al., supra note 5.
20 M.A. Bee & E.M. Swanson, Auditory Masking of Anuran Advertisement Calls by Road Traffic Noise,

74 ANIMAL BEHAV. 1765–1776 (2007); Henrik Brumm, The Impact of Environmental Noise on Song
Amplitude in a Territorial Bird, 73 J. ANIMAL ECOLOGY 434–440 (2004); L. Habib et al., Chronic Industrial
Noise Affects Pairing Success and Age Structure of Ovenbirds Seiurus aurocapilla, 44 J. APPLIED ECOLOGY

176–184 (2007); Frank E. Rheindt, The Impact of Roads on Birds: Does Song Frequency Play a Role in
Determining Susceptibility to Noise Pollution?, 144 J. ORNITHOLOGIE 295–306 (2003).

21 J.P. Swaddle & L.C. Page, Increased Amplitude of Environmental White Noise Erodes Pair Preferences
in Zebra Finches: Implications for Noise Pollution, 74 ANIMAL BEHAV. 363–368 (2007).

22 Slabbekorn & Ripmeester, supra note 10; Brumm, supra note 15; Hans Slabbekoorn & Margriet Peet,
Birds Sing at a Higher Pitch in Urban Noise, 424 NATURE 267 (2003); William E. Wood & Stephen M.
Yezerinac, Song Sparrow (Melozpiza melodia) Song Varies with Urban Noise, 123 THE AUK 650–659
(2006).

23 Patricelli & Blickley, supra note 10; Warren et al. supra note 10; Slabbekoorn & Peet, supra note 17.
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280 BLICKLEY AND PATRICELLI

in any species, therefore, remains largely unexplored.24 One study found that
birds nesting near noisy natural gas pads had higher nesting success, likely due
to reduced presence of the most common nest predator, the western scrub jay.25

As suggested by these authors, the higher nesting success of birds in noisy
areas provides a mechanism by which noise-tolerant species could become
more common in a noisy world. Noise also causes short-term disruptions in
behavior, such as startling or frightening animals away from food or other
resources.26

In addition to the acute effects of noise, animals may suffer chronic ef-
fects, including elevated stress levels and associated physiological responses.
Over the short term, chronic stress can result in elevated heart rate.27 Longer-
term stress can be associated with the ability to resist disease, survive, and
successfully reproduce.28 Good measures of chronic stress come from elevated
stress hormones, like corticosterone, in blood or fecal samples.29 In noise-
stressed laboratory rats, elevated corticosterone was linked with reduced food
consumption and decreased weight gain,30 raising the possibility that for some
individuals there may be longer-term welfare and survival consequences from
the elevated stress associated with noise introduction.

3.2 Population Level Impacts

The cumulative impacts of noise on individuals can manifest at the population
level in various ways that can potentially range from population declines up to

24 Quinn found that chaffinchs (Fringilla coelebs) perceived an increased risk of predation while feeding
in noisy conditions, likely due to a reduced ability to detect auditory cues from potential predators. L.
Quinn et al., Noise, Predation Risk Compensation and Vigilance in the Chaffinch Fringilla coelebs, 37 J.
AVIAN BIOL. 601–608 (2006). Research on greater sage-grouse also highlights the potential for noise to
contribute to predation. One of the methods for capturing sage-grouse is to mask the sound of researcher
footfalls using a noise source such as a stereo or a chain saw. With such masking, the grouse can be
easily approached and netted in their night roosts for banding or blood sampling. Presumably, predators
would be equally fortunate in noisy areas, though the ability of predators to use acoustic cues for hunting
could be diminished by masking as well.

25 Clinton D. Francis et al., Noise Pollution Changes Avian Communities and Species Interactions, 19
CURRENT BIOL. 1–5 (2009).

26 Dooling & Popper, supra note 1; N. Kempf & O. Huppop, The Effects of Aircraft Noise on Wildlife: A
Review and Comment, 137 J. ORNITHOLOGIE 101–113 (1996); D.K. Delaney et al., Effects of Helicopter
Noise on Mexican Spotted Owls, 63 J. WILDLIFE MGMT. 60–76 (1999); L.A. Rabin, R.G. Coss, &
D.H. Owings, The Effects of Wind Turbines on Antipredator Behavior in California Ground Squirrels
(Spermophilus beecheyi), 131 BIOL. CONS. 410–420 (2006).

27 Weisenberger et al., supra note 4.
28 J.C. Wingfield & R.M. Sapolsky, Reproduction and Resistance to Stress: When and how, 15 J. NEUROEN-

DOCRINOL, 711 (2003); A. Opplinger et al., Environmental Stress Increases the Prevalence and Intensity
of Blood Parasite Infection in the Common Lizard Lacerta vivipara, 1 ECOLOGY LETTERS 129–138 (1998).

29 Wingfield & Sapolsky, supra note 23; S.K. Wasser et al., Noninvasive Physiological Measures of
Disturbance in the Northern Spotted Owl, 11 CONS. BIOL. 1019–1022 (1997); D.M. Powell et al., Effects
of Construction Noise on Behavior and Cortisol Levels in a Pair of Captive Giant Pandas (Ailuropoda
melanoleuca), 25 ZOO BIOL. 391–408 (2006).

30 P. Alario et al., Body Weight Gain, Food Intake, and Adrenal Development in Chronic Noise Stressed
Rats, 40 PHYSIOL. BEHAV. 29–32 (1987).
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IMPACTS OF ANTHROPOGENIC NOISE ON WILDLIFE 281

regional extinction. If species already threatened or endangered due to habitat
loss avoid noisy areas and abandon otherwise suitable habitat because of a
particular sensitivity to noise, their status becomes even more critical. As
discussed below, numerous studies have documented reduced habitat use and
lower breeding success in noisy areas by a variety of animals.31

4. MEASURING THE IMPACTS OF NOISE ON SPECIES
OF CONCERN

Species vary widely in their ability to tolerate introduced noise and can exhibit
very different responses to altered acoustic environments. This variability in
response to noise makes generalizations about noise impacts among species
and among noise sources difficult. Generalizations relevant to a single species
can also be hard to make, because the ability to tolerate noise may vary
with reproductive status, prior exposure to noise, and the presence of other
stressors in the environment. This is why more measurements of noise impacts
and associated variables are needed for a wider range of species.

Measuring the effects of noise at the individual and population levels
is, however, extremely challenging. As we noted earlier, noise is typically
accompanied by other changes in the environment that may also have physi-
ological, behavioral, and population level effects. For example, habitat frag-
mentation is a side effect of road development, and fragmentation alone has
been shown to cause population declines and changes in communication and
other behaviors.32 So, can we measure the impacts of noise on wildlife in ways
that will support biologically relevant noise standards?

31 Affected animals include birds, mammals, reptiles, and amphibians. Forman et al., supra note 6; Rheindt,
supra note 15; Rien Reijnen et al., The Effects of Car Traffic on Breeding Bird Populations in Woodland.
III. Reduction of Density in Relation to the Proximity of Main Roads, 32 J. APPLIED ECOLOGY 187–202
(1995); Rien Reijnen et al., The Effects of Traffic on the Density of Breeding Birds in Dutch Agricultural
Grasslands, 75 BIOL. CONS. 255–260 (1996); S.J. Peris & M. Pescador, Effects of Traffic Noise on
Passerine Populations in Mediterranean Wooded Pastures, 65 APPLIED ACOUSTICS 357–366 (2004);
R.T.T. Forman & L.E. Alexander, Roads and Their Major Ecological Effects, 29 ANN. REV. ECOLOGY

SYSTEMATICS 207–231 (1998); E. Stone, Separating the Noise from the Noise: A Finding in Support of
the “Niche Hypothesis,” That Birds Are Influenced by Human-Induced Noise in Natural Habitats, 13
ANTHROZOOS 225–231 (2000); Ian Spellerberg, Ecological Effects of Roads and Traffic: A Literature
Review, 7 GLOBAL ECOLOGY BIOGEOG. LETTERS 317–333 (1998); David Lesbarrères et al., Inbreeding and
Road Effect Zone in a Ranidae: The Case of Agile Frog, Rana dalmatina Bonaparte 1840, 326 COMPTES

RENDUS BIOLOGIES 68–72 (2003).
32 See, e.g., Jeffrey A. Stratford & W. Douglas Robinson, Gulliver Travels to the Fragmented Tropics:

Geographic Variation in Mechanisms of Avian Extinction, 3 FRONTIERS ECOLOGY & ENV’T 91–98 (2005);
P. Laiolo & J. L. Tella, Erosion of Animal Cultures in Fragmented Landscapes, 5 FRONTIERS ECOLOGY &
ENV’T 68–72 (2007).
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282 BLICKLEY AND PATRICELLI

4.1 The Observational Approach

4.1.1 Relating wildlife abundance to noise levels

Much of the evidence for noise impacts on animals comes from field
observations of animal density, species diversity, and/or reproductive success
in relation to noise sources. Most studies focus on the presence or absence of
wildlife near roads, finding lower population densities of many birds,33 lower
overall diversity for birds, reptiles, and amphibians,34 and road avoidance in
large mammals.35 Most of this work does not separate the impacts of noise
from other road effects or measure spatial and temporal variations in noise
levels along transects where animals were studied.

One influential series of studies in the Netherlands did find, however,
a negative relationship between noise exposure along roadways and both
bird diversity and breeding densities.36 Noise exposure better explained de-
creased density and diversity than either visual or chemical disturbance. These
Dutch studies have been criticized for research design and statistical analysis
problems,37 underscoring the fact that researchers in different countries have
different assumptions about how to measure noise and evaluate its impacts.38

On their own, the Dutch studies are an inadequate basis for establishing inter-
nationally standardized noise regulations, but they are among the few analyses
that set measurements of noise levels beside data on species presence/absence
and diversity.

33 Forman & Deblinger, supra note 3; Rheindt, supra note 15; Peris & Pescador, supra note 26; M.
Kuitunen et al., Do Highways Influence Density of Land Birds? 22 ENVTL. MGMT. 297–302 (1998); A.N.
van der Zande et al., The Impact of Roads on the Densities of Four Bird Species in an Open Field
Habitat—Evidence of a Long-Distance Effect, 18 BIOL. CONS. 299–321 (1980).

34 C.S. Findlay & J. Houlahan, Anthropogenic Correlates of Species Richness in Southeastern Ontario
Wetlands, 11 CONS. BIOL. 1000–1009 (1997).

35 Studies in large mammals typically find road avoidance, but many small mammals are found in
higher densities near roads, due to increased dispersal and reduced numbers of predators. Forman
& Deblinger, supra note 3; F. J. Singer, Behavior of Mountain Goats in Relation to US Highway
2, Glacier National Park, Montana, 42 J. WILDLIFE MGMT. 591–597 (1978); G.R. Rost & J.A. Bai-
ley, Distribution of Mule Deer and Elk in Relation to Roads, 43 J. WILDLIFE MGMT. 634–641 (1979);
L.W. Adams & A.D. Geis, Effects of Roads on Small Mammals, 20 J. APPLIED ECOLOGY 403–415
(1983).

36 Reijnen et al., supra note 29; R. Foppen & R. Reijnen, The Effects of Car Traffic on Breeding Bird
Populations in Woodland. II. Breeding Dispersal of Male Willow Warblers (Phylloscopus trochilus) in
Relation to the Proximity of a Highway, 31 J. APPLIED ECOLOGY 95–101 (1994).

37 N. Sarigul-Klign, D.C. Karnoop, & F.A. Bradley, Environmental Effect of Transportation Noise. A
Case Study: Criteria for the Protection of Endangered Passerine Birds, Final Report (Transportation
Noise Control Center (TNCC), Department of Mechanical and Aeronautical Engineering, University of
California, Davis, 1977); G. Bieringer & A. Garniel, Straßenalärm und Vögel—eine kurze Übersicht
über die Literatur mit einer Kritik einflussreicher Arbeiten. Bundesministerium für Verkehr, Innovation
und Technologie. Schriftenreihe Straßenforschung. Unpublished manuscript, Vienna, 2010 (copy on file
with the authors).

38 Noise is commonly measured in dBA SPL, a unit that is measured differently in different countries,
making extrapolation difficult. Bieringer & Garniel, supra note 32.
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IMPACTS OF ANTHROPOGENIC NOISE ON WILDLIFE 283

The value of observational studies of presence/absence and diversity
also needs to be assessed in context. One would not want to use information
about reduced occupancy of a noisy area, for example, as the only indication
that noise was having population-level impacts. It is conceivable that, if noise
results in increased mortality or decreased reproduction, noisy areas could
become population sinks,39 and a detriment to conservation efforts across
the range of the species. But this conclusion would be premature unless the
presence/absence data are assessed in the context of other measures of im-
pact, such as breeding success, stress response, startling and other behavioral
changes.

So, while observational studies can be and have been helpful in iden-
tifying noise as a conservation problem, their policy relevance and value is
constrained if they are unable to separate the effects of noise from the many
other confounding disturbances that can affect animal densities near roads
and other human development. When Fahrig et al.40 documented reduced den-
sities of frogs and toads near high traffic roads compared to low traffic roads,
noise was a potential causal factor. After controlling for other variables, how-
ever, their evidence suggested that differences in density more likely reflected
varying levels of traffic-associated road mortality.

One way to reduce, though not eliminate, the problem of confounding
variables is to compare behaviors and other response variables in the presence
and absence of noise. Animals can be observed, for example, before and after
noise sources are introduced, or when noise is intermittent. This approach has
been used to demonstrate the impact (or lack of impact) of noise from air-
craft, machinery, and vehicles on animal behavior and reproductive success.41

Spatial variation in noise may also allow researchers to control for some con-
founding factors. One study examined ovenbirds (Seiurus aurocapilla) along
the edges of clearings containing either compressor stations or gas-producing
wells.42 Both clearings had a similar level of surface disturbance and human
activity, but compressors produced high-amplitude noise whereas the wells
were relatively quiet. Near compressors, the analysis found reduced pairing
success and evidence that the habitat was non-preferred.43

39 Sinks are areas where successful reproduction is insufficient to maintain the population without im-
migration. H.R. Pulliam, Sources, Sinks, and Population Regulation, 132 AM. NATURALIST 652–661
(1988).

40 L. Fahrig et al., Effect of Road Traffic on Amphibian Density, 73 BIOL. CONS. 177–182 (1995).
41 Delaney et al., supra note 24; D. Hunsaker, J. Rice, & J. Kern, The Effects of Helicopter Noise on the

Reproductive Success of the Coastal California Gnatcatcher, 122 J. ACOUSTICAL SOC. AM. 3058 (2007);
Jennifer W. C. Sun & Peter M. Narins, Anthropogenic Sounds Differentially Affect Amphibian Call Rate,
121 BIOL. CONS. 419–427 (2005).

42 L. Habib, E.M. Bayne, & S. Boutin, Chronic Industrial Noise Affects Pairing Success and Age Structure
of Ovenbirds Seiurus aurocapilla, 44 J. APPLIED ECOLOGY 176–184 (2007).

43 Habib et al. found an increased proportion of juveniles in noisy areas, suggesting that the area is
undesirable for breeding adults. Id.
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284 BLICKLEY AND PATRICELLI

An additional observational approach is to include noise as a factor in
habitat-selection models. These spatially explicit models, typically produced
in GIS (Geographic Information Systems), relate species distribution data to
information about landscape characteristics in order to determine the impact of
disturbance or habitat quality on habitat usage by wildlife.44 Multiple habitat
layers can be added to the model to determine what factors best predict
habitat usage. While few studies have incorporated noise into these types
of models, GIS layers of noise can readily be created using commercially
available and freeware programs. These types of models may be the best
option for measuring noise impacts on a large scale and can also be useful in
predicting future areas of conflict with human activities.

Ideally, future observational studies encompassing a variety of noise
sources, habitats, and species will measure noise exposure levels and then
relate observed impacts to noise exposure while controlling for confounding
variables. When effects cannot properly be controlled for in a single study
design, a second-best choice is to use replicated studies and let statistical
modeling separate out the impacts of noise. To date, only a handful of studies
follow this approach.45

4.1.2 Estimating the masking potential of noise

There is a relatively simple technique for addressing possible noise
impacts on signal detection. It involves estimating the potential of a noise
source to mask communication signals and other important sounds, such as
the sounds of predators or prey. Masking occurs when background noise is
loud relative to the signal, such that it cannot be detected by the receiver.

The estimation of masking requires knowledge of the physiology and
behavior of the organism and the nature of the noise. Masking is frequency-
specific, so an acoustic signal will only be masked by the portion of the
background noise that is in a similar frequency band as the signal.46 An

44 J.B. Dunning et al., Spatially Explicit Population Models: Current Forms and Future Uses, 5 ECOLOGICAL

APPLICATIONS 3–11 (1995).
45 Forman, Reineking, & Hersberger, supra note 6; Reijnen et al. (1995), supra note 29; Reijnen et al.

(1996), supra note 29; Foppen & Reijnen, supra note 34; R. Reijnen & R. Foppen, The Effects of Car
Traffic on Breeding Bird Populations in Woodland. I. Evidence of Reduced Habitat Quality for Willow
Warblers (Phylloscopus trochilus) Breeding Close to a Highway, 31 J. APPLIED ECOLOGY 95–101 (1994).

46 Lohr et al., supra note 8; E.A. Brenowitz, The Active Space of Red-Winged Blackbird Song, 147 J. COMP.
PHYSIOLOGY 511–522 (1982); R.J. Dooling & B. Lohr, The Role of Hearing in Avian Avoidance of Wind
Turbines, in PROC. NAT’L AVIAN-WIND PLANNING MEETING IV 115–134 (S.S. Schwartz ed., for the Avian
Subcommittee, National Wind Coordinating Committee, 2001).
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IMPACTS OF ANTHROPOGENIC NOISE ON WILDLIFE 285

estimation of masking requires,47 first, the audiogram of the focal species;48

second, the absolute amplitude and frequency spectrum of the noise;49 third,
the absolute amplitude and frequency spectrum of the vocalization or sound
of interest; and fourth, the critical ratio for the focal species.50

With this information, masking is estimated by determining how intro-
duced noise changes the “active space” of the signal, which is the area around
the sender where the signal can be detected by receivers.51 Intuitively, there is
less masking when signals have a different frequency profile than noise, when
noise is quiet, when signals are loud and/or when animals are close together
when communicating. Conversely, masking is most problematic when signal
and noise have similar frequency profiles, when noise is loud, when calls are
quiet, and/or when calls are used over large distances.52

There are, however, limitations to masking estimations. The method de-
scribed addresses only the potential impacts of masking animal vocalizations
or other sounds and cannot estimate other impacts of noise, such as startling
or chronic stress. Further, in the absence of specific information about the
auditory physiology and behaviors of the focal species, estimates of masking
using this method may be either too conservative or too liberal. Estimates can
be too conservative, for example, in situations in which the mere detection
of a vocalization is an insufficient basis for extracting necessary information
from the sound.53 Estimates can be too liberal if as part of their communication

47 For detailed methods on calculating masking potential, see R.J. Dooling & J.C. Saunders, Hearing in the
Parakeet (Melopsittacus undulatus): Absolute Thresholds, Critical Ratios, Frequency Difference Limens,
and Vocalizations, 88 J. COMP. PHYSIOL. 1–20 (1975).

48 A measure of how hearing sensitivity varies with the frequency of the sound. In general, birds do not hear
as well as mammals in very low or high frequencies, or use them to communicate. Dooling & Popper,
supra note 1.

49 A measure of how much energy is present in each frequency band of the sound.
50 This is the difference in amplitude between signal and noise necessary for detection of the signal. For

a generalized bird, the critical threshold ranges from approximately 26 to 28 dB between 2 and 3 kHz,
meaning that a typical bird cannot hear a 2–3 kHz vocalization unless the vocalization exceeds the
background noise in that frequency range by 26–28 dB. In general, birds have higher critical ratios than
mammals, making them worse at discriminating signals in noise. If measurements for these parameters
are not available for the focal species, then information from closely related species may be used as
a substitute. However, this may be misleading if the species of interest has particularly strong or poor
hearing capabilities relative to the substitute species. Dooling & Popper, supra note 1; Lohr et al., supra
note 8; Dooling & Saunders, supra note 45.

51 Lohr et al., supra note 5; Brenowitz, supra note 39.
52 Lohr et al., supra note 5; Bee & Swanson, supra note 15; G. Ehret & H.C. Gerhardt, Auditory Masking

and Effects of Noise on Responses of the Green Treefrog (Hyla cinerea) to Synthetic Mating Calls, 141
J. COMP. PHYSIOL. A 13–18 (1980); T. Aubin & P. Jouventin, Cocktail-Party Effect in King Penguin
Colonies 265 PROC. R. SOC. B 1665–1673 (1998).

53 This would happen when humans can detect human voices, but not discriminate the identity of the
speaker or the words being said. See Lohr et al., supra note 5, for a discussion of the difference between
detection and discrimination.
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286 BLICKLEY AND PATRICELLI

animals use spatial cues,54 co-modulation of frequencies,55 or adjust their vo-
calizations to reduce masking.56

Because so many factors affect the degree of masking, there is a crit-
ical need for additional field studies to validate estimation techniques. The
available work relating the potential for masking to observed individual- and
population-level impacts57 is just not a sufficient basis for knowing whether
masking potential is a reliable predictor of how noise will impact wildlife.
If the predictive power of measuring masking potential can be shown, re-
searchers will then have a low-cost tool for predicting impacts in species
about which little is known. Otherwise, masking analysis is most informative
when used in concert with field studies that assess actual noise impacts. If a
disruption of communication or decreased rates of prey capture in noisy areas
can be demonstrated, then an analysis of the masking potential of a new noise
source could be used to determine the area over which individuals are likely
to be affected by that new source.58

4.2 The Experimental Approach

Experimental manipulations of noise in the laboratory and the field are more
powerful than observational studies in isolating the effects of noise and iden-
tifying the underlying causes of noise impacts because they deal more effec-
tively with the problem of controlling for confounding variables. The follow-
ing sections discuss their advantages and limitations.

4.2.1. Laboratory experiments

Laboratory studies introduce noise to captive animals and measure the
impacts in a controlled environment. Studies using captive animals are the
basis for much of what we know about the hearing range and sensitivity
of a number of animal taxa59 and about the ability of animals to detect and

54 The ability to hear sounds is improved if they are separated spatially. M. Ebata, T. Sone, & T. Nimura,
Improvement of Hearing Ability by Directional Information, 43 J. ACOUSTICAL SOC. AM. 289–297 (1968);
J.J. Schwartz & H.C. Gerhardt, Spatially Mediated Release From Auditory Masking in an Anuran
Amphibian, 166 J. COMP. PHYSIOL. A 37–41 (1989).

55 Masking is reduced when the noise has amplitude modulation patterns that make it distinct from the
signal. G.M. Klump & U. Langemann, Co-Modulation Masking Release in a Songbird, 87 HEARING RES.
157–164 (1995).

56 Patricelli & Blickley, supra note 10; Rabin & Greene, supra note 10; Warren et al., supra note 10;
Slabbekoorn & Peet, supra note 17.

57 Rheindt, supra note 18.
58 Lohr et al., supra note 8.
59 Dooling & Saunders, supra note 45; K. Okanoya & Robert F. Dooling, Hearing in the Swamp Sparrow,

Melospiza georgiana, and the Song Sparrow, Melospiza melodia, 36 ANIMAL BEHAV. 726–732 (1988);
H.E. Heffner et al., Audiogram of the Hooded Norway Rat, 73 HEARING RES. 244–247 (1994); H.E.
Heffner & R.S. Heffner, Hearing Ranges of Laboratory Animals, 46 J. AM. ASS’N LABORATORY ANIMAL

SCI. 20–22 (2007).
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IMPACTS OF ANTHROPOGENIC NOISE ON WILDLIFE 287

discriminate sounds in the presence of background noise.60 These psychoa-
coustic studies are critical for assessing masking potential, and provide a
physiological and morphological basis for predicting which species are most
likely to be impacted by introduced noise.61 Laboratory studies also provide in-
sight into the physiological and behavioral impacts of noise, and the potential
consequences of masking for breeding individuals.62 As noted earlier, they
demonstrate impacts on pair-bonding63 and the amplitude at which vocaliza-
tions are produced.64 They do not address, however, the long-term conse-
quences of these behavioral changes, which remain unclear and need further
study both in the laboratory and in the field.

Traditionally, psychoacoustic studies use white noise or pure tones to
measure hearing ability and noise effects.65 Recent studies also address the
effects of anthropogenic noise directly, increasing their relevance to conser-
vation. Lohr and colleagues, for example, measured the masked thresholds
of natural contact calls for budgerigars (Melopsittacus undulates) and zebra
finches, in the lab using simulated traffic noise, allowing them to predict how
traffic noise affects the distance at which vocalizations can be detected by
receivers.66

The environmental control that gives laboratory studies their analytic
power can also be a disadvantage, if there is reason to believe that the response
of animals to noise in a laboratory setting will be different from that of
animals in the wild, where natural variations in the environment and in animal
populations can affect the impact of noise. When increased physiological
stress from noise is experienced, for example, in combination with habitat loss,
synergistic effects on animals will magnify the overall impact of development.

Laboratory studies also must be careful not to extrapolate findings from
animals that thrive in captivity to endangered animals, particularly since the

60 Lohr et al., supra note 8; Dooling & Saunders, supra note 45; Klump & Langemann, supra note
53; L. Wollerman, Acoustic Interference Limits Call Detection in a Neotropical frog Hyla ebraccata,
57 ANIMAL BEHAV. 529–536 (1999).

61 Dooling & Popper, supra note 1.
62 Marler et al., supra note 14; Ryals et al., supra note 14; J. Syka & N. Rybalko, Threshold Shifts and

Enhancement of Cortical Evoked Responses After Noise Exposure in Rats, 139 HEARING RES. 59–68
(2000); D. Robertson & B.M. Johnstone, Acoustic Trauma in the Guinea Pig Cochlea: Early Changes
in Ultrastructure and Neural Threshold, 3 HEARING RES. 167–179 (1980).

63 Swaddle & Page, supra note 19.
64 J. Cynx, et al., Amplitude Regulation of Vocalizations in Noise by a Songbird, Taeniopygia guttata, 56

ANIMAL BEHAV. 107–113 (1998); Marty L. Leonard & Andrew G. Horn, Ambient Noise and the Design of
Begging Signals, 272 PROC. R. SOC. B 651–656 (2005). This finding has been corroborated with studies
of birds in the field in Brumm, supra note 18.

65 Dooling & Saunders, supra note 45; Klump & Langemann, supra note 53; Wollerman, supra note 53;
J.B. Allen & S.T. Neely, Modeling the Relation between the Intensity Just-Noticeable Difference and
Loudness for Pure Tones and Wideband Noise, 102 J. ACOUSTICAL SOC. AM. 3628–3646 (1997).

66 Lohr et al., supra note 8. For other studies that introduce anthropogenic noise, see Weisenberger et al.,
supra note 7; Bee & Swanson, supra note 18.
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288 BLICKLEY AND PATRICELLI

animals chosen for laboratory study are often domesticated or otherwise show
tolerance for human disturbance. Endangered animals, by contrast, are often
driven to rarity due to their inability to tolerate environmental change, which
may include sensitivity to noise.67 The use of surrogate species would be
unnecessary if the species of concern could be tested in the lab for noise
response. But small population sizes and narrow tolerances often make it
impossible to bring threatened or endangered species into the lab for such
tests.

The use of anthropogenic noise in laboratory studies of noise effects,
particularly noise that is likely to be affecting wild animals, increases the
conservation applicability of such research and should be a future priority.
Laboratory experiments must also be supplemented with field studies and
other methods to fully understand the impacts of noise on wildlife.

4.2.2. Noise introduction experiments in the field

Field experiments are another method for isolating and quantifying the
impacts of noise on animals under natural conditions. The controlled intro-
duction of noise can be accomplished either by creating noise in the field
or by playing back the associated noise through speakers. The first approach
has been used to investigate the impacts on wildlife of aircraft, machinery,
and vehicles.68 As is the case with observational studies, interpretations of
this type of research are complicated by the problem of controlling for con-
founding variables, such as the visual and other disturbances, in addition
to noise, associated with many sorts of environmental change. Compared to
observational studies, however, field experiments offer greater opportunities
to examine interactions among multiple associated stressors. They are also
generally a more efficient use of scarce research resources and provide the
ability to control for (or examine) seasonal effects, time-of-day effects, and
other factors influencing responses to noise.

The second experimental approach, playing back noise that has been
recorded from a source of interest or synthesized to match that source,69 has
the advantage that noise effects can be easily separated from other aspects of
disturbance. Because noise introduction on a large spatial and temporal scale
is logistically challenging in natural habitats, studies to date have been short-
term and relatively small in scale. A short-term experiment may be appropriate

67 T. Caro, J. Eadie, & A. Sih, Use of Substitute Species in Conservation Biology, 19 CONS. BIOL. 1821–1826
(2005).

68 Delaney, et al., supra note 24; P. R. Krausman, et al., Effects of Jet Aircraft on Mountain Sheep, 62 J.
WILDLIFE MGMT. 1246–1254 (1998); A. Frid, Dall’s Sheep Responses to Overflights by Helicopter and
Fixed-Wing Aircraft, 110 BIOL. CONS. 387–399 (2003).

69 Sun & Narins, supra note 39; A.L. Brown, Measuring the Effect of Aircraft Noise on Sea Birds, 16 ENV’T

INT’L 587–592 (1990).
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for studying dynamic behaviors, such as call rate, startling, or avoidance,70 but
cannot address the longer-term individual- or population-level consequences
of noise.

To illustrate study design for a long-term and large-scale noise introduc-
tion experiment, we describe our ongoing experiment in Wyoming, addressing
the noise impacts of energy development on greater sage-grouse.

4.2.2.1 Noise impacts on sage-grouse: A long-term field experiment

Populations of this species are declining throughout their range in the
interior West of the United States,71 enough to merit consideration for listing
under the federal Endangered Species Act. Coal-bed methane (CBM) and
deep natural gas extraction are increasing rapidly in sage-grouse habitats,
and recent studies document dramatic declines in sage-grouse populations in
areas of energy development.72 However, incomplete knowledge of the causes
of these declines is hampering the creation of effective management strategies.

Among the number of disturbances associated with energy development
that impact sage-grouse, noise is particularly problematic in breeding areas
downwind of development when it causes declines in male attendance, al-
though attendance was not affected by visual disturbance from development.73

In addition, the life history of sage-grouse makes them particularly vulnera-
ble to disturbance from noise pollution. In the breeding season, males gather
on communal breeding grounds (leks) to perform complex acoustic displays,
used by females to locate leks and choose mates. The risk is that anthro-
pogenic noise in sage-grouse habitat masks male vocalizations and interferes
with reproduction. While there are rules governing the noise emitted during
drilling of natural gas wells, exemptions are often granted and there has been
little research demonstrating that stipulated noise levels reduce the impacts of
development on sage-grouse, as well as other sensitive species.

Our multi-year, noise-introduction experiment on sage-grouse leks in
an otherwise undisturbed area tries to separate the impacts of noise from
other potential impacts of energy development. Two types of noise are of

70 Weisenberger et al., supra note 7; Sun & Narins, supra note 39; Leonard & Horn, supra note 62; Brown,
supra note 67.

71 J.W. Connelly et al., Conservation Assessment of Greater Sage-Grouse and Sagebrush Habitats, Western
Association of Fish and Wildlife Agencies. Unpublished Report. Cheyenne, Wyoming, 2004. Copy
online at http://www.ndow.org/wild/conservation/sg/resources/greate sg cons assessment.pdf

72 M.J. Holloran, Greater Sage-Grouse (Centrocercus urophasianus) Population Response to Natural
Gas Field Development in Western Wyoming (2005) (unpublished Ph.D. dissertation, University of
Wyoming) (accessible online from http://www.sagebrushsea.org/th energy sage grouse study2.htm);
Brett L. Walker et al., Greater Sage-Grouse Population Response to Energy Development and Habitat
Loss, 71 J. WILDLIFE MGMT. (2007); Dooling & Popper, supra note 1.

73 Other factors at work include habitat loss, fragmentation, dust, air pollution, and West Nile virus.
Connelly et al, supra note 64; Holloran, supra note 70; D.E. Naugle et al., West Nile Virus: Pending
Crisis for Greater Sage-Grouse, 7 ECOLOGY LETTERS 704–713 (2004).
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primary interest, road noise and drilling noise. Both types are dominated
by low frequencies, but drilling noise is high intensity, continuous noise,
whereas road noise is intermittent with gradual increases and decreases in
amplitude. Monitored leks are divided into pairs of control leks and leks
with experimentally introduced noise.74 Ideally, noise would be introduced at
different levels on different leks to determine the noise threshold at which
an impact can be observed. However, such a “dose-response” experiment
would require a large sample of leks and that is logistically infeasible. The
experiment, instead, creates a noise gradient across each lek, so that the effect
of noise level on microhabitat use and behavior can be measured and noise-
tolerance thresholds estimated.

This experimental approach isolates and makes it possible to assess the
impacts of noise on lekking sage-grouse at both the individual and population
levels. The individual effects are analyzed from audio and video recordings,
to determine whether individuals change the rate, frequency structure, and
amplitude of their displays in the presence of noise, as has been found in
other species.75 A non-invasive technique compares the relative stress levels
of birds on experimental and control leks through analysis of stress hormones
in feces.76 Population-levels effects of noise derive from comparison of lek
attendance patterns on experimental and control leks over multiple seasons.
This allows detection of noise impacts while controlling for natural variations
in behavior, physiology, and larger-scale fluctuations in the population.

Although introducing noise in the wild is a powerful tool for measuring
noise impacts on animals, it is only appropriate in certain circumstances.
Noise introduction requires access, for example, to a population of animals
residing in a relatively undisturbed area. Such a population may be unavailable
in some species of concern, or the species may be too sensitive or rare to risk
such an experimental manipulation. In addition, animals must be at fairly high
densities in order to collect sufficient data for analysis, because it is difficult
to create a noise disturbance over a large area using speakers.77 During the
breeding season, noise introduction can rely on battery-powered speakers,
because leks are relatively small and have a high density of birds. This same

74 Paired leks have similar size and location and are visited by researchers for counts on the same days.
Noise is introduced at 70 dBF SPL (unweighted decibels) at 16 meters using three to four battery-
powered outdoor speakers. This is similar to noise levels measured at 1

4 -mile from drilling rigs and
main haul roads in Pinedale, Wyoming. Control leks have dummy speakers and are visited for “battery
changes” with the same frequency as experimental leks.

75 Patricelli & Blickley, supra note 13; Warren et al., supra note 13; Rabin et al., supra note 13; Rabin &
Greene, supra note 13; Slabbekoorn & Peet, supra note 20.

76 See, e.g., Wasser et al., supra note 27.
77 Most anthropogenic noise sources are very large, and it is extremely difficult to replicate loud noise over

a large area from small speakers, since amplitude (and thus propagation) is limited by source size. This
challenge is even greater when speakers are powered by batteries in remote field locations.
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approach is less able, however, to address noise impacts on nesting or over-
wintering behaviors, when sage-grouse are more dispersed.

In some situations, the use of semi-captive populations reaps some of
the benefits of both field and laboratory studies, by increasing animal density
in a more natural setting than is afforded by laboratory animal colonies. This
approach is outside the scope of our current study. Another limitation of the
experimental approach is that it underestimates (or even misses) the impacts
of noise that occur in interaction with other forms of disturbance, such as the
combination of noise pollution with an increase of raptor perches in energy
development areas.78 The combined effects will be larger than that attributable
to either disturbance alone, but they can only be examined in observational
studies and noise-source introduction experiments. This highlights, again, the
need for multiple research approaches to measuring wildlife noise impacts.

There are very few experimental studies that use either noise-source in-
troductions or noise playbacks, even though these experimental tools, used in
a field setting or in naturalistic captive settings, are among the most powerful
for understanding noise impacts on wild populations. Large-scale field exper-
iments are expensive and logistically challenging. They do, however, appear
to be warranted, particularly when observational studies and measurements
of masking potential suggest a likely role for noise in impacting wild animals.
Future field research should also focus on validating results and methods from
laboratory studies, thus increasing the ability to apply lab studies and estimates
of masking potential to the development of effective mitigation measures and
predictions about the impacts future development is likely to have on wildlife.

5. FUTURE DIRECTIONS AND POLICY RELEVANCE

Even though the rapid spread of human development and associated anthro-
pogenic noise have impacts on wildlife, it is not always logistically, politically,
or economically feasible to eliminate or even minimize noise. The more com-
mon policy approach is to set noise standards, in the hope of limiting the
levels of noise that development produces. The production of noise can then
be reduced structurally79 or operationally80 to meet these standards. Road noise,
for example, can be reduced through the use of certain types of asphalt, al-
though these road surfaces can also have lower durability, lower traction, and
higher cost than noisier varieties. Road noise can also be decreased by noise
barriers, but these may cut off migration routes and exacerbate rather than

78 Connelly et al., supra note 69.
79 Noise can be reduced structurally by using alternative materials and architecture, such as noise barriers,

to reduce sound production and propagation.
80 Noise can be reduced operationally through limitations on the timing and frequency of noisy activities,

for example, by avoiding shift changes that occur at 7:00 a.m., in the peak lekking hours of sage-grouse.
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292 BLICKLEY AND PATRICELLI

reduce overall road impacts.81 Regulations necessarily balance the economic
and environmental trade-offs involved in allowing development to proceed
and as a general rule the more information that can be brought to bear on this
balancing process the better.

There can be no doubt that the first priority in the development of
most current noise standards is the protection of human welfare. They use
human criteria of disturbance, generated primarily in areas where humans are
impacted.82 These standards protect animal species with noise tolerances and
distributions similar to those of humans. They are not effective, however, in
reducing the impacts of noise on sensitive species of wildlife. So what should
be our goal in the development of effective noise standards for the protection
of wildlife? Environmental managers typically prefer a single noise standard
that covers all situations. But since species differ in their ability to tolerate
noise, a single noise standard is bound to be conservative for some species
and insufficient for others. 83 Simply erring on the side of more conservative
standards could do more harm than good in cases where it diverts money from
more appropriate types of mitigation, and when noise mitigation measures
introduce other environmental and economic costs, as discussed above. Rather
than a single standard, a set of standards is needed, based on the measured
sensitivities of indicator species and species of concern in a particular habitat
type or location. Recently, a panel of experts developed a set of general
and species-specific recommendations for marine mammal noise exposure
criteria.84 The development of such a set of standards for terrestrial species
will require information about sensitivity to noise pollution in both abundant
and rare species; the research priorities outlined here will help to achieve this
goal.

81 Forman, Reineking, and Hersberger, supra note 6.
82 Dooling & Popper, supra note 1; SINGAL, supra note 9.
83 A single noise standard, for example, might establish a maximum acceptable noise level of 49 dBA at a

one quarter mile from a noise source.
84 B.L. Southall, A.E. Bowles, & W.T. Ellison, Marine Mammal Noise Exposure Criteria: Initial Scientific

Recommendations, 125 J. ACOUSTICAL SOC. AM. 2517 (2009). There is no equivalent set of recommen-
dations for terrestrial animals.
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Executive Summary 

 
A. Overview of the Report 
 
There is a long standing, but difficult to resolve, concern that noise produced during the 

construction and operation of highways (together referred to as highway noise2) may have an 
impact on bird behavior and physiology. The Endangered Species Act provides additional, 
compelling, motivation for understanding the effects of highway noise on federally listed 
species.  Effects of highway noise may be insignificant under certain circumstances, or may 
include (but are not limited to): producing significant changes in behavior (e.g., the bird having 
to go further from its nesting site to find food); masking signals birds use to communicate 
between conspecifics or recognize biological signals; impairing detection of sounds of predators 
and/or prey by masking; decreasing hearing sensitivity temporarily or permanently; and/or 
increasing  stress and altering reproductive and other hormone levels. And there may even be 
more substantial and enduring impacts that potentially include interference with breeding by 
individuals and populations, thereby threatening the survival of individuals or species. 

 
 
B. Definition of “Effect” 

 
In this document, we have defined “effect” to mean any response by birds to highway 

noise.  Our definition does not invoke or imply regulatory definitions of “effect,” as found in any 
law or regulation affecting birds. 
 
  

C. Findings 
 

Conclusions from the review of the literature provide input on several important issues 
with regard to effects of highway and construction noise on birds. 

 
1) Stress and physiological effects 

a. There are no studies definitively identifying traffic noise as the critical variable 
affecting birds with regard to stress and physiological effects near roadways and 
highways. 

b. However, there are well documented adverse effects of sustained traffic noise on 
humans including stress, physiological and sleep disturbances, and changes in 
feelings of well-being. This leads to the suggestion that, for humans, there needs to be 
concern about effects of traffic noise.  

c. Highway noise below the bird’s masked auditory threshold has no effect on the bird. 
 
2) Acoustic over-exposure 

a. Birds are more resistant to both temporary and permanent hearing loss or to hearing 
damage from acoustic overexposure than are humans and other mammals that have 
been tested. 

                                                           
2 In this report, highway noise is the broader term including both noise from traffic on roadways (traffic noise) as 
well as noise from equipment used to build and maintain roadways (construction noise). 
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b. Birds are able to regenerate the sensory cells of the inner ear, thereby providing an 
avenue for recovering from intense acoustic over-exposure. Humans and other 
mammals cannot regenerate these cells. Thus, death of hair cells leads to permanent 
hearing loss in mammals. 

c. The studies of acoustic over-exposure in birds provide relevant data for estimating 
hearing damage as a result of the effects of highway noise, non-continuous 
construction noise, and impulsive-type construction noise such as pile drivers. 

 
3) Masking 

a. Continuous noise of sufficient intensity in the frequency region of bird hearing can 
have a detrimental effect on the detection and discrimination of vocal signals by 
birds. 

b. Noise in the spectral region of a bird’s vocalizations (generally 2-4 kHz) has a much 
greater masking affect on detection of communication signals than do noises outside 
this range. Thus, traffic noise will cause less masking than will other environmental 
noises of equivalent overall level that contain energy in the spectral region around 2-4 
kHz (e.g., insects, vocalizations of other birds). 

c. Generally, humans have better auditory sensitivity (lower auditory thresholds) both in 
quiet and in noise than does the typical bird. This understanding leads to the 
following:  
i. The typical human will be able to hear a single vehicle, traffic noise, or 

construction noise at a much greater distance from the roadway than will the 
typical bird. This provides a common sense rule of thumb for judging the 
stress, annoyance and disturbance effects of noise on birds.  

ii. The typical human will be able to hear a bird vocalizing in a noisy 
environment at twice the distance than can the typical bird. This also provides 
a common sense rule of thumb for judging whether highway noise masks 
communication signals in birds. 

d. From our knowledge of: (i) bird hearing in quiet and noise; (ii) the Inverse Square 
Law; (iii) Excess Attenuation in a particular environment; and (iv) species-specific 
acoustic characteristics of vocalizations, reasonable predictions can be made about 
possible maximum communication distances between two birds in an environment 
that has continuous noise. 

e. The amount of masking of vocalizations can be predicted from the peak in the total 
power spectrum of the vocalization (i.e., the loudest frequencies or, in other words, 
those with the highest energy) and the bird’s critical ratio (i.e., signal-to-noise ratio) 
at the frequency of peak energy.  

f. Birds, like humans and other animals, employ a range of short term behavioral 
strategies, or adaptations, for communicating in noise. This results in a doubling to 
quadrupling of the efficiency of hearing in the presence of noise. 

 
Three classes of potential effects of traffic noise on birds are identified. These are: (1) 

physiological and behavioral effects; (2) damage to hearing from acoustic over-exposure; and (3) 
masking of important bioacoustic and communication signals all of which may also lead to 
dynamic behavioral and population effects. These three classes of effects lead to separate, but 
overlapping, recommendations for future work. 
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1) Stress and physiological effects: 
a. Obtain a definitive answer to the question of whether traffic noise alone can produce 

stress, physiological reactions, and/or disturbances in social behavior in birds by 
using artificial traffic noises broadcast in large areas while birds (preferably captive) 
are monitored for stress indices (low priority).  

b. Conduct studies comparatively to determine if stress effects, like hearing effects, are 
species specific (low priority). 

c. Conduct studies on birds of different ages and with different degrees of experience 
with loud noises to determine if experience is a factor in stress-related impacts (low 
priority). 

 
2) Acoustic over-exposure: 

a. Conduct laboratory experiments to test and strengthen the hypothesis that continuous 
loud traffic noise can damage avian hearing (low priority).  

b. Examine effects of different levels of continuous noise on temporary and permanent 
hearing loss in different bird species (high priority). 

c. Examine effects of impulsive noise such as that produced by construction equipment 
and pile driving on hearing loss in different bird species. Consider a range of 
variables including: the intensity of the noise, the number of impulses, inter-pulse 
interval, and effects of different “rest periods” between pulses on hearing loss (high 
priority). 

 
3) Masking effects 

a. Extend what is known about masking effectiveness of highway noise on the 
vocalizations of birds by conducting behavioral tests with a wider range of individual 
and species-specific vocalizations, different types and levels of highway noise, 
highway noises filtered through various habitats, and highway noise recorded at 
various distances from the roadway (high priority) 

b. Assemble current data or generate new data on vocalizations of endangered species 
including types, levels, preferred singing location preferences, habitat characteristics, 
territory size, effect of habitat characteristics on vocalization and noise transmission. 
This will allow precise modeling of the masking effect of traffic noise acoustic 
communication (high priority).  

c. Obtain ABR measures of hearing (audiogram) and masking (critical ratios) in 
endangered species to determine how well they conform to the emerging model of 
masking of vocalizations by noise which, to date, is based primarily on laboratory 
species of birds (high priority).  

d. Develop a generalized quantitative model for estimating communication distance 
based on masking data, habitat characteristics, territory size, the bird’s singing 
position preferences, and different traffic noise profiles (high priority).  

 
Finally, we suggest interim compliance guidelines in Figure 5 and Table 3 (see next 

page) and a science-based approach, using human and avian data from both the laboratory and 
the field, to address potential impacts of noise on bird species. 
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Figure 5: Effects of Highway Noise on Birds 
Categories of highway noise effects on birds with distance from the source.  Zone 1 is closest to 
the source while Zone 4 is furthest away. Sound level decreases further from the source. See 
text for discussion. 

 
Table 3: Recommended Interim Guidelines for Potential Effects from Different Noise Sources 

Noise Source Type Hearing 
Damage TTS Masking Potential Behavioral/ 

Physiological Effects 
Single Impulse (e.g., 
blast) 140 dB(A)1 NA3 NA7 

Multiple Impulse (e.g., 
jackhammer, pile 
driver) 

125 dB(A)1 NA3 ambient dB(A)5 

Non-Strike Continuous 
(e.g., construction 
noise) 

None2 93 dB(A)4  ambient dB(A)5 

Highway Noise None2  93 dB(A)4  ambient dB(A)5 
Alarms (97 dB/100 ft) None2 NA2 NA6 

Any audible component 
of highway noise has 

the potential of causing 
behavioral and/or 

physiological effects 
independent of any 
direct effects on the 
auditory system of 

PTS, TTS, or masking 
1 Estimates based on bird data from Hashino et al.1988 and other impulse noise exposure studies in small 

mammals. 
2  Noise levels from these sources do not reach levels capable of causing auditory damage and/or permanent 

threshold       shift based on empirical data on hearing loss in birds from the laboratory. 
 3 No data available on TTS in birds caused by impulse noises. 
 4 Estimates based on study of TTS by continuous noise in the budgerigar and similar studies in small 

mammals. 
5 Conservative estimate based on addition of two uncorrelated noises.  Above ambient noise levels, critical 

ratio data from 14 bird species, well documented short term behavioral adaptation strategies, and a 
background of ambient noise typical of a quiet suburban area would suggest noise guidelines in the 
range of 50—60 dB(A). 

6 Alarms are non-continuous and therefore unlikely to cause masking effects. 
7 Cannot have masking to a single impulse.  
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Caveats: These recommended guidelines for estimating effects of masking by traffic 

noise on birds are Interim Guidelines for several reasons.  
 
a. They are based on average data from masking studies. Thus they represent the typical 

bird. Bird species vary considerably in how they hear in noise. The range of hearing 
extends from masked thresholds that approach those of humans to masked thresholds that 
are 3-4 dB worse than thresholds for the typical bird presented here. Species differences 
in masked thresholds directly affect maximum communication distance in noise (Figure 
14, page 44). Final noise guidelines will require testing more species with appropriate 
experimental adjustment for the species in question 

 
b. Traffic noise characteristics are influenced by transmission through the environment as 

are the spectral, temporal, and intensive aspects of bird vocalizations at least in terms of 
differences in Excess Attenuation for different environments. Final guidelines must 
accommodate these variables which are specific to the species and to the environment 
(Figure 14, page 44). 

 
c. We expect that with new data, particularly as derived from experiments in Section 6 

(page 50), both the lower and upper bound highway noise guidelines may be adjusted 
upward for estimating the effects of  noise on acoustic communication distances. For 
example, as the past 15 years of well controlled laboratory and field studies have shown, 
short term behavioral strategies available to birds can serve to increase the informal, 
acceptable level of highway noise causing masking. We can anticipate additional 
adjustments over the next several years. 
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1. Introduction, Overview, Direction 
 

There is a long standing, but difficult to resolve, concern that noise produced during the 
construction and operation of highways (together referred to as “highway noise”) may have an 
impact on bird behavior and physiology. The Endangered Species Act provides additional, 
compelling motivation for understanding the effects of such noise on federally listed species. 
Exposure to highway noise may have little or no impact on birds, have minor or trivial biological 
impact as in very small changes in the location or size of a breeding or feeding site relative to the 
highway, or have more substantial impacts including interference with breeding by individuals 
and populations which threatens the survival of individuals or species (e.g., Brumm and 
Slabbekoorn 2005). The  acoustic mechanisms of these effects of highway noise most likely 
involve altering conspecific acoustic communication, masking of detection and recognition of 
biological relevant signals, hindering detection of sounds of predators and/or prey, decreasing 
hearing sensitivity temporarily or permanently, and/or altering stress and reproductive hormone 
levels as birds adapt to increased background noise levels. 

 
 
A. Definition of “Effect” 

 
In this document, we have defined “effect” to mean any response by birds to highway 

noise.  Our definition does not invoke or imply regulatory definitions of “effect,” as found in any 
law or regulation affecting birds.   
 
 
 B. Organization and Purpose of Report  
 

Sections 2 (page 16) and 4 (page 23) of this Report provide an extensive discussion of 
bird audition which includes how birds hear, what they hear, and how environmental noise can 
generally affect the auditory system and hearing.  This is followed in Section 4 (page 35) by a 
discussion of the effects of highway noise on birds, the “challenges” in surveying what is known 
about the effects of highway noise on birds, and issues with the literature. Section 5 (page 48) 
summarizes and provides an overview of the different classes of effects of noise on birds. 
Section 6 (page 50) suggests a set of experiments that should be performed as the basis for future 
interim criteria. Finally, Section 7 (page 53) poses a first set of interim criteria to protect birds 
from highway noise.   
 

The purpose of this Report is intended to be three-fold. 
 
First, the Report critically discusses the little that is actually known about the effects of 

highway noise on birds, with emphasis on the “best available science.” Generally the work in the 
literature to be discussed was directed at assessing and mitigating the impacts on birds of noise 
produced by highway construction and operation. The Report shows that there are major gaps in 
this body of literature and points to areas for future research.  
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Second, this Report provides a strategic research plan to provide data needed to address 
key uncertainties related to bioacoustic impacts on birds, including effects on thresholds, metrics 
for effect criteria, and protocols for monitoring noise sources.   
 

Third, the Report suggests interim compliance guidelines and a science-based approach, 
using human and avian data from both the laboratory and the field, to address potential impacts 
of noise to bird species. In areas such as hearing and masking of sounds by noise, rigorous data 
are available from such a wide range of species that extrapolations to federally listed species are 
reasonable. Such guidelines are done in coordination and consultation with compliance protocols 
for the Federal Endangered Species Act. 

 
 
C. Analysis of United States Fish and Wildlife Service (2006) Report 
 
On July 31, 2006, the Arcata Fish and Wildlife Service Office of the U. S. Fish and 

Wildlife Service (USFWS) issued guidance for estimating the effects of auditory and visual 
disturbance to Northern Spotted Owls and Marbled Murrelets in Northwestern California. The 
purpose of this guidance was to promote consistent and reasonable determinations of effects for 
activities that occur in or near northern spotted owl or marbled murrelet suitable habitat and 
result in elevated human generated sounds or human activities in close proximity to nest trees. 
The guidance applies to activities which have the potential to harass the northern spotted owl or 
the marbled murrelet as a result of substantially elevated sound levels or human presence near 
nests during the breeding season. The USFWS acknowledges that their report is to be viewed as 
a living document subject to continued, ongoing revision and improvement as additional data and 
experience are acquired. 

  
The USFWS document provides guidance as to how a person in the field should make 

determinations with regard to the potential effects of construction and highway noise on these 
two avian species.  This guidance is particularly valuable because it takes into consideration 
critical variables and tries to integrate them into a simple practical model. These variables 
include: types of sound sources, distances from the sound sources to the birds, level of ambient 
noise in the environment, levels of anthropogenic (human-generated) noise, sound-modifying 
features of the environment, visual cues correlated with the noise, and the hearing sensitivity of 
the bird. In this regard, the USFWS report provides an extremely worthwhile potential strategy 
for estimating noise effects. 

 
One limitation of the USFWS report, however, is that it is based on limited data from one 

species. As discussed at length in the present Report, there are significant species differences in 
the ability to hear in noisy environments. These differences lead us to suggest that one model, or 
one noise level above ambient, is not likely to fit all species under all conditions. Moreover, how 
a bird integrates acoustic (i.e., noise) and visual stimuli in different contexts (e.g., breeding 
season or brooding) will have a profound effect on whether harassment occurs. For example, 
very low level sounds bearing some resemblance to the sounds of a natural predator are likely to 
be far more important to the bird than other sounds with no history of signaling danger. Such 
experiential factors will undoubtedly vary significantly by species. 
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The noise levels discussed in the USFWS (2006) guidance are geared toward those that 
result in harassment or ‘flushing’ from the roost or nest. Independent, or in addition to, these 
effects, is the possibility of a more insidious effect of continuous highway noise on birds that 
rely on acoustic communication and song learning. The ability of conspecific birds to 
communicate acoustically may be affected by low levels of noise. Independently of such 
masking effects, birds may be driven from the area by flushing  from either noise alone or some 
acoustic-visual stimulus. The USFWS report, together with what we review in this Report about 
bird hearing, may have value in helping reach a decision metric on possible effects of highway 
noise on birds. The specific recommendations made in the USFWS guidance report do not 
appear to be directly applicable to continuous traffic noise but may have utility for intermittent, 
impulse-type construction noise.  

 
 
 D. Literature Surveyed 
 

The material presented in this Report is based on a careful evaluation of technical reports 
(gray literature) and peer-reviewed articles. The approach and analysis in each study reviewed 
differs, and so extrapolation between studies, and especially those done in different locations or 
by different groups of investigators, is difficult. Moreover, we have been particularly 
conservative in our use of the gray literature because we have no way of knowing if these studies 
have undergone the same rigorous scientific review that is imposed on peer-reviewed 
publications.   
 

To further resolve the problems in using the gray literature material, we have attempted 
to review the material ourselves, and have used this material based on our views about the 
quality of the science and the validity of the conclusions reached in these studies. We have 
avoided use of material that is presented only as pages on the Internet because we have no basis 
for knowing if that material received any review whatsoever, and often so little information is 
provided that we cannot do our own evaluation.   
 

In addition to primary peer-reviewed literature and gray literature reports, we also include 
citations to a number of reviews and overviews of various aspects of the material presented here.  
It must be recognized that the reviews, even if they have gone through appropriate peer review, 
are often the opinions of the authors and may be based on analysis of material from peer-
reviewed articles and/or the gray literature.   
 
 

E. Metrics and Terminology 
 

This report contains a number of acoustic and biological terms. To facilitate 
understanding of terminology, most of the terms are defined in a Glossary that appears in 
Appendix A at the end of the report (page 63). Appendix D (page 69) discusses fundamentals of 
highway traffic noise.3 Those unfamiliar with fundamental concepts relating to highway traffic 
noise are advised to review information published by the California Department of 
Transportation (Caltrans). This includes the Technical Noise Supplement of the Caltrans Traffic 

                                                           
3 Material in Appendix D was prepared by Jones and Stokes and not by the authors of this Report 
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Noise Analysis Protocol (Caltrans 1998) and Caltrans on-line noise training. Both are available 
at: http://www.dot.ca.gov/hq/env/noise/index.htm. 
  

 It is also important to define what is meant by “behavior” in this report because the word 
is used for a wide range of activities, and usage varies between different investigators. For 
example, behavior may be used to refer to the complex interaction of signals and rituals that 
animals use during mating, or the movements of animals from one feeding ground to another. In 
the context of this report, “behavior” is used in its broadest possible sense unless otherwise 
qualified and may include small startle movements when the sound is heard or, at the other 
extreme, behavior may include gross changes in the reproductive rituals of birds due to stress and 
hormonal effects, etc. caused by chronic exposure to long-duration noise. 
 
 

F. Typical Highway Operational and Construction Noise Levels 
 
The highway noises of concern in this Report are those produced by vehicular traffic 

(traffic noise) and by road construction (construction noise). Traffic noise produced by vehicles 
traveling on a highway is a function of the traffic volume, vehicle mix, vehicle speed, and 
pavement type. For example, Table I summarizes typical traffic conditions for several typical 
highway configurations. 
 

Table I. Typical Roadway Traffic Conditions 
Number 
of Lanes Roadway Type Hours Traffic 

Volume Speed Heavy 
Truck % 

2 Highway 3,000 55 mph 2% 
4 Highway 6,000 65 mph 2% 
6 Freeway 12,000 65 mph 6% 
8 Freeway 16,000 65 mph 8% 

   
A considerable amount of work has enabled traffic engineers to model noise levels 

expected under various traffic conditions, road type, and vehicle speed. Figure 1 shows traffic 
noise levels at various distances (in feet) from the highway as predicted by the Federal Highway 
Administration Traffic Noise Model (TNM) version 2.5 for each traffic condition in Table I.  
Default atmospheric and ground surface (lawn) assumptions as recommended by FHWA were 
used.  These levels will be referred to in various sections of this report.  
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Figure 1: Typical Highway Noise Levels 

 
With multiple lanes and large number of vehicles, free-flowing traffic on a highway acts 

like a line source.  Geometric attenuation for a line source is 3 dB per doubling of distance. 
Additional attenuation resulting from ground and atmospheric absorption can increase this value 
to 5 to 6 dB per doubling of distance. In contrast to the continuous noise produced by large 
volumes of traffic, noise produced by construction equipment is likely to be intermittent, such as 
impact noise from a pile driver. Noise produced by construction equipment is a function of the 
type of equipment. Table 2 summarizes typical maximum noise levels at 50 feet produced by 
typical construction equipment (FTA 2006). In contrast to traffic noise, noise from construction 
equipment acts like a point source and will typically drop off at a rate of 6 dB per doubling of 
distance, although there is also likely to be an added component of additional attenuation that 
varies with the environment. Moreover, these are maximum noise levels which are not typically 
sustained over long periods of time. Energy average sound levels can be developed based on 
utilization factors (FTA 2006). 

 
 

G.  Relation between dB(A) and Spectrum Level 
 
The noise levels described above (Section 1.D) for both traffic noise and construction 

noise are given in dB(A). For reasons that are described below, use of dB(A) for measuring noise 
levels, while convenient for the person doing the measurements due to the design of the available 
measuring equipment, is not the most useful measure for determining the effects of noise on bird 
hearing. For the purpose of determining the effects of noise on bird hearing, the relevant measure 
is the spectrum level of noise (defined as the energy level for each frequency in the sound) in the 
frequency region where birds vocalize most and hear best – typically around 2-4 kHz. 
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Table 2.  Construction Equipment Noise Emission Levels 
(greatest-to-least) 

Equipment Typical Noise Level  50 feet 
from Source (dBA) 

Pile Driver (Impact) 101 
Rock Drill 98 
Pile Driver (Sonic) 96 
Paver 89 
Scraper 89 
Crane, Derrick 88 
Jack Hammer 88 
Truck 88 
Concrete Mixer 85 
Dozer 85 
Grader 85 
Impact Wrench 85 
Loader 85 
Pneumatic Tool 85 
Crane, Mobile 83 
Compactor 82 
Concrete Pump  82 
Shovel 82 
Air Compressor 81 
Generator 81 
Backhoe 80 
Concrete Vibrator  76 
Pump 76 
Saw 76 
Roller 74 
Source: Federal Transit Administration 2006 

 
Examination of traffic noise and non-strike construction noise generally shows a sloping 

spectrum with less energy from 2-4 kHz than at lower frequencies. Thus, estimating the spectrum 
level in the region of 2-4 kHz from an overall level, such as dB(A), will overestimate the energy 
in the region of 2-4 kHz compared to a flat spectrum noise.  From examination of spectra from 
single and multiple impulse noises associated with construction equipment, the same appears to 
be true. Thus, in most cases, the overall level of the noise measured as dB(A) does not provide 
an accurate estimate of the noise  level in the frequency region where birds communicate 
acoustically. Instead, it provides only a crude estimate, most likely an overestimate, of masking 
effects of highway noise on vocal communication in birds.   

 
The conclusion that we have reached is that overall level in dB(A) is a very conservative 

estimate of the effects of highway noise on communication in birds. It should be supplemented 
by measures of the sound pressure level in the octave band between 2-4 kHz.  Moreover, we 
recommend that estimates of the effect of noise on birds use octave band levels (OBL) of noise 
at 2.0 and 4.0 kHz. From these data, fairly accurate estimates of spectrum levels can be obtained 
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for the critical frequency range in which birds communicate. And from these spectrum levels, 
decisions can be made about whether the noise will interfere with vocal communication.  At 2.0 
kHz, the spectrum level is roughly 33 dB less than the octave band level; at 4.0 kHz, the 
spectrum level is about 36 dB less than the octave band level. 
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2. The Bird Ear and Hearing  
 

In order to appreciate the potential effects of highway and construction noise on bird 
hearing, it is important to understand the bird ear and the basic hearing capabilities of birds both 
in quiet and in noise. Therefore, this section provides a background on the basic structure and 
function of the avian auditory system followed by a discussion, with data, of how well birds 
hear. This is followed by sections on the effects of noise on hearing capabilities, and how sounds 
may have a long-term effect on the ability of birds to hear sounds. 

 
 It is relevant to start with the question of why birds, or any animals (including humans) 

hear, and why hearing may have evolved.  Clearly, in the case of birds, one immediate and 
correct assumption is that hearing is closely related to acoustic communication.  Indeed, birds, 
more than most any vertebrate group other than primates, make use of a rich array of sounds for 
communicating, finding mates, expressing territorial occupation, and numerous other social 
behaviors. But hearing is also more than this. Birds, as other animals, also use hearing to learn 
about their overall environments – in effect, they use sound to sample what Bregman (1991) 
called the “acoustic scene.”  This acoustic scene is the array of sounds in the environment which 
may arise from biological or non-biological sources such as predators moving through the 
environment or the wind moving through trees.  This acoustic scene covers an area all around an 
animal, and it is just as rich at night as it is in daylight. In effect, the acoustic scene enables an 
animal to “see” beyond its eyes and learn a great deal about its extended environment. 

 
Some investigators (see Popper and Fay 1999; Fay and Popper 2000) have argued that 

hearing originally evolved not for communication, but, instead, to enable animals to learn about 
their environment at some distance from themselves, thereby gaining better protection from 
predators and more precise information about the location of prey.  The logic of this is clear 
when one thinks about what a human learns about her/his environment from the acoustic scene, 
and how much richer the environment is because of our being aware of a much larger space than 
one gets from all of the other senses.  

 
Beyond the detection of the acoustic scene, the evolution of hearing must also have 

involved the emergence of capabilities now referred to as “stream segregation.”  This is best 
understood as the ability to differentiate between environmental sounds. In other words, while it 
is important to know there is something in the environment, stream segregation enables an 
animal to determine which sounds go together and which do not. This capability facilitates 
learning the location of the sound, its distance, and whether it is biologically relevant or not. For 
instance, an animal might run towards its predator if the source of the sound could not be 
localized and differentiated from the myriad of other signals in the environment.  

 
Thus, hearing serves to inform animals of their acoustic scene. While it is reasonable to 

suggest that hearing first evolved for the detection of the acoustic scene, it is likely that this basic 
hearing ability was quickly followed by the emergence of more complex perceptual capabilities 
such as the ability to accomplish stream segregation. It is also likely that it was not until 
somewhat later in evolution that acoustic communication evolved. At the same time, the use of 
sound for acoustic communication itself most certainly had an impact on the further evolution of 
hearing capabilities.   
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From the perspective of this Report, we must consider that both environmental and 
communication sounds are important in the lives of birds. Thus, while we tend to think in terms 
of effects of human-generated sounds on communication, it must be kept in mind that the use of 
sound by birds extends beyond sounds used for communication to the much larger acoustic 
scene. Such sounds enable birds to be aware of their whole (acoustic) environment. When noise 
interferes with a bird sampling the environment and learning the relationship among sound 
sources and the environment, the individual, and perhaps the species, is at risk. 

 
 

A. The Bird Ear 
 

The bird ear consists of an external membrane (tympanic membrane), a middle ear, and 
an inner ear. There is no external structure that resembles the mammalian outer ear flap, or pinna 
(except for in owls).  Instead, the tympanic membrane is the outermost covering of the middle 
ear. The function of the bird tympanic membrane is to gather sound, as it does in mammals 
(although in mammals the tympanic membrane is embedded in the head at the termination of the 
external ear canal). The middle ear acoustically couples air-borne sound to the fluids of the inner 
ear by impedance matching.4  

 
The avian inner ear is similar to that of most vertebrates in having three semicircular 

canals to determine angular acceleration of the head and three otolith organs for detection of 
motion of the head relative to gravity (Fig. 2). In addition, birds have a cochlear duct which 
contains a basilar papilla upon which sit the sensitive sensory hair cells (discussed below) used 
for hearing. However, the basilar papilla is shorter and rather different in structure than that 
found in mammals (Tanaka and Smith 1978; Smith 1985) and the differences may, to a degree, 
account for the much narrower range of frequencies detected by birds as compared to mammals.  

 
Another factor that probably limits the frequency range over which birds hear is the 

presence of a single-bone middle ear (columella – see left side of Fig. 2) rather than the three-
bone middle bones (malleus, incus, stapes) that are characteristic of mammals. It is likely that the 
presence of a single columella (which is likely to be homologous to the mammalian stapes) 
rather than three ear bones found in mammals generally limits hearing in most avian species to 
not much more than 10 kHz (Saunders et al. 2000).   
 

Birds and mammals (as well as all other vertebrates) have highly specialized sensory hair 
cells in each of the end organs of the ear (Fig. 3). These cells convert (transduce) mechanical 
energy into energy that is compatible with the nervous system. Each sensory cell has a group of 
cilia (called stereocilia or sterovilli) on its surface (hence the name “hair” cell). A sound stimulus 
produces a motion in the membranes of the inner ear which, in turn, results in bending of the 
cilia. This produces a cascade of chemical events in the cells that culminates in the release of a 
chemical signal (called a neurotransmitter) that stimulates the nerve that goes from the hair cells 
to the brain.   
 

                                                           
4 In effect, the middle ear increases the power of air-borne sounds so that they can move the much denser fluids of 
the inner ear. The evolution of the middle ear to “amplify” the power of the sound so it can stimulate the inner ear is 
one of the major features of hearing in terrestrial (land) vertebrates. 
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Figure 2: Avian Inner Ear Anatomy 
Schematic of the avian ear and vestibular apparatus (left) showing the single bone columella and a short, 
uncoiled ‘cochlear’ duct containing the basilar membrane. A schematic cross section (right) of the 
cochlear duct shows an array of sensory hair cells (labeled THC and SHC, see Fig. 3) across the width 
and length of the basilar papilla. Taken from Smith 1985 and Tanaka and Smith1978. (Legend for major 
structures in the right figure: BM – basilar membrane; NF – fibers of the 8th cranial nerve; SHC – short 
sensory hair cells; THC – tall sensory hair cells 

 
Sensory hair cells are the fundamental structures involved in hearing (and also in the 

senses of balance and detection of head motion). Damage to sensory hair cells, and/or their 
death, can have a profound effect on the function of the ear, and results in a loss of hearing in 
both birds and mammals. While there is a normal attrition of hair cells with age of an organism, 
and an associated loss of hearing (especially at higher frequencies in humans), exposure to an 
excess of certain medications or loud sounds can result in premature death of sensory hair cells, 
and a loss of hearing. 
 

The sensory surface of the avian ear, the basilar papilla, is an elongated membrane that 
contains thousands of sensory hair cells (Fig. 2, right side).  The cilia project upwards into a 
fluid-filled space and are over overlain by a “tectorial membrane.”  Bird ears are very complex 
and have many hair cells across the width of the sensory epithelium, and remarkable variation 
across the epithelium in the pattern of how the ciliary bundles are oriented, the shape of the hair 
cell bundle, and the number and height of stereovilli on each hair cell (Gleich and Manley 2000). 
The sensory epithelium of the avian cochlea in birds is much shorter than that in mammals (e.g., 
about 2 mm in canary and zebra finch versus 30 mm in humans) which may also reduce the 
ability of birds to hear at both low and high frequencies as compared to most mammals.  At the 
same time, and in spite of its diminutive size, the bird ear is a highly specialized organ capable of 
supporting very fine auditory discrimination and perception which, in some cases, exceeds the 
acuity of many mammals, including humans.  
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Figure 3: Sensory Hair Cells in the Avian Ear 
A: Schematic drawing of a sensory hair cell. The cell has a 
cell body with nucleus and is innervated by a neuron from 
the 8th cranial (acoustic) nerve (primary afferent nerve). The 
apical (top) end of each sensory hair cell has a series of cilia 
that makes up the ciliary bundle. The cilium at the end of the 
bundle is the kinocilium, while the rest are called stereocilia 
(or sterovilli). Bending of the ciliary bundle from 
mechanical (acoustic) disturbance results in opening of 
channels (“holes”) in the cilia and the entry of calcium ions 
from the surrounding fluid.  This causes a cascade of 
chemical events within the cell which results in the release 
of a chemical (neurotransmitter) that stimulates the 
innervating neuron. Source:  
http://www.cardiff.ac.uk/biosi/staff/jacob/teaching/sensory/h
aircell.gif 

B: Scanning electron micrograph (colorized) 
looking down on the top of the basilar papilla 
(see Fig. 2, right). Each blue area is the top of a 
single avian sensory hair cell, while the orange 
structures are the cilia making up the ciliary 
bundle.  The kinocilium is not apparent in all 
of the ciliary bundles, but it can be 
differentiated on the right side of the second 
from right ciliary bundle on the bottom row. 
Source: 
http://depts.washington.edu/hearing/images/top
1.jpg 

 
 

B. Physiology of Avian Hearing 
 

Physiological recordings from various points in the ear and brain have long been used as 
a tool for understanding how the auditory system works in animals and humans, and can be used 
in animals that cannot, for one reason or another, be “asked” if they can detect sounds.5 
Generally, there is a correspondence between these types of physiological measures across 
species and vertebrate groups.  

 
For example, one measure, the auditory brainstem response (ABR),6 is proving to be 

quite useful. This is an electrical potential generated in the earliest stages of the auditory system 
(8th nerve from the ear to the brain or the parts of the brain closest to the ear) in response to 
sound stimulation. This potential can be recorded non-invasively (i.e., with electrodes on the 

                                                           
5 Indeed, these kinds of measures, often called the auditory brainstem  response, are often used to test whether 
neonatal humans have normal auditory function shortly after birth. 
6 Sometime also referred to as an Auditory Evoked Potential (AEP). 
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surface of the skin or small pins inserted just under the skin)7 in anesthetized birds (as well as 
humans and other animals). The size of this potential in birds is directly correlated with the 
intensity of sound stimulating the ear. This correlation is sufficiently robust in birds so that the 
ABR, with appropriate adjustments, can be successfully used as an estimate of behavioral 
hearing threshold including masking (Noirot et al. 2006). The significance of this is that it makes 
possible the rapid measurement of auditory sensitivity of a bird in natural or field conditions as 
compared to the months of training and testing required to measure the hearing of birds 
behaviorally in the laboratory.8 With this procedure, it becomes feasible to measure hearing in 
those species affected by proposed highway development as part of a comprehensive 
environmental impact assessment without harming the animal and with less time investment than 
behavioral studies would require.  

 
 

C. Behavioral Measures of Avian Hearing – The Audiogram 
 
The minimum audible sound pressure that can be detected at frequencies throughout an 

animal’s range of hearing defines the audiogram or audibility curve.9 This is the most basic 
measure of hearing and one most people are familiar with from having their own hearing tested. 
Over the past 50 years, behavioral audibility curves have been collected for 39 species of birds, 
and this database can be extended by another 10 species of birds by including data from 
physiological recordings (Appendix B, page 66). We fit these data with a polynomial function to 
provide a continuous curve describing the minimum audible sound pressure over the range of 
hearing for a particular species.  

 
Figure 4 shows the median audiogram based on these species along with the human 

audiogram for comparisons. These audiograms are often described and compared on several 
features such as the softest sound that can be heard (best, or lowest, intensity), the frequency at 
which hearing is best (best frequency – the frequency at which the subject can hear the lowest 
possible sound), the bandwidth (the width of the audiogram 30 dB on either side of the 
frequency),  lowest intensity (at the best frequency), and the low and high frequency limits of 
hearing (the frequencies at which thresholds are 30 dB above the best intensity) for both birds 
and humans. So, in describing the bird audiogram in Figure 4, the best intensity is about 10 dB 
SPL, the  best frequency is about 2-3 kHz, the low frequency cut-off of hearing is about 300 Hz, 
the high frequency cut-off is about 6 kHz, and the bandwidth of the bird audiogram is about 5.7 
kHz,. By contrast, humans hear sounds as soft as 0 dB SPL around approximately 3 kHz and 
have a much broader bandwidth of about 16 kHz.  Thus, and most people find this surprising, 
humans hear as well or better than birds over a much wider range of frequencies. The audiogram 
is typically measured in an audiometric test chamber. Thus the audiogram represents an ideal 
                                                           
7 This results in survival of the animal as opposed to studies where the electrode has to be put into the ear or brain. 
8 This does not mean that ABR can replace behavioral testing. Indeed, while the ABR gives a general sense of the 
hearing range and sensitivity of the bird ear, it does not tell much about how the rest of the brain processes the 
acoustic signal. In general, there is a great deal of acoustic processing in the brain, and the ultimate hearing 
capabilities of an animal result from such processing. Behavioral studies allow examination of the complete hearing 
capabilities of an organism. 
9 This is a measure of hearing “threshold.”  It should be noted that the threshold (the lowest sound detectable at a 
given frequency) is not a fixed value. It is not only variable from animal to animal, but it also depends on testing 
conditions and context. The “threshold” is actually a statistical measure indicating the lowest sound pressure level 
that an animal can detect some percentage of time.  Typically this is 50% correct.  
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detection threshold that cannot normally be attained in the real world. We will return to this point 
later in discussions of auditory masking under more natural conditions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

D. Biological Correlates of the Avian Audiogram 
 

Compared to other vertebrate groups, the variation in hearing sensitivity among bird 
species is not great. A complete list of the common names of the species tested to date is given in 
Appendix B (page 66). Generally, birds hear best at frequencies between about 1 and 5 kHz, with 
absolute (best) sensitivity often approaching 0-10 dB SPL at the most sensitive frequency, which 
is usually in the region of 2–4 kHz (Dooling 1980, 1982, 1992; Dooling et al., 2000). Nocturnal 
predators, such as most owls, can generally detect much softer sounds than can either 
Passeriformes (e.g., songbirds such as sparrows, canaries, starlings, finches) or other non-
Passeriformes (e.g., chickens, turkeys, pigeons, parrots, owls) over their entire range of hearing, 
sometimes with levels as low as -10 to -15 dB SPL.  

 
Passeriformes also tend to have better hearing at high frequencies than non-

Passeriformes, while non-Passeriformes can detect softer signals at low frequencies than do 
Passeriformes. This difference is usually on the order of 5 to 10 dB SPL.  A recent correlative 
study of hearing characteristics (using the database in Appendix B) with several biological 
parameters confirms significant correlations among body weight, inner ear anatomy, and low- 
and high-frequency hearing in birds, with the exception of owls (Gleich et al. 2005). Simply put, 
large birds hear better at low frequencies and small birds hear better at high frequencies.  On 
average, however, the frequency range available to the typical bird for long distance vocal 
communication extends, at best, from about 0.5 to about 6.0 kHz (the frequency range or 
bandwidth 30 dB above the most sensitive region of the audiogram).  
 
 
 
 

 

Figure 4: Bird Hearing Thresholds 
Median bird hearing thresholds from 49 bird species measured behaviorally and 
physiologically in the quiet in the free field (solid line) compared to the human (dashed 
line). The typical bird hears less well than humans and over a narrower bandwidth.   
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E. The Hearing Range and Vocalization Spectrum of Birds 

 
Almost all avian species rely heavily on acoustic communication for species and 

individual recognition, mate selection, territorial defense, and other social activities. Students of 
bird hearing have long recognized that there is a strong correlation between the range of hearing 
in birds and the frequency spectrum of bird vocalizations (Konishi 1969; Dooling 1980, 1982). 
That is, with the exception of some nocturnal predators, birds hear best in the spectral region of 
their species-specific vocalizations. This is an important observation. It highlights the fact that 
considerations of the masking or hearing damage effects of noise on acoustic communication in 
birds should focus attention on the critical frequency region of about 1-6 kHz (Dooling 1982). 

 
 
F. The Hearing Capabilities of Nestlings 

 
A limited amount of data from songbirds and parrots suggest that the auditory system of 

altricial birds (i.e., birds that develop in the nest10) is not functioning well at hatching. ABR 
studies of budgerigars and canaries indicates that hearing thresholds during the first two weeks of 
hatching are 30-40 dB higher than hearing thresholds of adults. This suggests they are even less 
sensitive to damage from acoustic overexposure than adults. By the time nestlings are 20-30 days 
old and just getting ready to leave the nest, however, hearing thresholds as measured by the ABR 
approach adult levels of sensitivity (Brittan-Powell et al. 2004). Masked thresholds have not 
been measured in nestlings, but since this is also a critical stage in vocal development, masking 
by highway noise at this stage in development could have serious effects on a bird’s ability to 
acquire and develop its species-typical vocalizations.  
 
 

                                                           
10 Altricial birds include all Passeriformes (song birds). Altricial birds hatch with their eyes closed and with few, if 
any, feathers. In contract, precocial birds hatch with eyes open and are generally ready to leave the nest within two 
days of hatching – see: http://www.stanford.edu/group/stanfordbirds/text/essays/Precocial_and_Altricial.html  
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3. General Principles of the Effects of Noise on Birds  
 
 There are three general overlapping categories of highway noise effects on birds: hearing 
damage and temporary threshold shift, masking, and other physiological and behavioral 
responses. In the case of direct auditory effects, the specific category depends primarily on the 
level of noise exposure which is highly correlated with the proximity of the bird(s) to the noise 
source (Fig. 5 [page 24], Table 3 [page 25]).The existing scientific literature provides solid 
guidelines for defining the boundaries between these categories of effects.  
 

a. Zone 1: If a bird is in this region, traffic noise and construction noise can potentially 
result in hearing loss, threshold shift, masking, and/or other behavioral and/or 
physiological effects. Laboratory evidence shows that continuous noise levels above 110 
dB(A) SPL or a single blast noise over 140 dB SPL (125 dB SPL for multiple blasts) will 
likely result in damage. 

 
b.  Zone 2:  At greater distances from the highway, starting where the noise levels fall 

below 110 dB(A) continuous exposure, hearing loss and permanent threshold shift are 
unlikely to occur. However, highway noise above 93 dB(A) SPL might  still temporarily 
elevated a bird’s threshold, mask important communication signals, and possibly lead to 
other behavioral and/or physiological effects. 

 
c. Zone 3: At even greater distances from the highway, but where the spectrum level of the 

highway noise is still at or above the natural ambient noise level, masking of 
communication signals from highway noise will occur beyond that which already occurs 
from natural ambient noise. This in turn may also result in other behavioral and/or 
physiological effects. 

 
d.  Zone 4: Once the level of highway noise falls below ambient noise levels in the critical 

frequencies for communication, masking of communication signals is no longer an issue. 
However, faintly heard sounds falling outside the region of bird vocalizations, such as the 
low rumble of a truck, may still potentially cause other behavioral and/or physiological 
effects.  

 
e. Beyond Zone 4: At this boundary, the energy in traffic noise and construction noise at all 

frequencies is completely inaudible (i.e., falls below the bird’s masked threshold) to the 
bird and has no effects of any kind on the bird.  

 
Before considering the direct effects on the auditory system of birds from highway noise, 

it is important to understand three facts about behavioral and physiological effects of highway 
noise. One is that these effects can occur alone or in combination with direct effects of highway 
noise on the auditory system of birds. Second, these effects may be less dependent on noise level 
and more dependent on the salience of the highway noise component(s) to the bird. Third, in 
comparison with the direct effects of noise on the bird auditory system, there are very few 
empirical data available on these effects, and especially those that occur alone as in Zone 4.   
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A. Direct Effects of Noise on Hearing in Birds – Threshold Shift 
 

Birds (as well as humans and other animals) show a shift in hearing sensitivity in 
response to sounds that are sufficiently long and/or intense. Data show that birds can tolerate 
continuous (e.g. up to 72 hours) exposure to noises up to 110 dB(A) without experiencing 
hearing damage or permanent threshold shift.  A Permanent Threshold Shift (PTS), or permanent 
hearing loss, occurs if the intensity and duration of the noise is sufficient to damage the delicate 
inner ear sensory hair cells. At continuous noise levels below 110 dB(A) down to about 93 
dB(A), birds can experience a temporary threshold shift.  Temporary Threshold Shift (TTS) lasts 
from seconds to days depending on the intensity and duration of the noise to which the animal 
was exposed. In contrast,. Thus, concern over the effect of loud sounds on the ear and hearing is 
quite reasonable. Much of the work on recovery from hearing loss has been on young chicks 
where threshold shift was measured physiologically (see, for example, McFadden and Saunders 
1989; Saunders et al. 1991, 1993; Adler et al. 1992, 1993; Pugliano et al. 1993). These studies 
provided important early information on the ability of birds to regenerate the hair cells of the ear 
following intense acoustic trauma and suggest that, for birds, permanent hearing loss from 
highway noise or construction noise, is probably not of significant concern. Behavioral studies, 
however, were necessary to confirm these findings.  

 

 
Figure 5: Effects of Highway Noise on Birds 
Categories of highway noise effects on birds with distance from the source.  Zone 1 is closest to the 
source while Zone 4 is furthest away. Sound level decreases further from the source. See text for 
discussion. 
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Table 3: Recommended Interim Guidelines for Potential Effects from Different Noise Sources 

Noise Source Type Hearing 
Damage TTS Masking Potential Behavioral/ 

Physiological Effects 
Single Impulse (e.g., 
blast) 140 dB(A)1 NA3 NA7 

Multiple Impulse (e.g., 
jackhammer, pile driver) 125 dB(A)1 NA3 ambient dB(A)5 

Non-Strike Continuous 
(e.g., construction noise) None2 93 dB(A)4  ambient dB(A)5 

Highway Noise None2  93 dB(A)4  ambient dB(A)5 

Alarms (97 dB/100 ft) None2 NA2 NA6 

Any audible component 
of highway noise has the 

potential of causing 
behavioral and/or 

physiological effects 
independent of any direct 

effects on the auditory 
system of PTS, TTS, or 

masking 
1 Estimates based on bird data from Hashino et al.1988 and other impulse noise exposure studies in small 

mammals. 
2  Noise levels from these sources do not reach levels capable of causing auditory damage and/or permanent 

threshold       shift based on empirical data on hearing loss in birds from the laboratory. 
 3 No data available on TTS in birds caused by impulse noises. 
 4 Estimates based on study of TTS by continuous noise in the budgerigar and similar studies in small 

mammals. 
5 Conservative estimate based on addition of two uncorrelated noises.  Above ambient noise levels, critical 

ratio data from 14 bird species, well documented short term behavioral adaptation strategies, and a 
background of ambient noise typical of a quiet suburban area would suggest noise guidelines in the range 
of 50—60 dB(A). 

6 Alarms are non-continuous and therefore unlikely to cause masking effects. 
7 Cannot have masking to a single impulse.  

 
Permanent Threshold Shift in Birds: Permanent threshold shift is accompanied by death 

of some, but not necessarily all, hair cells in a specific location on the basilar papilla. The 
specific damage depends on the type, intensity, and duration of the acoustic trauma (reviewed in 
Cotanche 1999).  Since hearing depends on the function of these hair cells, their permanent loss 
results in permanent hearing loss in mammals. However, since birds can regenerate damaged or 
destroyed sensory hair cells, hearing recovers almost completely. 
 

Quail (Coturnix coturnix) exposed to a 1.5 kHz octave band noise at 116 dB SPL for four 
hours showed hearing loss of up to 50 dB immediately following exposure (Niemiec et al. 1994).  
Hearing loss was most severe at frequencies at and above 1.0 kHz, although there was 
considerable variation between subjects. Hearing loss was accompanied by a significant loss of 
sensory hair cells in the basilar papilla. 

 
However, hearing improved rapidly within the first week following exposure, and 

recovered to pre-exposure levels by 8-10 days.  Damaged hair cells were observed up to two 
weeks post exposure, but there was little evidence of damage to hair cells at  five weeks post-
exposure.  Similar patterns of threshold shifts and recoveries were seen after repeated exposures 
to noise, although recovery times increased with increasing exposure duration.  Interestingly, the 
authors found there can be a return to normal sensitivity prior to complete regeneration of the 
sensory hair cells (Neimiec et al. 1994).   
 

Ryals and colleagues (1999) addressed species differences and found that the amount of 
hearing loss and the time course of recovery varied considerably among different bird species 
even with identical exposure conditions and test conditions. In one study, quail and budgerigars 
were exposed to pure tones of 112-118 dB SPL for 12 hours, with the frequency of the sounds 
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centered in the region of best hearing of each species.  Quail showed much greater susceptibility 
to acoustic trauma than did budgerigars, and showed significantly larger threshold shifts and hair 
cell loss.  Quail showed a threshold shift of 70 dB at 2.86 kHz at one day following over-
exposure and this hearing loss remained virtually unchanged for 8-9 days post-exposure. Hearing 
then began to improve by about 1 dB/day until recovery day 50, at which time recovery reached 
asymptote. This left the quail with a permanent threshold shift of approximately 20 dB which 
remained even one year following exposure.  In contrast, budgerigars showed a threshold shift of 
about 35-40 dB and a much faster recovery than quail. By three days post-exposure, budgerigars’ 
thresholds had improved to within 10 dB of normal.   

 
Another experiment in this study exposed budgerigars, canaries (Serinus canaria), and 

zebra finches (Taeniopygia guttata) to the same bandpass noise (2-6 kHz) at 120 dB(A) SPL for 
24 hours and confirmed the existence of species differences in susceptibility to noise. Thresholds 
at 1.0 kHz  were initially elevated by 10-30 dB but improved to within normal limits by about 10 
days post-exposure in all three species.  Moreover, at 2.86 kHz, the center of the exposure band, 
budgerigars, canaries, and zebra finches all showed a 50 dB threshold shift.  Recovery began 
immediately after the noise was terminated for canaries, while zebra finches recovered to within 
10 dB of normal by about 30 days post-exposure.  However, in budgerigars, thresholds remained 
elevated for 10 days before recovery begin to occur. By 50 days post-exposure, thresholds  
recovered to about 20 dB above normal. Thus, in this experiment, there was significantly more 
rapid recovery in canaries and zebra finches than in budgerigars.   
 

These studies by Ryals and her colleagues (Ryals et al. 1985, 1999) are critically 
important for discussions of the effect of intense noise on hearing in birds. This is the only 
comparative study that tested different species of birds under identical noise exposure and test 
conditions and it led to two important conclusions. One is that birds are highly resistant to 
hearing damage from noise. The other conclusion is that there is considerable variation among 
species in the amount of damage and the time-course of loss and recovery from acoustic trauma, 
and that these differences cannot be predicted from a species’ appearance, behavior, or life style. 
Moreover, these differences can only be due to species differences in the susceptibility to 
damage by acoustic overexposure and not from any other experimental variables since, in many 
instances, all species were all tested in the same apparatus using the same procedures.  

 
Temporary Threshold Shift in Birds: The first work on temporary threshold shifts in adult 

birds measured behaviorally following acoustic overexposure is still the most complete in the 
literature.  Budgerigars (Melopsittacus undulatus) exposed to a narrow band of noise centered at 
2 kHz for 72 hours at levels of 76 to 106 dB SPL showed maximum hearing losses at 2 kHz with 
a temporary threshold shift ranging from 10 to 40 dB depending on the level of the noise to 
which the birds were exposed (Saunders and Dooling 1974; Dooling 1980) (Fig. 6). Importantly, 
a permanent threshold shift was observed only with the 106 dB exposure, indicating that birds, 
compared to mammals, are much more resistant to damage from noise (Dooling 1980).  A 72-
hour continuous exposure to a narrowband of noise at 106 dB would  result  in severe and 
permanent hearing loss in humans due to death of the sensory cells of the inner ear.  Temporary 
threshold shifts in these birds also lasted less time than typically seen in mammals and were also 
restricted to a narrower range of frequencies (e.g., Luz and Hodge 1971; Price 1979; Dooling 
1980; Henderson and Hamernik 1986). The maximum threshold shift in budgerigars occurred at 
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the exposure frequency (rather than at higher frequencies in mammals) and showed much less 
spread of threshold shift to other frequencies. 

 
 

 
Finally, all the experiments described above were conducted with continuous noise, much 

as would be expected with dense highway traffic or non-strike continuous construction noise 
(Table 1, Figure 1). Impulse noises, such as those produced by single pieces of highway 
construction equipment, are short, intermittent, and high intensity (Table 2). There is much less 
known about the effects of high level impulse sounds, such as from construction equipment, on 
avian hearing. There is a single report in the literature that exposed budgerigars to four 169 dB 
SPL impulses produced by pistol shots in close proximity (20 cm) to the bird. In contrast to 
continuous noise exposure, this exposure initially caused more low frequency (~60 dB) than high 
frequency (~40 dB) hearing loss (Hashino et al. 1988). Even from this extremely intense 
exposure, however, thresholds at 1 and 4 kHz (the frequency where budgerigars sing and hear 
best) returned to almost normal within 20 days following  the exposure. At 500 Hz, there 
remained a permanent threshold shift of about 20 dB even 40 days after exposure. These results 
confirm that birds are resistant to permanent auditory damage and hearing loss from noise 
exposure, even following extraordinarily intense impulse noise exposures. 

 
 
B. Masking and the characteristics of noise 

 
Masking is the interference with the detection of one (biologically relevant) sound by 

another. For a common example, two people in a room by themselves talking at a comfortable 
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Figure 6: Threshold Shift in Birds Exposed to Noise 
The growth and decay of threshold shift in four budgerigars exposed to four different levels of a 1/3rd octave 
band of noise for 72 hours.  Threshold shift reaches an asymptote after 12-24 hours regardless of the exposure 
level. Exposure to a 76 dB noise results in a threshold shift of 14 dB which recovers within a few hours 
following the termination of the noise. Exposure to a 106 dB noise, however, leads to longer recovery time and 
a permanent threshold due to damage to the inner ear. 
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level can easily hear one another. If they are having the same conversation in a room with 50 
other people, it is much harder for them to hear one another. Masking can also occur from other 
kinds of noises than a group of humans talking. 

 
More specifically, masking refers to the increase in thresholds for detection or 

discrimination of sounds in the presence of another sound. The simplest kind of masking 
experiment is to measure the sound detection thresholds for pure tones in the presence of a 
broadband noise (see Glossary, page 63). The noise in such an experiment is usually described in 
terms of a spectrum level (i.e., sound energy per Hertz) rather than the overall sound pressure 
level. The signal level in the case of a pure tone is, of course, simply the level of the tone in dB. 
The ratio of the level of the tone to the spectrum level of the noise is called the critical ratio or 
the signal-to-noise ratio. At threshold for the pure tone, the critical ratio (or signal-to-noise ratio) 
is a measure of the amount of masking provided by the masker. Experiments on masking 
demonstrate that at low levels, it is the noise in the frequency region of a signal that is most 
important in masking the signal—not noise at more distant frequency regions (Dooling et al. 
2000).   

 
For example, a typical simple masking experiment will have a pure tone and a masker, 

usually a noise. The investigator first determines the lowest sound level (or absolute threshold) 
for the pure tone in a quiet environment. The masker is then presented and the threshold for the 
pure tone is again determined. If the masker has energy in the same frequency band as the pure 
tone, the threshold for the tone is elevated.  If, however, the masker energy is not in  the same 
frequency range as the pure tone, there may be no change in threshold for the pure tone.11 This is 
an important point we will return to below. Common sense tells us that acoustic communication 
can be severely constrained if background noise is of a sufficient level.12 Such noise decreases 
signal-to-noise-ratios and therefore limits the active space (the combination of sound frequencies 
and levels that are audible) of a sound. In effect, background noise makes it harder for an animal 
(or human) to hear sounds that may be biologically relevant.  Thus, only the most intense 
biologically relevant sounds, usually those closer to the animal, may be detected in a noisy 
environment. 

 
Aside from the masking case described above, it has been extraordinarily difficult to 

come up with a broad definition of noise because of extreme variations in both the physical 
properties of noise and the perceptual preferences of listeners.13 For humans, perhaps the 
broadest, and therefore most accurate definition, is that noise is simply unwanted sound. While 
useful for human listeners, this definition is not useful in animal work.  What is noise for an 
animal must be determined by how it affects an animal’s normal behavior.  

 
Noises can be continuous or intermittent, broadband or narrowband, or predictable or 

unpredictable in time or space. These noise characteristics determine the strategies that birds 
might employ to minimize the effect of noise on acoustic communication. Most laboratory 

                                                           
11 The amount of masking depends primarily on the amount of energy in the masker in the frequency region 
surrounding the pure tone.  This band of frequencies around the pure tone in which masking will still occur is called 
the “critical band.” 
12 The exact level depends on many factors, including masker level and the hearing sensitivity of the species of 
concern. 
13 What is “noise” to one listener may be music to another, and vice versa. 
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experimental approaches estimating the effects of noise on signal detection use continuous noises 
with precisely defined bandwidths, intensities, and spectral shapes.  Fortunately, traffic noise on 
heavily traveled roads can approximate these features (e.g., relatively continuous, relatively 
constant spectrum and intensity), thus providing increased validity in moving from laboratory 
results based on continuous noises to the field predictions of behaviors affected by noise such as 
communication distance. 

 
 
C. Direct Effects of Noise on Hearing by Birds – Critical Masking Ratios 
 
The ratio between the power in a pure tone at threshold and the power per Hertz (the 

spectrum level) of the background noise is called the critical ratio. The masking principles 
discussed above which govern the critical ratio are shown schematically in Figure 7. The critical 
ratio (left panel) is defined as the sound pressure level of a tone (when it is just masked) minus 
the spectrum level of the noise. In this case, the spectrum level of the noise is 40 dB SPL and the 
level of a 3 kHz pure tone that can just be heard is 60 dB SPL resulting in a critical ratio of 20 
dB. Since it is noise in the spectral region of the tone that contributes most to the masking of the 
tone, measuring overall noise level over a very wide band of frequencies is not very useful unless 
the noise is flat. A flat noise with a spectrum level of 40 dB would result in an overall noise level 
of about 80 dB(A) when measured across the whole band of noise. Of course, the level of noise 
falling in the octave band from 2-4 kHz and 4-8 kHz would be considerably less – 73 dB and 76 
dB respectively. Since, highway noise has most of its energy at low frequencies (the spectrum 
slopes downward from low to high frequencies), measuring overall noise level (the dB(A) 
measure) will overestimate how much energy there is in the region of 2-4 kHz and therefore how 
much masking of bird vocalizations will occur. 

 

Figure 7: Avian critical ratios 
(left) Schematic representation of the critical ratio. A 60 dB tone at 3 kHz is just masked by a broad band noise with a 
spectrum level of 40 dB. The critical ratio is defined as the level of the tone minus the spectrum level of the noise. 
(Right) The relationship for overall sound pressure level, spectrum level, and octave band levels between 2 and 8 kHz 
for a flat broad band noise. The overall level of noise of 80 dB(A) is greater than the amount of noise falling in the 
octave band of 2-4 kHz (73 dB) and 4-8 kHz (76 dB).  Much of the energy in highway noise falls in lower frequencies, 
while bird vocalizations fall in higher frequencies. Measuring in the region of bird vocalizations is critical to 
understanding whether masking occurs because it only noise in this region contributes to the masking.  
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Critical ratio data have now been obtained behaviorally for 14 species of birds, including 
songbirds, non-songbirds, and even nocturnal predators (Dooling et al. 2000). Figure 8 shows the 
median critical ratio functions for 14 species of birds (see Appendix C for these data, page 68) 
with corresponding values from the human literature. There is species variation in bird critical 
ratios with some bird approaching human levels of sensitivity and others much worse than the 
median curve. However, the median function shows the typical pattern of approximately a 2–3 
dB/octave increase in signal-to-noise ratio that has come to be characteristic of these functions in 
mammals, including humans (roughly a 3 dB/octave slope). This orderly increase in masking 
effectiveness with frequency is thought to be related to the mechanics of the peripheral auditory 
system (Békésy 1960; Greenwood 1961a, b; Buus et al. 1995).  

 
In practical terms, this critical ratio curve describes the level in decibels above the 

spectrum level of the background noise that a sound (usually a pure tone or other narrow band 
sound) must be in order to be heard. For the typical bird, a pure tone (or tonal vocalization) in the 
region of 3 kHz must be at about 27 dB (± 3dB) above the spectrum level of noise in order to be 
detected. In fact, birds vary greatly in their critical ratios from about 21 dB (budgerigar) to about 
32 dB (canary) at 3 kHz.  For the human, the same pure tone need only be about 21 dB above the 
spectrum level of noise to be heard – a difference of about 6 dB from the typical bird.  
 

These data raise two important issues. One, while all human listeners hear signals in 
noise with the same efficiency,14 the variation between birds of different species is considerable. 
As is the case with susceptibility to auditory damage from noise exposure, there is no way to tell 
from a bird’s vocalizations, physical appearance or behavior, how well it hears in noise. This 
raises, again, the issue of accounting for species variation and suggests caution in trying to apply 
a model based on one species. Such an approach would prove woefully inadequate in the case of 
masking of important biological signals by noise.  

 
Second, the difference in masked thresholds of 6 dB between humans and the typical bird 

has important implications for the detection of a point source of sound (e.g., a single vehicle, a 
piece of construction equipment, a bird singing, etc.) in a real world environment. Recall that 
sound pressure level decreases about 6 dB for a point source with every doubling of distance (by 
the inverse square law). The 6 dB difference in masking means that a human can still detect a 
point source of sound in noise at twice the distance the typical bird can against a background of 
noise. For a line source (i.e., a stream of traffic) this difference between birds and humans is a 
factor of 4. In other words, using a human listener as the measuring device to determine whether 
birds can hear a sound in a noise will underestimate the masking effect of noise on birds by a 
significant amount. This is a good thing if we are concerned about birds hearing distant traffic or 
construction noise, but it is a bad thing if we are concerned about noise masking communication 
signals transmitted between two birds.  
 
 

                                                           
14 Though there may be some variation based on the age and health of the humans. 
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Figure 8: Critical Ratios in Birds and Humans 
Median critical ratios for 14 birds (solid line) and the human (dashed line). Dotted line is a slope of 3 
dB/octave. The critical ratio (s/n ratio) at threshold is about 6 dB greater in the typical bird compared to 
humans over the frequency range of 1-5 kHz.  

 
 

D. Understanding Basic Facts about Masking and Hearing in Noise 
 
The audiogram represents the lowest sound pressure level (in dB) of pure tones 

throughout the range of hearing that can be detected in a quiet background of a test booth (see 
Fig. 4). Typically, this curve describes the sound pressure level that can be detected 50% of the 
time. The shape of the audiogram is unique to hearing tested in the quiet background of an 
audiometric test booth. It does not represent hearing in noise, and since all hearing in the real 
world is hearing in noise, it is useless for estimating what a bird can hear in the real world. In 
other words, in all environments, other than a quiet background of a test booth, ambient noise in 
the background determines what can be heard (i.e., the shape of the audiogram). The critical ratio 
(Fig. 9) provides the metric for estimating the effect of noise on the audiogram because it shows 
the level (in dB) that a pure tone must be above the spectrum level of noise in order to be heard.   

 
These two concepts together can provide an estimate of the effect a particular continuous 

noise on the hearing of the typical bird. The simplest case is if the noise is flat (energy equally 
distributed) over a broad range of frequencies (e.g., 0-10 kHz). Figure 9 (page 32) shows the 
effect of masking by various levels of flat, broadband, background noise on the typical avian 
audiogram. In the case of flat broadband noise from 0-10 kHz, the spectrum level in dB at any 
frequency is about 40 dB less than the overall level of the noise in dB SPL. As noise levels 
increase, the most sensitive regions of the audiogram are affected first. As the noise levels 
continue to increase, higher frequency regions are affected more than lower frequency regions 
(because the bandwidths of the auditory system are progressively wider as frequency increases).  
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Noise level in the plot in Figure 9 is shown both as a spectrum level (the per Hertz 

distribution of energy – the right column of numbers) and the overall noise level, which 

 
Figure 9: Relation Between Overall Noise, Spectrum Level, and Hearing Thresholds 
The effect of broadband noise of different levels on bird auditory thresholds. The solid line shows the auditory 
thresholds (audiogram) in the quiet.  The dashed lines above the audiogram show elevated thresholds in the 
presence of different levels of broadband noise. These levels of  noise are shown with the thin flat dashed 
lines in the lower half of the figure both as overall dB(A) levels (left) and spectrum level of the same noise 
(right). Note that for a flat broadband spectrum, the overall sound level is always about 40 dB greater than 
spectrum level.  
       For example, if the noise is flat from 0-10 kHz, an overall background noise level of 20 dB (left column) 
is equivalent to a spectrum level of -20 dB (right column). This level of noise would have no masking effect 
on tone thresholds and the audiogram looks like it does in quiet (solid line). Higher background noise levels, 
however, raise the thresholds for detecting tones of frequencies in the center of the audiogram (around 2-4 
kHz). Thus, in the presence of a noise of a spectrum level of about -5 to 0 dB around 2-4 kHz (typical of a 
quiet rural area), hearing thresholds for pure tones  are raised to 0-15 dB depending on frequency (0 dB 
dashed line). In the presence of a noise of a spectrum level of  5-10 dB in the region of 2-4 kHz (typical of a 
quiet suburban area), hearing thresholds are raised 0-25 dB (10 dB dashed line).  Unlike the flat noise shown 
above, traffic noise has a sloping spectrum with more energy at low frequencies than in the critical 
frequencies of 2 – 8 kHz containing most bird song. Thus, the difference between overall noise levels and 
spectrum levels at 2-4 kHz will be greater than the differences illustrated above for flat spectrum noise.  
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integrates (sums) the energy across all frequencies (the left column of numbers). The overall 
sound pressure level, given in dB SPL, is the value obtained from the typical sound level meter 
which sums all the energy between the frequencies of about 100 Hz to 10 kHz – a bandwidth of 
about 10 kHz.  The A weighting is selectively biased against frequencies below 1000 Hz and 
above 10 kHz in a manner approximately equal to the sensitivity of the human ear at low sound 
pressure levels. Thus, the relation between overall level in dB(A) and spectrum level would be 
approximate in Figure 9. To put these sound pressure levels in perspective, overall noise levels in 
the range of 10-20 dB(A) are what one would find inside a broadcast studio, 20-30 dB(A) in a 
quiet bedroom in the evening, 40-45 dB(A) outdoors in a quiet rural area, and 50-55 dB(A) 
outdoors in a quiet suburban area (Ouis 2001). The spectrum of natural ambient noise is not 
likely to be flat, so the conversion from overall sound pressure level in dB(A) to a spectrum level 
is also only approximate. Nevertheless, Figure 9 clearly shows that except for lowest ambient 
noise levels (i.e., typical of a broadcast booth or a quiet bedroom at night), there is always some 
effect of background noise on hearing in a natural environment as compared to when the 
audiogram is measured in a quiet acoustic test booth.  

 
 
E. The Origin of the 60 dB(A) Level for Estimating the Effects of Traffic Noise and 
Masking on Avian Vocal Communication 

 
The informal, but well known, 60 dB(A) noise level for evaluating the effects of noise on 

avian acoustic communication was based on the facts and reasoning presented above. The 
question posed was this: At what noise level, above that of a quiet natural environment, could 
one begin to see effects of highway noise on avian vocal communication? A quiet, natural 
environment was taken to be an overall sound pressure level of approximately 45-55 dB(A)  - 
typical of a quiet rural to suburban area. From Figure 9, it can be seen that a bird will already be 
experiencing considerable masking (e.g., 20-25 dB) in its region of best hearing from such a 
level of environmental noise.  The spectrum level in the region of 2-4 kHz (for a 40-50 dB(A) 
ambient noise) is already about 0-10 dB which significantly elevates the thresholds that one 
could obtain in a quiet test booth (see dotted lines of 0 and +10 in the audiogram).  In other 
words, masking is always occurring in natural environments. 

 
So, how much highway noise causes an increase the bird’s thresholds above what it 

already experiences in a quiet suburban area15?  The answer depends on the level of ambient 
noise. Once highway noise reaches the level of ambient noise in the natural environment, 
additional masking of bioacoustic signals, including bird vocalizations, can occur. Most energy 
in traffic noise is below about 1 kHz, with the spectrum sloping downward above 1 kHz. Traffic 
noise of an overall level of 60 dB(A) SPL will have a spectrum level of noise around 3 kHz of 
perhaps 10 dB SPL – roughly equivalent to the spectrum level of noise at 3 kHz in a quiet 
suburban area. It is this rationale, based on masking data from the laboratory and estimates of 
traffic noise spectra, that an overall traffic noise level of about 60 dB(A) would begin to affect a 
bird’s behavior (i.e., would increase a bird’s masked threshold above that experienced by noise 
levels found in a typical rural to suburban areas). One can easily see that this value of 60 dB(A) 
is entirely dependent on the existing natural ambient noise levels.   
                                                           
15 One would adopt a lower guideline for a quiet rural area and a higher noise guideline for a noisy urban area where 
ambient noise levels might reach 70 dB(A). In other words, decisions by regulators must take into account the 
existing ambient noise levels in the region where the highway is being constructed and operated.  
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The 60 dB(A) noise guideline as an absolute value  was a good starting point, but new 
data, based on a number of findings, suggest that it is now outdated. One reason for new caution 
is that 60 dB(A) was based on detection thresholds (i.e., critical ratios) from only a few birds. 
And we now have data from many more birds and there is now evidence that birds require even 
better signal-to-noise ratios to discriminate and to recognize sounds – in other words to 
communicate effectively. Since communication – not just detection of a sound - is the animal’s 
goal, arguing for a lower noise level guideline of 55 dB(A) is probably safer and more realistic. 
On the other hand, 60 dB(A) can be viewed as  quite conservative since it is based on continuous 
noise in a controlled, artificial (i.e., laboratory) setting – a situation that is unlikely to occur in 
the real world.  

 
The 60 dB(A) level should also be reconsidered because it does not take into account any 

of the newly documented strategies a freely moving bird in its natural environment is highly 
likely to employ to communicate in noise . Indeed, these are strategies that we now know birds, 
as well as humans and other animals, routinely use. These strategies including scanning the 
environment by turning the head, changing height or location, raising voice level, and timing 
vocal communication when there is non-continuous noise.16 Each of these factors alone can 
enhance communication in noise by as much as 10-15 dB (see below). This translates into well 
over a hundred meters in terms of transmission distance. Together, the combined effect of these 
strategies could be significant in reducing the effects of noise on acoustic communication in a 
natural environment. Since the typical bird normally experiences masking from ambient noise in 
its environment, how much traffic noise is a problem in any environment?  The answer is 
complex and depends on the level of ambient noise, the species’ communication lifestyle and its 
critical ratio. It is unlikely that a traffic noise level below an overall level of about 50-60 dB(A) 
would have much of an effect on  acoustic communication or the biology of a bird in a quiet 
suburban area. An overall level of 60 dB(A) from traffic noise is already close to what is likely  
present in the region of 2-4 kHz from ambient noise alone if a quiet  suburban area is taken as the 
standard. 

 

                                                           
16 Similar strategies are used by humans to detect speech a noisy room.  
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4.  Effects of Highway Noise on Birds 
 
 A. Overview 
 

This review has been challenging in several ways. It is one thing to review the array of 
literature available on the effect of highway noise on birds, and quite another to find an effective 
way to evaluate information from very diverse perspectives to arrive at a useful predictive tool.  
One serious challenge in doing a review on this topic is the considerable unevenness in the 
quality of the available literature. Another challenge is separating the effects of noise on birds 
from the effects of other variables (usually visual, but possibly chemical) that are correlated with 
the noise (i.e., the motion of vehicles along a highway). A third challenge is applying findings 
from well-controlled laboratory studies on noise exposure to birds behaving in their natural 
environments.  
 

 
B. Effects of Non-Highway Noise on Birds 

 
Studies and reviews of the effects of highway noise are often included in a broader 

literature on the effects of other noise sources, most notably those produced by aircraft (airplane 
or helicopter) over-flight, on birds (e.g., Brown 1990).  Such studies sometimes provide insight 
into the effects of noise on breeding biology (e.g., Bunnell et al. 1981), survival of eggs and 
young (Burger 1983), and non-auditory physiological effects. A number of these papers might 
also serve as more controlled experimental studies where the effects of noise on birds could be 
isolated and understood, and such studies may provide guidance for the type(s) of studies that are 
needed in order to better understand the effects of highway noise on birds.   
 

At the same time, the characteristics of noise from aircraft is sufficiently different from 
that produced by highways that extrapolation from one set of response data to the other is very 
difficult, and perhaps should not be done at all.  These differences include sound level and 
temporal distribution. Generally aircraft noise is far more intense than noise from roadways. 
Moreover, exposure to aircraft noise is highly intermittent, whereas highway noise can often be 
characterized and modeled as a continuous, lower level, noise source.  Such differences in 
sounds are responded to in different ways by birds, and so it becomes questionable whether it is 
possible to extrapolate between sound sources in trying to address the issue of effects of highway 
noise on birds. 
 

Fortunately, interest in the effects of noise on animals in their natural habitat is 
increasingly becoming of academic and scientific interest (see recent reviews of Kaseloo 2004; 
Brumm and Slabbekoorn 2005). It is widely known that exposure to high level sounds can alter 
the physiology and structure of terrestrial vertebrates (e.g., Fletcher and Busnel 1978; Saunders 
et al. 1991).   Moreover, there are standards set by the Occupational Safety and Health 
Administration (OSHA) recognizing that high levels of background sound have an impact on 
human well-being (e.g., Miller 1970; NIH 1990; von Gierke and Eldred 1993; Pearsons et al. 
1995). These changes may include cellular changes, organ system changes, or stress level effects 
caused by exposure to sound. These standards also recognize that lower level sounds for 
extended periods of time can have a range of effects on humans and other animals.  
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There is considerable evidence that road noise can contribute to stress and alter human 
physiology in many ways (Miller 1974; NIH, 1990; Ohrstrom and Rylander 1982; Ohrstrom and 
Bjorkman, 1983; Ouis 2001). While caution should rule in the extrapolation of data from humans 
to birds or other animals, the many similarities in physiology between humans and birds, and the 
reliance of both on sound for communication, suggests the possibility that stress and 
physiological effects on humans may be paralleled in birds (and other terrestrial vertebrates).   
 
 
 C. Birds and Highway Noise 
 

The literature on effects of road noise on birds is limited and the methodology is often 
insufficient to provide a clear correlation between road noise and any effects on bird physiology 
and/or behavior. One particular concern is that whereas there is indirect evidence that highway 
noise may affect birds (e.g., Foppen and Reijnen 1994; Reijnen et al. 1995; Forman et al. 2002), 
there are also correlated variables that could have impact such as visual stimuli, air pollution 
produced by autos and trucks (e.g., Llacuna et al. 1996; Clench-Aas et al. 2000), and changes in 
the physical environment around the highways (e.g., Ferris 1979). Differentiating among these 
and other variables is often difficult or impossible. While there is statistical evidence (debated by 
some, see below) to suggest that noise may affect birds in some way (e.g., Foppen and Reijnen 
1994; Reijnen et al. 1995), there have been, to our knowledge, no definitive experiments that 
clearly isolate noise as an exclusive source of disturbance. Even when noise is implicated as a 
contributing factor, there are still are many variables which are poorly understood, such as noise 
levels at the birds (received levels), effects of frequency of disturbances (e.g., how many 
cars/trucks come by a bird in some time interval – Forman et al. 2002), and species. 
Complicating this picture even further are substantial species differences in the way that birds 
respond to noise and how readily they may acclimate or habituate to various disturbances (e.g., 
Ferris 1979; Kuitunen et al. 1998; Fernandez-Juricic 2001).    

 
Indeed, there are many variables that could be involved in potential effects of highway 

noise on birds (e.g., Harison 1978). Without taking each of these potential variables (and others) 
into consideration, appropriate correlations between road noise and bird behavior cannot be 
made.  These variables include, but are not limited to:  

 
1) Bird species and their style of acoustic communication; 
2) Bird species and their behavior in the presence of adverse stimuli; 
3) Age and experience of the birds; 
4) Hearing capabilities of a species in quiet; 
5) Hearing capabilities of a species in noise; and 
6) Other kinds of stimuli associated with highways that might include (among 

others); 
a) Visual signals (vehicle movement); 
b) Vehicle-produced air pollution (e.g., Llacuna et al. 1996; Clench-Aas et al. 

2000);  
c) Substrate vibrations resulting from the vehicles moving on the highway; 
d) The ecosystem near the roadway including substrate, vegetation, etc.; and 
e) Food supply near the highway. 
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The overall literature has been critically reviewed several times in recent years (e.g., 
Transportation Noise Control Center [TNCC] 1997; Kaseloo 2004; Warren et al. 2006). These 
reviews suggest that a good portion of the literature is not relevant to the issues at hand since it 
often does not take into consideration all appropriate variables (e.g., variables other than sound) 
or that they have problems with data analysis and/or interpretation.  
 
  In one of the recent excellent analyses, Warren et al. (2006) evaluated data suggesting 
that noise could affect bird behavior.  However, the authors pointed out that while these papers 
could be interpreted as indicating that noise may affect birds, none of the earlier work can clearly 
be used to reach any firm conclusions about any one species, or all species.  Indeed, Warren et al. 
(2006) point out the need for very specific and highly controlled laboratory and field studies to 
assess how highway (or any other) noise will affect birds. Such experiments are very difficult to 
design and execute, and all other variables must be taken into consideration in design of these 
experiments.  
 

The four major sets of studies considered by Warren et al. (2006) are helpful to our 
understanding of the issues.  In one series of papers, Reijnen and colleagues (Reijnen and 
Foppen 1994, 1995; Reijnen et al. 1995a, b; reviewed in Reijnen et al. 1995c) examined the 
effects of motorway traffic on breeding bird populations in the Netherlands. Reijnen and his 
colleagues concluded that highway noise has an impact on birds within several hundred meters 
of the highway. They also concluded that highway noise lowers the extent of bird breeding near 
highways. The study by Reijnen and colleagues showed that when traffic noise level was 
constant, there was no discernable effect from visual disturbance.  But when visual disturbance 
was kept constant, bird distribution patterns were statistically correlated with traffic noise. 
Furthermore the authors noted that visual disturbance and vehicular pollutants extended outward 
only a short distance from the highway, whereas both traffic noise and reduced bird densities 
extended outward much further.  This differential effect distance approach suggests that if it is 
appropriately integrated into the experimental designs of future studies, it could provide more 
tractable means for isolating the effects of the confounding variables and better extracting 
focused information on noise-specific impacts. 

 
While the data in the Reijnen et al. studies are interesting and possibly instructive, the 

work has been severely criticized for poor statistical analysis and poor controls, and for lack of 
analysis of individual bird species (TNCC 1997). TNCC (1997) suggested that the number of 
birds studied was too low for reliable statistical measures and that levels of significance used 
varied between study years.  TNCC (1997) also concluded that Reijnen et al., in reaching their 
conclusions, also did not consider highway construction as another potential point of impact on 
birds.  

 
Most importantly, TNCC (1997) points out that Reijnen and colleagues pooled all of their 

data so that they presented a possible effect on all birds, rather than determine whether there are 
species-specific effects. The importance of the species variability in response to noise (and other 
factors) has been emphasized in several other studies which have shown variability in whether 
different bird species will respond to noise or not (e.g., Clark and Karr 1979; Ferris 1979; van 
der Zande et al. 1980; Kuitunen et al. 1998;  Fernandez-Juricic 2001; Peris and Pescador 2004). 
Indeed, lack of consideration of species variability is also the basis for the major criticism of the 
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USFWS (2006) recommended procedures for analysis of the effects of sounds on spotted owls 
and marbled murrelets.  
 

In another study, Stone (2000) did transects to determine bird populations over a wide 
range of land use types. The results led to the suggestion that there is a marked decrease in bird 
populations in noisier areas, despite the specific land use. However, Warren et al. (2006) 
criticized the Stone (2000) study and pointed out that while noise was one variable that could 
have affected bird populations in some types of land use and not in others, Stone (2000) did not 
do a multi-factor analysis to determine if other habitat issues, such as whether there were also 
differences ground surface, vegetative type, or other variables that could have altered a bird’s 
behavior. 
 

A more convincing case that road noise may affect birds is a recent study by Forman et 
al. (2002) which looked at the presence of five species of grassland bird populations in 
grasslands at different distances from roads in and around Boston.  The authors argue that there 
is an effect on density of species studied by road noise, but that the extent of the effect, in terms 
of decreased populations at different distances, varied depending upon the level of activity of the 
road. They found that low traffic (less than 8000 vehicles/day) had no effect on grassland bird 
populations. In areas with from 8,000-15,000 vehicles per day, there was no effect on population 
levels per se, but there were fewer breeding birds up to 400 m from the road. Bird presence and 
breeding was decreased at up to 700 m from the roadway when there were from 15,000-30,000 
vehicles per day, whereas this distance increased to 1,200 m for more than 30,000 vehicles per 
day (a multilane highway).  While the authors conclude that noise may be the major factor 
affecting these grassland species, and that other environmental variables such as visual signals, 
air pollutants, and lack of prey near the roadways may help explain the decline in bird 
populations, direct experimental evidence of effects of increased chronic noise of different levels 
and sound spectra (Lee and Fleming 1996) is needed to confirm this hypothesis (also see Warren 
et al. 2006). 
 

At the same time, the results from Forman et al. (2002) may not be applicable to all 
species, or in all situations.  For example, Peris and Pescador (2004) examined the effects of low, 
medium, and high traffic volumes on bird populations of 20 passerine bird species in pasture-
woodland environments near several roads in western central Spain. While it is hard to 
specifically compare results between the two studies since Peris and Pescador (2004) did not 
define road density in terms of actual number of vehicles/day, the different results are instructive. 
In contrast to Forman et al. (2002), Peris and Pescador (2004) provided sound level measures at 
distances of 50-100 m from the roadways. They reported that the high traffic volume area had 
sound levels of 69±5 dB, medium density 46±3 dB, and low density at 36±2 dB (it was not 
indicated if this was dB SPL or dBA). Peris and Pescador (2004) showed that there were 
differences between the number of birds and the extent of breeding populations in each of the 
three areas, but the differences varied by species. In effect, no one pattern of bird presence was 
appropriate for all of the species studied over the two year period.  For example, corn bunting 
(Miliaria calandra), rock sparrow (Petronia petronia), and house sparrow (Passer domesticus) 
actually had a higher breeding density in the high traffic (noisier) environment than they did in 
the low traffic volume areas. In contrast, breeding density was higher for Wheatear (Oenanthe 
sp.) in low and moderate traffic areas (quieter) than in high traffic areas.  The authors concluded 
that 55% of the species did not show any difference in breeding density between the three noise 
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level sites, whereas other birds did show statistically significant differences. The authors suggest 
that the differences in responses of the various species may depend on hearing sensitivity of the 
species, with birds that have more sensitive hearing showing greater avoidance of road noise 
than birds with poorer hearing.   

 
 
D. Lessons from the Work on Human Responses to Traffic Noise 

 
There is a long history of the study of traffic noise and its abatement on humans (e.g., 

Ohrstrom and Bjorkman 1982; Osada 1991; Watts 1996; Ouis 2005). While not directly relevant 
to the present situation, there are important lessons that should be learned from these efforts. In 
particular, these studies point out the myriad of adverse effects of noise on humans (e.g., stress 
hormone elevation, alterations in sleep patterns) and the variability of the responses to noise of 
different individuals. 

 
One fundamental lesson is that it is impossible to come up with a single noise index or 

collection of noise indices that accurately predict the effects of traffic noise on humans. But aside 
from this problem, researchers have long realized that the primary difficulty arises not from 
specific characteristics of the noise, but from a host of non-acoustical factors having to do with 
differences among individual humans. In general, reviews by Ouis (2005) and Schultz (1978) 
suggest that when traffic noise levels approach a day-night average sound level of 75-80 dB(A), 
a majority of people report being highly annoyed. In the absence of any hard data on birds, we 
should expect similar effects with similar issues arising between bird species and even within 
members of the same species (e.g., of different ages, experience). These factors, along with 
habituation, are almost certainly at play in all birds coping with high levels of noise.  
 

It must also be remembered that what is perceived as noise by one person might not be 
perceived as noise by another.  It is clear that annoyance is more related to attitudes than to noise 
levels (Ouis 2005). Important non-acoustic factors include the hearers socio-economic status, 
knowledge about of the cause of the noise, age, gender, etc., all play an important role in 
determining whether a given noise creates annoyance or not. One would expect that for birds 
there might also be large individual differences in the perception of noise itself, or in non-
acoustic correlates of noise, such as moving vehicles. These individual differences could play a 
significant role in whether traffic noise is a problem for a given species of bird, or for given 
individuals within a species, and whether it is annoying enough to significantly affect the long 
term or short term biology of the species.  

 
 
E. Long-Term Adaptations to Noise Masking 
 
Even without human-generated noise, natural habitats have particular patterns of ambient 

noise (the acoustic scene) resulting from, among other things, wind, animal and insect sounds, 
and other noise-producing environmental factors such as a streams, waterfalls, etc. Biologists 
have long suspected that such noise exerts a selection pressure on the evolution of acoustic 
signals especially in birds (e.g., Morton 1975; Brenowitz 1982; Ryan and Brenowitz 1985; Wiley 
and Richards 1982; Slabbekoorn 2004).  Brumm and Slabbekoorn (2005) report that the large-
billed leaf-warbler (Phylloscopus magnirostris) which lives close to river torrents in the 
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Himalayas evade masking of their territorial songs by producing high-pitched notes in narrow 
frequency bands around 6 kHz (Dubois and Martens 1984). In fact, differences in song or call 
structure based on differences in habitat have been reported, or suspected, in a number of avian 
species (Douglas and Conner 1999; Slabbekoorn and Smith 2002; Slabbekoorn and Peet 2003) 
such as for the songs of little greenbuls (Andropadus virens).  However, it remains an issue 
whether a given vocalization is adapted to environmental noise by evolutionary or ontogenetic 
changes. 

 
 
 F. Short-Term Adaptations to Noise Masking 
 

Birds are also able to adjust the characteristics of their vocalizations in response to 
temporary changes in the background noise. As one example, there is now a considerable 
literature demonstrating that birds can adjust the amplitude of their vocalizations in response to 
noise by a phenomenon first referred to in humans as the Lombard effect. A number of species of 
birds have been shown to raise the level of their vocal output by as much as 10 dB in the 
presence of moderate background noise which is loud enough affect the bird’s perception of its 
own vocalizations (Potash 1972; Cynx et al. 1998; Manabe, et al. 1998; Brumm and Todt 2002, 
2003).  

 
This has now been conclusively demonstrated by studying behaving birds trained to wear 

headphones while vocalizing (Osmanski and Dooling 2006). In these experiments, presenting 
noise through headphones causes the bird to raise the amplitude of vocal output by as much as 10 
dB. While most of the work on amplitude control has been done in the lab, a recent study has 
shown that nightingale males sing louder in noisier territories and birds in urban areas sing 
louder on working days than on weekend days when noise levels are reduced (Brumm 2004).  
 

There is limited evidence that at least some birds can use repetition to increase the 
efficiency of signal transmission. Japanese quail increase the number of call syllables per call 
series in noise (Potash 1972) and penguins respond to increasing levels of background noise due 
to wind by increasing the number of syllables in their calls (Lengagne et al. 1999). 
 

There is also evidence that some birds are capable of making short term alterations in the 
spectrum of their vocalizations (Hultsch and Todt 1996; Manabe 1997).  In other recent 
laboratory experiments with budgerigars, birds were trained to produce vocalizations while 
wearing headphones. Artificially shifting the pitch of auditory feedback of the bird’s own 
vocalizations resulted in the bird compensating by shifting the pitch of its vocalization in the 
opposite direction (Osmanski and Dooling 2006). These experiments demonstrate that birds have 
some short term control over the pitch of their vocalizations and may use this ability to maximize 
information transfer in a noisy environment.  
 

It is well known that birds can adjust the timing of their vocalizations to avoid 
competition for acoustic space with other species or to coincide with low noise periods to 
prevent auditory masking (Cody and Brown 1969; Wasserman 1977; Popp and Ficken 1987; 
Popp et al. 1985; Ficken et al. 1985; Evans 1991). 
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Birds (both sender and receiver) can also counteract the effect of masking noise on 
acoustic communication by changing their location. One strategy that will improve signal-to-
noise ratio is to move to a position in the habitat in which the transmission pathway is better for 
the signal than the noise (Brumm and Slabbekoorn 2005). Thus, moving higher in the vegetation 
is one response that will improve the signal-to-noise ratio (Mathevon et al. 1996; Holland et al. 
1998). With European blackbirds (Turdus merula), it is estimated that moving up from the 
ground to a perch at about 9 meters high would result in an increase in audibility that is 
comparable to the receiver moving 90 meters closer to the sender horizontally (Dabelsteen et al. 
1993). 
 

Finally, birds (like humans and other animals) enjoy a “spatial release” from masking 
when the noise source can be spatially separated from the signal source (Fig. 10). Laboratory 
work with budgerigars under highly controlled conditions has shown that the amount of this 
masking release is considerable and can be as much as 10-15 dB when the noise source and the 
signal source are separated by 90 degrees (Dent et al. 1997). Recalling that sound pressure 
decreases roughly 6 dB with each doubling of distance, this could translate into a quadrupling of 
distance over which two birds could communicate if they position themselves optimally with 
regards the noise source (i.e., at 90 degrees). 
 

Figure 10: Spatial Release from Masking  
The bird is in the center of the circle (left panel) facing forwards (0 degrees).  The amount of masking from the noise 
speaker changes as the location of the tone speaker is moved around the head (right panel). Thus, when both masker 
and tone are at 0 degrees, there is almost 30 dB of masking, whereas when the tone source is at 90 degrees, masking 
declines to about 20 dB (redrawn from Dent et al. 1997). 
 
 
 G. Estimating Maximum Communication Distance between Two Birds Using Laboratory 

Masking Data 
 

Continuing with the simple example of a continuous broadband noise, it is possible to 
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attain a precise estimate the theoretical maximum communication distance (dmc) by solving the 
following equation adopted from Marten and Marler (1977) and Dooling (1982):  

 
Where: 

drop is the amount of signal attenuation from source intensity to that at 
threshold; 

dmc is the maximum communication distance; 
do is the distance at which source intensity is measured; and  
EA is the amount of excess attenuation (linear attenuation, not due to 

spherical spreading).  
 

To make this example as valid and as realistic as possible, Lohr et al. (2003) examined the 
effect of masking on the detection and discrimination of species-specific vocalizations in two 
species of birds often used in laboratory studies, the zebra finch and the budgerigar, and in two 
different types of continuous noise – one a flat, broadband noise and the other shaped like traffic 
noise with more energy at low frequencies and less at high frequencies (Fig. 11). Lohr and his 
colleagues used both budgerigar vocalizations (narrow band and tonal) and zebra finch 
vocalizations (broadband and harmonic) as shown in Figure 12. Measuring both detection and 
discrimination acknowledges the fact that being able to detect a sound is not quite the same as 
being able to discriminate effectively between sounds or to recognize a particular sound. Results 
show exactly this for birds - it requires slightly better signal-to-noise ratio for birds to 
discriminate between two sounds in noise than to detect the sounds in noise at equivalent levels 
of performance. This is much like the case of perceiving speech in human listeners where 
hearing or detecting speech is not the same as understanding what is being said. 
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Figure 11: Noise Used in Hearing Tests Figure 12: Vocalizations Used in Behavioral Tests 
Spectra of two different noises used in bird hearing tests: flat 
noise (left) and traffic noise (right). For the same overall 
noise level, traffic noise has less energy (lower spectrum 
level) in the region of best hearing for birds and consequently 
causes less masking than flat noise (From Lohr et al. 2003). 

Examples of vocalizations used in behavioral tests. Four 
tonal, narrow band contact calls from budgerigars (top 
row) and four broad band harmonic calls from zebra 
finches (bottom row) (From Lohr et al. 2003). 
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Figure 13. Call Detection and Discrimination Distance 
The maximum call detection and discrimination distance in different levels of noise for budgerigars 
and zebra finches in two types of noise: flat (left) and traffic (right). Traffic noise results less 
masking than flat noise and thus calls can be broadcast over greater distances. Vertical line is the 
territory size of a song sparrow (From Lohr et al. 2003). 
 
By solving the above equation for both detection and discrimination of each species calls 

by both species in both types of noise, Lohr et al. (2003) generated a series of curves to describe 
maximum effective communication distances for a given level of background noise. For the 
curves in Figure 13, Lohr et al. (2003) assumed a source intensity level of 95 dB at 1 m and an 
excess attenuation of 5 dB/100 m (appropriate for a open area). These values fall within the 
range of those measured in the field, but are on the high end for source intensity (Brackenbury 
1979a, b) and the low end for excess attenuation (Marten and Marler 1977; Brenowitz 1982) (see 
Dooling 1982 for relationships to other source intensities and values for excess attenuation). 
Thus, these curves provide an estimate of maximum communication distance under fairly good 
conditions from the perspective of a receiver. Signal-to-noise thresholds based on RMS levels 
illustrate the clear differences between different call types (budgerigar versus zebra finch). At 
RMS source intensities of 95 dB SPL at 1 m, a bird can detect and discriminate budgerigar calls 
at longer distances than it can zebra finch calls. Moreover, distances over which signals may be 
discriminated are shorter than distances at which those same signals may be detected.   

 
In the simplest possible case, assuming no excess attenuation, the average difference 

between detection and discrimination thresholds of 3.29 dB translates to a linear discrimination 
distance that is 0.685 of the distance at which the same signal may be detected. The dashed 
vertical line on each graph in Figure 13 represents a hypothetical inter-individual communication 
distance, or territory diameter, of 40 m. Based on these results, a flat-spectrum noise with an 
overall level of 75 dB SPL is likely to limit communication ability in a songbird (e.g., the bird 
cannot hear beyond territory diameter) that typically communicates with conspecifics at that 
distance (Fig. 13, left). A traffic-spectrum noise of equal overall sound pressure level may not 
limit communication in this songbird (Fig. 13, right). Maximum communication distance in a 75 
dB(A) noise is greater (about 60 meters) than the bird’s territory diameter (about 40 meters). To 
evaluate predictions of this model for a particular species, it is clearly necessary to obtain 
information regarding typical linear communication distances for that species, as well as 
appropriate song source intensities, song spectra and sound transmission characteristics of typical 
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habitats for that species. These factors could have a significant impact as Figure 14 shows 
comparing transmission distance through environments with different amounts of excess 
attenuation. For a given noise level, birds can communicate over a much greater distance at low 
levels of excess attenuation (open areas, 5dB/100m) as compared with areas with high levels of 
excess attenuation (dense foliage, 25 dB/100m). 

 
For a bird in the wild, making fine distinctions between conspecific or even 

heterospecific communication signals can provide crucial information to individuals. Actual 
effective communication distances could be even smaller than predicted by this simple example 
if there are higher levels of excess attenuation, degradation of the stimulus by dense habitat, and 
the likelihood that recognition or identification of a signal, rather than simply detection or 
discrimination, is necessary for effective communication to take place. On the other hand, all of 
the strategies birds can use in maximizing effective communication noise are operating here. On 
balance, then, the estimates provided by these models are likely conservative. 

 
 
H. Putting It All Together – Predicting the Effect of Noise on Acoustic Communication by 
Birds 
 
The preceding examples should make it quite clear that one noise level criterion will not 

apply to all natural situations involving acoustic communication between two birds since many 
variables (environment, species, critical ratio, song level, etc.) determine the maximum 
communication distance against a background of highway noise. Taking what we know from the 
data above showing masking effects of flat and traffic noise on detection and discrimination of 
bird vocalizations in noise, it is possible, however, to design a schematic, quantitative model 
which illustrates the key features and provides a way of assessing risk.   

 
In generating this model, the Lohr et al. (2003) results for detection and discrimination of 

vocal signals of two different species (with each species tested under identical conditions) in two 
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Figure 14. Maximum Song Detection Distance In Different Environments 
The maximum song detection distance as a function of noise level in environments with different 
amounts of excess attenuation.  An environment with greater excess attenuation would require lower 
noise levels for the bird to attain the same song communication distance. Vertical line is the territory 
size of a common American songbird – the song sparrow for comparison (from Dooling et al. 2000). 
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different types of noise provides additional validation. In aggregate, these and other data lead to 
the following important conclusions particularly relevant to the analysis provided in this Report: 
 

1. Noise in the frequency region of the vocalizations is most effective in masking the 
vocalization. 

2. A higher signal-to-noise ratio is required for a bird to recognize or discriminate 
between two vocalizations than for a bird to detect them. 

3. Species differences in the effectiveness of the noise to mask the vocalization is 
predictable from species differences in critical ratios. 

4. Differences in the detectability (and discriminability) of broadband versus narrowband 
vocalizations in noise is related to the signal-to-noise ratio at the peak in the 
power spectrum of the vocalization.  
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Figure 15: Conceptual Model for Estimating Masking Effects of Noise 
Schematic model for estimating the masking effects of ambient noise on vocal communication in birds. At high 
levels of noise and/or large inter-bird distances, communication is impossible. At low levels of noise and/or short 
inter-bird distances, communication is possible. The dashed white line is based on masking results for a typical bird 
(i.e., mean critical ratio of 27 dB). The width of the light and dark grey areas is based on ± 1 standard deviation (or 
about 66% of the cases) of the mean critical ratio of 14 species. Dotted lines A, B, and C represent performance of a 
bird with a large critical ratio such as a canary (A), the typical bird with a critical ratio of 27 dB (B), and a bird with 
a small critical ratio like the budgerigar (C). The intermediate (darker) grey zone between ‘At Risk’ and 
“’Impossible’ represents performance when birds are able to employ short term behavioral strategies to counteract 
the effect of a noisy environment. This model provides a way to assess whether a given level of (traffic) noise will 
have an effect on the distance over which birds can communicate. 
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Using the formula presented previously (page 42) and assuming a bird vocalizing at 95 
dB SPL in an open area (excess attenuation = 5 dB/100 meters), it is possible to estimate how far 
away two birds could still hear one another. For typical birds (i.e., a critical ratio of 27 dB), the 
relation between spectrum level of ambient noise and maximum communication distance is 
described by the curved white dashed line in Figure 15. In a noise with a spectrum level of 20 
dB, these two birds would have a maximum communication distance (B) of about 225 meters.   
Not all birds have the same critical ratio. In fact, the standard deviation of all bird critical ratios 
is ± about 3 dB which is represented by the width of the light gray area. Birds such as a canary, 
with much larger (i.e., poorer) critical ratios (more than one standard deviation above the mean) 
would achieve a maximum communication distance of only about 175 meters (A). For bird 
species, like the budgerigar, with smaller (i.e., better) critical ratios (more than one standard 
deviation below the mean), the maximum communication distance is considerably greater in the 
same noise at about 325 meters (C). If these species with smaller critical ratios also employ short 
term behavioral strategies for communicating in noise (e.g., changing singing position, scanning 
by head turning, and raising their voices) communication may be possible, with difficulty, up to 
200 meters (dark grey area). At higher noise levels, or greater inter-bird distances, 
communication would be impossible (black area). In summary, for a given noise spectrum level, 
maximum communication distance could vary from 50-125 meters depending on the species and 
the short term behavioral strategies employed. By the same token, at a given communication 
distance, the noise level that effectively interferes with communication can vary over about a 10 
dB range depending on the species and whether short term behavioral strategies are employed.  

 
 

 I.  Defining Guidelines for Effects 
 
 The model described above makes clear that many factors go into establishing guidelines  
for the effects of highway noise on birds. Figure 15 shows maximum communication distance 
for a typical bird based on the intensity with which the bird vocalizes and the transmission loss 
from the environment due to the excess attenuation. The threshold for effect would also have to 
take into account what is known about the spectral characteristics of vocalizations, the distance 
over which conspecific acoustic communication (e.g., the territory size) normally occurs, and of 
course, existing levels of ambient noise. Noise levels that limit the maximum communication 
distances to a distance that is less than the diameter of the bird’s territory size (or known 
communication distances in ambient noise) may have serious biological consequences. The 
natural ambient noise already present in the bird’s environment is a key factor in determining 
whether highway noise will have a deleterious effect. 
 
 Clearly, variation in territory size, the size of the critical ratio among birds, and natural 
ambient noise levels are key variables that make it impossible to use a single noise level as a 
one-size-fits-all level in terms of estimating whether  traffic noise is limiting communication 
distance by causing additional  masking. An example is the 60 dB(A) level mentioned earlier in 
relation to what we now know of birds’ critical ratios. New data would now suggest that level 
should probably be 55 dB(A) for the typical bird (critical ratio of 27 dB).  If we accept this level 
based on the typical bird, it means that 50% of the tested birds would fall above this level  and 
50% below. On the other hand, to be most conservative, one should choose the canary which has 
the worst critical ratio (32 dB) of all birds tested so far (hears the poorest in noise). An 
acceptable dB(A) noise  level based on the canary would be closer to 50 dB(A) and it would be 
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conservative estimate and cover  100% of the species for which we have experimental hearing 
data. At the other end of the continuum, a level based on the critical ratio of the budgerigar (21 
dB), which hears the best in noise, would still be about 60 dB(A), but this level would not be 
suitable for any other bird. Moreover, all of this depends on the distance over which birds need 
to communicate and the existing levels of natural ambient noise. Based on our  evaluations, and 
given the typical noise levels in a quite suburban area, levels of highway noise approaching  50-
60 dB(A)can  reasonably be assumed to begin to measurably  interfere with acoustic 
communication.   
 
 Based on laboratory data, this report recommends several guidelines – two dealing with 
hearing damage and threshold shift, one dealing with masking, and a fourth dealing with stress 
and annoyance. As illustrated in Figure 5, these guidelines are:  (1) Noise levels less than 110 
dB(A) continuous are extremely unlikely to cause hearing damage or permanent threshold shift 
in birds.  (2) Continuous noise levels below 93 dB(A) are unlikely to cause even temporary 
threshold shifts in birds. This value, based solely on bird studies, is in harmony with much of the 
human literature. Consider, for example, that OSHA standards require hearing conservation 
procedures only when noise levels in the workplace reach continuous levels of 85 dB(A) for 
eight hours.  (3) At further distances from the highway, once the level of highway noise  falls 
below the ambient noise level (particularly in the region of 2-4 kHz), there is, little or no 
additional masking of communication signals beyond what already occurs from natural ambient 
noise. (4). In the absence of empirical data from birds, levels of highway noise known to annoy 
humans provide a useful interim guideline for the potential to cause physiological stress and 
behavioral disturbance in birds. 
 

Two common sense guidelines also arise from review of the data on masking. First, the 
typical human listener can hear highway noise at distances 2-4 times greater than can the typical 
bird. It follows that highway noise from either traffic or construction activity that is just barely 
audible to humans at any given distance, almost certainly cannot be heard by birds at the same 
distance. Second, the converse is also true, if a human listener can barely hear a bird singing 
against a background of highway noise, masking data suggest that another bird would have to 
half again as close to singing bird in order to hear it. 
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5. Summary and Overview of the Effects of Traffic Noise on Birds 
 

A. Classes of Potential Effects on Birds 
 

Along with others (Kaseloo 2004; Warren et al. 2006), we have identified essentially 
three classes of potential effects of traffic noise on birds. These are: (1) behavioral and/or 
physiological effects, (2) damage to hearing from acoustic over-exposure, and (3) masking of 
communication signals and other biologically relevant sounds. Taken together, the data currently 
available on the adverse effect of traffic noise on birds remains somewhat ambiguous as to 
whether these classes of effects interact and which is most detrimental to birds.  

 
In the case of non-auditory behavioral and/or physiological, laboratory studies of birds do 

not translate well to the field.  Rarely is noise separable from other correlated variables in field 
studies. Moreover, there are examples of animals habituating to relatively high levels of noise 
(e.g., rabbits grazing alongside heavily used airport runways, birds vocalizing in large colonies, 
or nesting in areas with high levels of airplane or traffic noise (e.g., Awbry et al. 1995). Finally, 
field studies actually measuring stress and physiological variables in birds in response to noise 
are practically non-existent. Much of what we suspect about these effects comes from our 
knowledge of how humans react to continuous traffic noise exposure. Clearly though, these 
effects, as well as direct auditory effects, can cause dynamic behavioral and populations effects 
on birds. 

 
In the case of damage to the ear by acoustic over-exposure, laboratory data provide an 

extremely clear and precise picture of the effects of acoustic-exposure on hearing and damage to 
auditory structures. There is no evidence that such noise affects other body structures but 
vibrations can be felt at very low frequencies (Kaleloo 2006). Since the noise levels required to 
cause damage to the ear and hearing of birds are so high, the risk of adverse effects from traffic 
noise are non-existent. In effect, sound levels from traffic noise never reach the levels that could 
cause hearing loss or ear damage and, even if it did, birds (just like humans) are unlikely to 
remain in the presence of such loud noise for a sufficient time to cause damage. 

 
The possibility of traffic noise masking communication signals or other biologically 

important sounds is more complicated and intriguing for several reasons. For one, answering the 
question definitively requires getting “into the bird’s head” and asking what the bird can and 
cannot hear. For another, most traffic noise is variable and challenging to characterize. 
Nevertheless, findings from masking studies in controlled laboratory settings can be 
scientifically extrapolated to field settings with some confidence especially at the limits.  

 
Finally, birds, as well as humans and other animals can, and do, routinely employ a 

number of behavioral strategies which demonstrably maximize communication in noise.   
 
B. Summary of Review Findings 
 

1) Stress and physiological effects 
a) There are no studies definitively identifying traffic noise as the critical variable affect 

bird behavior near roadways and highways. 
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b) There are well documented adverse effects of sustained traffic noise on humans including 
stress, physiological and sleep disturbances, and changes in feelings of well being.  

c) Traffic/construction noise below the bird’s masked threshold has no effect. 
 

2) Acoustic over-exposure 
a) Birds are more resistant to both temporary and permanent hearing loss or to hearing 

damage from acoustic overexposure than are humans and other animals that have been 
tested. 

b) Birds can regenerate the sensory hair cells of the inner ear, thereby providing a 
mechanism for recovering from intense acoustic over-exposure, a capability not found in 
mammals. 

c) The studies of acoustic over-exposure in birds have considerable  relevance for 
estimating hearing damage  effects of highway noise, non-continuous construction noise,  
and  for impulsive-type construction noise such as pile drivers. 

 
3) Masking 

a) Continuous noise of sufficient intensity in the frequency region of bird hearing can have a 
detrimental effect on the detection and discrimination of vocal signals by birds. 

b) Noise in the spectral region of the vocalizations has a greater masking affect than noises 
outside this range. Thus, traffic noise will cause less masking than other environmental 
noises of equal overall level but that contain energy in a higher spectral region around 2-4 
kHz (e.g., insects, vocalizations of other birds). 

c) Generally, human auditory thresholds in quiet and in noise are better than that of the 
typical bird which leads to the following: 

(1) The typical human will be able to hear single vehicle, traffic noise, and 
construction noise at a much greater distance from the roadway than will the 
typical bird, thereby providing a valuable, common sense, risk criterion.  

(2) The typical human will be able to hear a bird vocalizing in a noisy environment at 
twice the distance that a typical bird can. 

d) From our knowledge of: (i) bird hearing in quiet and noise, (ii) the Inverse Square Law, 
(iii) Excess Attenuation in a particular environment, and (iv) species-specific acoustic 
characteristics of vocalizations, reasonable predictions can be made about possible 
maximum communication distances between two birds in continuous noise. 

e) The amount of masking of vocalizations can be predicted from the peak in the total 
power spectrum of the vocalization and the bird’s critical ratio (i.e., signal-to-noise ratio) 
at that frequency of peak energy.  

f) Birds, like humans and other animals, employ a range of short term behavioral strategies, 
or adaptations, for communicating in noise resulting in a doubling to quadrupling of the 
efficiency of hearing in noise. 

4) Dynamic Behavioral and Population Effects 
a) Any components of highway noise that are audible to birds may have effects independent 

of and beyond the effects listed above. At distances from the roadway where highway 
noise levels fall below ambient noise levels in the spectral region for vocal 
communication (i.e. 2-8 kHz), low level but audible sound in non-communication 
frequencies (e.g. the rumbling of a truck) can potentially cause may cause physiological 
or behavioral responses).  
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6. Recommendations for Future Research 
 

The three classes of potential effects of traffic noise on birds: (1) behavioral and/or 
physiological effects; (2) damage to hearing from acoustic over-exposure; and (3) masking of 
communication signals. All of these can cause dynamic behavioral, and population effects. These 
three classes of potential effects lead to separate, but overlapping, recommendations for future 
work (see Table 4, page 51, and Table 5, page 52). Some of this work is at high priority while 
other work is of lower priority depending on the criteria for making decisions. High priority 
could be to go for those issues that can be tackled by efficiency of data collection and the 
precision of the results (e.g., noise exposure studies in the laboratory), or, at by taking on the 
problem that extends the furthest from the roadway (e.g., field studies of stress and disturbance 
effects at distances far beyond those at which hearing damage and masking from highway noise 
might occur). Or highest priority could be assigned to some combination of studies which give 
the greatest potential value for moving us forward to better and more useful interim guidelines. 
Thus, in our view, experiments that can quickly improve the interim guidelines  are given a 
higher priority than longer-term (and often more difficult) experiments that may not refine the 
interim guidelines efficiently. It should be noted that while not always stated explicitly, all 
studies should be done on several species. 

 
1) Stress and physiological effects:17 

a) Obtain a definitive answer to the question of whether traffic noise alone can cause stress, 
physiological reactions, and disturbances in social behavior in birds by using artificial 
traffic noises broadcast in large areas while birds (preferably captive) are monitored for 
stress indices (low priority).  

b) Conduct studies comparatively to determine if stress effects are species specific (low 
priority). 

c) Conduct studies on birds of different ages and with different degrees of experience with 
loud noises to determine if experience is a factor in stress-related impacts (low priority). 

 
2) Acoustic over-exposure effects: 

a) Conduct lab experiments to definitively rule out the possibility that continuous loud 
traffic noise can damage avian hearing (low priority).  

b) Examine effects of different levels of continuous noise on temporary and permanent 
hearing loss in different bird species (high priority). 

c) Examine effects of impulsive noise such as that produced by construction equipment and 
pile driving on hearing loss in different bird species. Consider a range of variables 
including: the intensity of the noise, the number of impulses, inter-pulse interval, and 
effects of different “rest periods” between pulses on hearing loss. Also include 
combinations of continuous traffic noise and impulse noises since some mammalian data 
suggest a synergistic effect (high priority). 

 
3) Masking effects: 

a) Extend what is known about masking effectiveness of traffic noise on the vocalizations of 
birds by conducting behavioral tests with a wider range of individual and species 

                                                           
17 It should be noted that precise definition of the questions and issues of the effects of highway noise on birds 
should be developed with the guidance of individuals who are expert on avian endocrinology and the literature on 
this topic. 
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vocalizations, different types and levels of traffic noise, traffic noises filtered through 
various habitats, and recorded at various distances from the roadway (high priority) 

b) Assemble current data or generate new data on vocalizations of endangered species 
including types, levels, preferred singing location preferences, habitat characteristics, 
territory size, effect of habitat characteristics on vocalization and noise transmission. This 
will allow precise modeling of the masking effect of traffic noise acoustic communication 
(high priority).  

c) Obtain ABR measures of hearing (audiogram) and masking (critical ratios) in endangered 
species to determine how well they conform to the emerging model of masking of 
vocalizations by noise which, to date, is based primarily on laboratory species of birds 
(high priority).  

d) Develop a generalized quantitative model for estimating communication distance based 
on masking data, habitat characteristics, territory size, the bird’s singing position 
preferences, and different traffic noise profiles (high priority).  

 
4) Dynamic behavioral effects18   

a) Evaluate population dynamic shifts (i.e., population range, predator prey relationships, 
etc.) based on increases in ambient highway noise and construction related activities. 

b) Evaluate any secondary effects of implementing adaptations in order to avoid masking.  
How does this interact with other life-cycle activities such as mate attraction, prey 
identification, territory size, etc. 

c) Understand behavioral indicators of harassment or stress such as flushing from a nest, 
territorial behaviors, etc. associated with noise.   

  
The recommendations are summarized in Tables 4 and 5. Table 4 presents the data in 

terms of examining the effects in terms of specific sound types. 
 

Table 4: Research recommendations based on interim guidelines (see Table 5) 
Noise Source Type Hearing Damage Masking Behavioral/ 

Physiological 

Single Impulse(e.g., 
Blast) 

Expose multiple species to 
impulsive noises (at different 
levels/distances) and measure 
hearing loss & recovery. 

Not applicable 

Examine animals post 
exposure for signs of 
stress (e.g., droppings, 
etc.) 

Multiple Impulse (e.g., 
jackhammer, pile 

driver) 

Expose multiple species to 
multiple strikes (at different 
levels/distances/intervals) and 
measure hearing loss and 
recovery. 

In multiple species, examine masking 
by low level noises from multiple 
strikes to compare with results from 
continuous noise masking(Lab study) 

Examine animals post 
exposure for signs of 
stress (e.g., droppings, 
etc.) 

Non-Strike Continuous 
(e.g., construction 

noise) 
Not applicable 

In multiple species, examine masking 
by low level noises from multiple 
strikes to compare with results from 
continuous noise masking(Lab study) 

Examine animals post 
exposure for signs of 
stress (e.g., droppings, 
etc.) 

Highway Noise Not applicable 

In multiple species, examine masking 
by low level highway noises to 
compare with results from 
continuous noise masking(Lab study) 

Examine animals post 
exposure for signs of 
stress (e.g., droppings, 
etc.) 

Alarms (97 dB/100 ft) NA NA Future research 
 

                                                           
18 Get input from experts in behavioral ecology on the types of population effects that might be expected. 
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Table 5:  Additions to basic science data that could inform decisions on interim guidelines and future analyses. 

Topic Method 

Audiograms in Birds Measure hearing thresholds in a variety of species using the ABR(lab & 
field) 

Masked Thresholds in Birds Measure masked thresholds and critical ratios in a variety of 
(endangered) species using the ABR(lab & field) 

Vocalization & Communication Distance Review literature for description of vocalizations, territory size, and 
communication range, young learning songs, female choice in breeding 

Acoustic Communication Model 

Develop a model that combines habitat characteristics (e.g., sound 
transmission), vocalization characteristics (e.g., spectrum, intensity, 
etc.) and masked thresholds to refine estimates of the effects of masking 
by noise on communication. 

Attenuation/Avoidance/Minimization/Mitigation 
Methods 

Evaluate ways which may inform decisions regarding equipment use, 
attenuation methods, avoidance, minimization/mitigation methods. 
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7. Estimating Effects of Traffic Noise on Birds, Rationale, and Interim Guidelines 
 

We reviewed three classes of potential effects of traffic noise on birds. The basis for the 
guidelines emanating from each is different. Table 3 (page 25) and Figure 5 (page 24) provide 
specific interim criteria. 
 
1. Behavioral and/or physiological effects: There are no definitive studies showing that traffic 

noise exclusively (as opposed to correlated variables) has an adverse affect on birds. While a 
wealth of human data and experience suggest traffic noise could have a number of adverse 
effects, there are several studies (e.g., Awbry et al. 1995) showing that birds (as well as other 
animals) adapt quite well, and even appear sometimes to prefer, environments that include 
high levels of traffic noise. Given the lack of empirical data on this point, we recommend 
subjective human experience with the noise in question as an Interim Guideline for 
estimating acceptable noise levels for avoiding stress and physiological effects. Noise types 
and levels that cause appear to increase stress and adverse physiological reactions in humans 
may also have similar consequences in birds.  
 

2. Damage to hearing from acoustic over-exposure: In contrast to the above, there are many 
definitive studies directly on point showing the effect of intense noise on bird hearing and 
auditory structures. These extensive data show that birds are much more resistant to hearing 
loss and auditory damage from acoustic over-exposure than are humans and other mammals. 
Highway noise, even at extreme levels, is unlikely to cause threshold shift, hearing loss, 
auditory damage, or damage to other organ systems in birds and therefore Interim Guidelines 
for hearing damage from highway noise are probably not needed. Construction noise, such as 
impulse noise from pile driving, do reach high levels and may be capable of causing damage 
to auditory structures in birds. 
 

3. Masking of communication signals and other biologically relevant sounds: Many laboratory 
masking studies show precisely, the effect of continuous noise (including traffic noise) on 
sound detection in over a dozen species of birds.  In one sense, these studies describe a sort 
of “worst case” scenario because the noise is continuous and the myriad of short term 
adaptive behavioral responses for mitigating the effects of noise are not available to the bird 
in a laboratory test situation. These masking studies led to a overall noise level guideline of 
around 60 dB(A)for continuous noise. Since this 60 dB(A) criterion was developed, however, 
highly controlled laboratory and field studies have extended  the range of species differences 
in signal-to-noise ratios as well as  the gain in signal-to-noise ratio that occurs with various 
short-term, adaptive behavioral responses that birds might use in natural environments. 
Critical ratios vary across species as much as 10 dB, strongly suggesting that acoustic 
communication in some species might be affected by an overall highway noise level even 
less than 60 dB(A), while others would not. For some other species, communication between 
individuals, especially if they can employ short term behavioral strategies for hearing in 
noise, might be unaffected at even higher levels of noise perhaps approaching 70 dB(A). 
These short term behavioral adaptations include scanning (head turning), raising vocal 
output, and changing singing location. Each of these strategies alone can result in a 
significant gain in signal level or signal-to-noise ratio (under masking conditions) of about 10 
dB and birds can, and probably do, employ all three strategies simultaneously.  
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4. Practical guidelines arising from masking studies: There is a common sense, extremely 
practical guideline that emerges from basic hearing knowledge of birds and humans. 
Specifically, the 6 dB difference in masking (critical ratio) functions between the typical bird 
and human listeners with normal hearing provide two common sense guidelines: 1) Humans 
can hear traffic noise, in a natural environment, at twice the distance from the 
roadway/highway than can birds. In other words, if in a natural environment, distant traffic 
noise is barely audible to humans, it is certainly inaudible to birds and will have no effect on 
any aspect of their acoustic behavior. 2) Humans can hear a bird singing against a 
background of noise at twice the distance than can the typical bird. This provides an informal 
estimate of maximum communication distance between two birds vocalizing against a 
background of continuous traffic noise. This works not only for the “typical” bird, but it is 
probably also valid for most species. 
 

These recommended guidelines for estimating effects of masking by traffic noise on birds 
are Interim Guidelines for several reasons.  

 
1. The Interim Guidelines are based on median data from masking studies. Thus they represent 

the typical bird. However, it is important to recall that bird species vary considerably in how 
they hear in the presence of noise. This ranges from their having masked thresholds that 
approach those of humans to masked thresholds that are 3-4 dB worse than thresholds for the 
typical bird presented here. Species differences in masked thresholds directly affect 
maximum communication distance in noise (Figure 14, page 44 ). Final noise guidelines will 
require testing more species with appropriate experimental adjustment for the species in 
question. 

. 
2. Traffic noise characteristics are influenced by transmission through the environment as are the 

spectral, temporal, and intensive aspects bird vocalizations through differences in excess 
attenuation. Final guidelines must accommodate these variables which are specific to the 
species and to the environment (Figure 14, page 44). 

. 
3. We expect that with new data, particularly as derived from experiments in Section 6 (page 50), 

both the lower and upper bound highway noise guidelines may be adjusted upward for 
estimating the effects of noise on acoustic communication distances. For example, as the past 
15 years of well controlled laboratory and field studies have shown, short term behavioral 
strategies available to birds can serve to increase the informal, acceptable level of highway 
noise causing masking. We can anticipate additional adjustments over the next several years. 
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Appendix A: Glossary of Terms Used 

 
Audiogram – A measure of hearing sensitivity, or threshold, at each frequency in the hearing 

range of an animal or human. 
 
Auditory Brainstem Response (ABR) – A physiological method to determine hearing 

bandwidth and sensitivity of animals without training.  Electrodes (wires) are placed on 
the head of the animal just outside of the base of the brain (brainstem) to record electrical 
signals (emitted by the brain) in response to sounds that are detected by the ear. These 
signals are averaged and used to determine if the animal has detected the sound. It is 
possible to determine auditory thresholds for fishes using this method. The same method 
is used for numerous other species, including measurement of hearing capabilities of 
newborn human babies. 

 
Auditory Threshold – The lowest detectable sound, generally at a specific frequency. Most 

often, thresholds are the level at which a signal is detected some per cent of the time – 
often 50% or 70%. Absolute thresholds are the lowest level of signal that is detectable 
when there is no background (masking) noise. 

 
Bandwidth – The range of frequencies over which a sound is produced or received. 
 
Basilar papilla – The auditory region of the inner ear of birds. Often referred to as the avian 

cochlea since it may be evolutionarily related to the mammalian hearing organ, the 
cochlea. 

 
Broadband  -  Defined as noise that covers a wide range of frequencies relative to which the ear   

is sensitive. In contrast, narrowband noise covers only a limited number of (contiguous) 
frequencies.  In relation to bird or human hearing, for instance,  a broadband noise might 
contain sound energy from 100 to 10,000 Hz, whereas a narrowband noise may contain 
sound energy from 500 to 550 Hz. 

 
Critical Ratio – Defined as the ratio of the intensity of a pure tone to the intensity per hertz of a 

noise (i.e., the spectrum level) at a listener’s threshold. For example, if a listener can just 
hear a 60 dB pure tone against a background of noise whose spectrum level is 40 dB, the 
listener’s critical ratio is said to be 20 dB. In fact, the human critical ratio at 2 kHz is 
approximately 20 dB.  

 
Conspecific – Members of the same species. 
 
Decibel (dB) – A customary scale most commonly used (in various ways) for reporting levels of 

sound.  A difference of 10 dB corresponds to a factor of 10 in sound power.  The actual 
sound measurement is compared to a fixed reference level and the "decibel" value is 
defined to be 10 log10,(actual/reference), where (actual/reference) is a power ratio.  
Because sound power is usually proportional to sound pressure squared, the decibel value 
for sound pressure is 20log10 (actual pressure/reference pressure).  As noted above, the 
standard reference for underwater sound pressure is 1 micro-Pascal (µPa).  The dB 
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symbol is followed by a second symbol identifying the specific reference value (i.e., re 1 
µPa). 

 
Effects - In this document, we have defined “effect” to mean any response by birds to highway 

noise.  Our definition does not invoke or imply regulatory definitions of “effect,” as 
found in any law or regulation affecting birds. 

 
Frequency spectrum – See Spectrum. 
 
Hertz – The units of frequency where 1 hertz = 1 cycle per second.  The abbreviation for hertz is 

“Hz.” 
 
Impulse sound – Transient sound produced by a rapid release of energy, usually electrical or 

chemical such as circuit breakers or explosives.  Impulse sound has extremely short 
duration and extremely high peak sound pressure. 

 
Noise – Generally an unwanted sound. Noise is often in the “ear of the beholder” in that a signal 

may be an important sound to one listener and unwanted “noise” to another. 
 
Noise Level -- The noise power, usually relative to a reference level . Noise level is usually 

measured in decibels (dB) for relative power or picowatts for absolute power. Levels are 
represented in dB to denote specific aspects of the measurement and to also indicate the 
reference base or specific aspects of the measurement. Most frequently, sound levels for 
birds are referenced in terms of dB or weighed as dBa. 

 
Octave –An octave is any band where the highest included frequency is exactly two times the 

lowest included frequency. For example, the frequency band that covers all frequencies 
between 707 Hz and 1,414 Hz is an octave band. 

 
Otolithic organs – The end organs in the vertebrate ear (saccule, utricle, lagena) that are 

associated with determination of head position relative to gravity. Along with the 
semicircular canals, these make up the vertebrate vestibular system. 

 
Passeriformes – Song birds. 
 
Permanent threshold shift (PTS) – A permanent loss of hearing caused by some kind of 

acoustic or drug trauma. PTS results in irreversible damage to the sensory hair cells of the 
ear, and thus a permanent loss of hearing. 

 
Power Spectrum – “For a given signal, the power spectrum gives a plot of the portion of a 

signal's power (energy per unit time) falling within given frequency bins. The most 
common way of generating a power spectrum is by using a discrete Fourier transform, 
but other techniques such as the maximum entropy method can also be used.”19 

 

                                                           
19  From: http://mathworld.wolfram.com/PowerSpectrum.html 
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Semicircular canals – Three canals in the vertebrate ear that are mutually perpendicular to one 
another. They are involved in the detection of angular acceleration of the head, and 
provide the brain with information about movement of the head (and body).  They care 
critically important to help maintain fixed gaze of the eyes on an object, even as the head 
moves.  The semicircular canals and the otolithic organs make up the vestibular part of 
the ear. 

 
Sensory hair cells – The cells in the basilar papilla and other end organs of the ear that are 

responsible for converting (transducing) mechanical energy of sound to signals that can 
stimulate the nerve from the ear to the brain (eighth cranial nerve). 

 
Sound pressure level (SPL) – The sound pressure level or SPL is an expression of the sound 

pressure using the decibel (dB) scale and the standard reference pressures 20 µPa for air 
and other gases. 

 
Spectrum level – The intensity level of a sound within a 1 Hz band. 
 
Spectrum (Spectra) – A graphical display of the contribution of each frequency component 

contained in a sound.  
 
Temporary threshold shift (TTS) – Temporary loss of hearing as a result of exposure to sound 

over time. Exposure to high levels of sound over relatively short time periods will cause 
the same amount of TTS as exposure to lower levels of sound over longer time periods. 
The mechanisms underlying TTS are not well understood, but there may be some 
temporary damage to the sensory hair cells. The duration of TTS varies depending on the 
nature of the stimulus, but there is generally recovery of full hearing over time. 

 
Threshold - The threshold generally represents the lowest signal level an animal will detect in 

some statistically predetermined percent of presentations of a signal.  Most often, the 
threshold is the level at which an animal will indicate detection 50% of the time. 
Auditory thresholds are the lowest sound levels detected by an animal at the 50% level.  

 
Weighting -- An electronic filter which has a frequency response corresponding approximately 

to that of human hearing. Human hearing is most sensitive to sounds from about 500 Hz 
to 4000 Hz, and less sensitive at lower and higher frequencies. The overall level of a 
sound is usually expressed in terms of dBA and this is generally measured using a sound 
level meter with an “A-weighting” filter. The level of a sound in dBA is a good measure 
of the loudness of that sound. Different sources having the same dBA level generally 
sound about equally loud.  
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Appendix B: Complete Table of all Behavioral Studies of Hearing in Birds 
 

Order Common Name Genus and Species References 
Anseriformes  Mallard Duck Anas platyrhynchos Trainer 1946 
Apodiformes Australian Grey Swiftlet Collocalia Spodiopygia Coles et al. 1987 
Caprimulgiformes  Oilbird Steatornis caripensis Konishi and Knudsen 1979 
Casuariiformes  Emu Dromaius novaehollandiae Manley et al. 1997 
Charadriiformes  Plains Wanderer Pedionomus torquatus Pettigrew and Larsen 1990 

Columbiformes  Pigeon Columbia livia 

Trainer 1946; Heise 1953; Stebbins 
1970; Harrison and Furumoto 1971; 
Hienz et al. 1977; Goerdel-Leich and 
Schwartzkopff 1984 

Falconiformes American Kestrel Falco sparverius Trainer 1946 
Falconiformes European Sparrowhawk Accipiter nisus Trainer 1946; Klump et al. 1986 
Galliformes Bobwhite Quail Colinus virgianus Barton et al. 1984 

Galliformes Chicken Gallus gallus Saunders and Salvi 1993; Gray and 
Rubel 1985 

Galliformes Japanese Quail Coturnix coturnix japonica Linzenbold et al. 1993; Niemiec et 
al. 1994 

Galliformes Turkey Meleagris gallopavo Maiorana and Schleidt 1972 
Passeriformes American Robin Turdus migratorius Konishi 1970 
 Blue Jay Cyanocitta cristata Cohen et al. 1978 
 Brown-headed Cowbird Molothrus ater Hienz et al. 1977 
 Bullfinch Pyrrhula pyrrhula Schwartzkopff 1949 
 Chipping Sparrow Spizella passerina Konishi 1970 
 Common Canary Serinus canarius Okanoya and Dooling 1985; 1987 
 Common Crow Corvus brachyrhynchos Trainer 1946 

 European Starling Sturnus vulgaris Kuhn et al. 1982; Dooling et al. 
1986; Trainer 1946; Konishi 1970 

 Field Sparrow Spizella pusilla Dooling et al. 1979 
 Fire Finch Lagonosticta senegala Lohr and Dooling 1999 

 Great Tit Parus major Langemann et al. 1998; Klump et al. 
1986 

 House Finch Carpodacus mexicanus Dooling et al. 1978 
 House Sparrow Passer domesticus Konishi 1970 
 Pied Flycatcher Ficedula hypolueca Aleksandrov and Dmitrieva 1992 
 Red-winged Blackbird Agelaius phoeniceus Hienz et al. 1977 
 Slate-colored Junco Junco hyemalis Konishi 1970 
 Song Sparrow Melospiza melodia Okanoya and Dooling 1987; 1988 
 Swamp Sparrow Melospiza georgiana  Okanoya and Dooling 1987; 1988 
 Western Meadowlark Sturnella neglecta Konishi 1970 

 Zebra Finch Taeniopygia guttata Okanoya and Dooling 1987; Hashino 
and Okanoya 1989 

Psittaciformes Bourke's Parrot Neophema bourkii Dooling et al. Unpublished Data 

 Budgerigar Melopsittacus undulatus 

Saunders and Dooling 1974; Dooling 
and Saunders 1975a; Saunders et al. 
1979; Saunders and Pallone 1980; 
Okanoya and Dooling 1987; Hashino 
et al. 1988; Hashino and Sokabe 
1989 

 Cockatiel Nymphicus hollandicus Okanoya and Dooling 1987 
 Orange-Fronted conureq Aratinga canicularis Wright et al. 2000 
Strigiformes African Wood Owl Strix woodfordii Nieboer and Van der Paardt 1977 
 Barn Owl Tyto alba Konishi 1973; Dyson et al. 1998 
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Order Common Name Genus and Species References 
 Brown Fish Owl Ketupa zeylonensis Van Dijk 1973 
 Eagle Owl Bubo bubo Van Dijk 1973 
 Forest Eagle Owl Bubo nipalensis Van Dijk 1973 
 Great Horned Owl Bubo virginianus Trainer 1946 
 Long Eared Owl Asio otus Van Dijk 1973 
 Mottled Owl Strix virgata Van Dijk 1973 
 Scops Owl Otus scops Van Dijk 1973 
 Snowy Owl Nyctea scandiaca Van Dijk 1973 
 Spotted Wood Owl Strix seloputo Van Dijk 1973 
 Tawny Owl Strix aluco Van Dijk 1973 
 White-faced Scops Owl Otus leucotis Van Dijk 1973 
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Appendix C: Complete Table of all Behavioral Studies of Critical Ratios in Birds 
 

Order Common Name Genus and Species References 
Columbiformes  Pigeon Columbia livia Hienz and Sachs, 1987 
Passeriformes Brown-headed Cowbird Molothrus ater Hienz and Sachs, 1987 
 Common Canary Serinus canarius Okanoya and Dooling 1987 
 European Starling Sturnus vulgaris Okanoya and Dooling 1987 
 Fire Finch Lagonosticta senegala Lohr and Dooling 1999 
 Great Tit Parus major Langemann, Gauger and Klump, 1998
 Red-winged Blackbird Agelaius phoeniceus Hienz and Sachs 1987 
 Song Sparrow Melospiza melodia Okanoya and Dooling 1987 
 Swamp Sparrow Melospiza georgiana  Okanoya and Dooling 1987 
 Zebra Finch Taeniopygia guttata Okanoya and Dooling 1987 
Psittaciformes Budgerigar Melopsittacus undulatus Dooling and Saunders 1975; Dooling 

and Searcy, 1979; Hashino et al. 1988; 
Hashino and Sokabe 1989; Okanoya 
and Dooling, 1987; Saunders et al. 
1979  

 Cockatiel Nymphicus hollandicus Okanoya and Dooling 1987 
 Orange-Fronted conure Aratinga canicularis Wright et al. 2000 
Strigiformes Barn Owl Tyto alba Konishi 1973; Dyson et al. 1998 
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Appendix D: Fundamentals of Highway Traffic Noise 
 

(Provided by Jones and Stokes) 
 

Fundamentals of Traffic Noise  
 
The following is a brief discussion of fundamental traffic-noise concepts.  For a detailed discussion, 
please refer to the Technical Noise Supplement (Caltrans 1998b) available on the Caltrans Web site 
(http://www.dot.ca.gov/hq/env/).20 
 

Sound, Noise, and Acoustics  
 
Sound is a disturbance that is created by a moving or vibrating source in a gaseous or liquid medium or 
the elastic stage of a solid and that is capable of being detected by the hearing organs.  Sound can be 
described as the mechanical energy of a vibrating object transmitted by pressure waves through a medium 
to a hearing organ, such as a human ear.  For traffic sound, the medium of concern is air.  Noise is defined 
as loud, unpleasant, unexpected, or undesired sound. 
 
Sound is actually a process that consists of three components: the sound source, the sound path, and the 
sound receiver.  All three components must be present for sound to exist.  Without a source to produce 
sound or a medium to transmit sound-pressure waves, there is no sound.  Sound must also be received; a 
hearing organ, sensor, or object must be present to perceive, register, or be affected by sound or noise.  In 
most situations, there are many different sound sources, paths, and receivers, not only one of each.  
Acoustics is the field of science that deals with the production, propagation, reception, effects, and control 
of sound. 
 

Frequency and Hertz  
 
A continuous sound can be described by its frequency (pitch) and its amplitude (loudness).  Frequency 
relates to the number of pressure oscillations per second.  Low-frequency sounds are low in pitch, like the 
low notes on a piano, whereas high-frequency sounds are high in pitch, like the high notes on a piano.  
Frequency is expressed in terms of oscillations, or cycles, per second.  Cycles per second are commonly 
referred to as Hertz (Hz) (e.g., a frequency of 250 cycles per second is referred to as 250 Hz).  High 
frequencies are sometimes more conveniently expressed in kilo-Hertz (kHz),  or thousands of Hertz. The 
extreme range of frequencies that can be heard by the healthiest human ears spans from 16–20 Hz on the 
low end to about 20,000 Hz (20 kHz) on the high end. 

 
Sound-Pressure Levels and Decibels  

 
The amplitude of a sound determines its loudness.  Loudness of sound increases and decreases with 
increasing and decreasing amplitude.  Sound-pressure amplitude is measured in units of micro-Newtons 
per square meter (N/m2) , also called micro-Pascals (µPa).  One µPa is approximately one-hundred 
billionth (0.00000000001) of normal atmospheric pressure.  The pressure of a very loud sound may be 
200 million ΦPa, or 10 million times the pressure of the weakest audible sound (20 µPa).  Because 
expressing sound levels in terms of ΦPa would be cumbersome, sound-pressure level (SPL)  is used to 
describe in logarithmic units the ratio of actual sound pressures to a reference pressure squared.  These 
units are called bels, named after Alexander Graham Bell.  To provide finer resolution, a bel is divided 
into 10 decibels (dB). 
 

                                                           
20 http://www.dot.ca.gov/hq/env/noise/pub/Technical%20Noise%20Supplement.pdf  
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Addition of Decibels  
 
Because decibels are logarithmic units, SPL cannot be added or subtracted by ordinary arithmetic means.  
For example, if 1 automobile produces an SPL of 70 dB when it passes an observer, 2 cars passing 
simultaneously would not produce 140 dB; rather, they would combine to produce 73 dB.  When 
two sounds of equal SPL are combined, they produce a combined SPL 3 dB greater than the original 
individual SPL.  In other words, sound energy must be doubled to produce a 3-dB increase.  If two sound 
levels differ by 10 dB or more, the combined SPL is equal to the higher SPL; the lower sound level would 
not increase the higher sound level. 
 
 

A-Weighted Decibels  
 
SPL alone is not a reliable indicator of loudness.  The frequency of a sound also has a substantial effect 
on how humans respond.  Although the intensity (energy per unit area) of the sound is a purely physical 
quantity, the loudness or human response is determined by the characteristics of the human ear. 
 
Human hearing is limited in the range of audible frequencies as well as in the way it perceives the SPL in 
that range.  In general, the healthy human ear is most sensitive to sounds from 1,000–5,000 Hz and 
perceives a sound within that range as being more intense than a sound of higher or lower frequency with 
the same magnitude.  To approximate the frequency response of the human ear, a series of SPL 
adjustments is usually applied to the sound measured by a sound level meter.  The adjustments, referred 
to as a weighting network, are frequency-dependent. 
 
The A-scale weighting network approximates the frequency response of the average young ear when 
listening to most ordinary sounds.  When people make judgments of the relative loudness or annoyance of 
a sound, their judgments correlate well with the A-scale sound levels of those sounds.  Other weighting 
networks have been devised to address high noise levels or other special problems (e.g., B-, C-, and D-
scales), but these scales are rarely used in conjunction with highway-traffic noise.  Noise levels for traffic-
noise reports are typically reported in terms of A-weighted decibels (dBA) .  In environmental noise 
studies, A-weighted SPLs are commonly referred to as noise levels.  Table 1 shows typical A-weighted 
noise levels. 
 

Human Response to Changes in Noise Levels  
 
Under controlled conditions in an acoustics laboratory, the trained, healthy human ear is able to discern 
1-dB changes in sound levels when exposed to steady, single-frequency (“pure-tone”) signals in the mid-
frequency range.  Outside such controlled conditions, the trained ear can detect 2-dB changes in normal 
environmental noise.  However, it is widely accepted that the average healthy ear can barely perceive 3-
dB noise level changes A 5-dB change is readily perceptible, and a 10-dB change is perceived as being 
twice or half as loud.  As discussed above, doubling sound energy results in a 3-dB increase in sound; 
therefore, doubling sound energy (e.g., doubling the volume of traffic on a highway) would result in a 
barely perceptible change in sound level. 
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Table 1.  Typical Noise Levels 
 

Common Outdoor Activities Noise Level 
(dBA) Common Indoor Activities 

   
 — 110 — Rock band concert 

Jet flyover at 300 meters (1,000 feet)   
— 100 —  

Gas lawn mower at 1 meter (3 feet)   
— 90 —  

Diesel truck at 15 meters (50 feet) at 
80 kilometers per hour (50 miles per 

hour)  

Food blender at 1 meter (3 feet) 

— 80 — Garbage disposal at 1 meter (3 feet) 
Noisy urban area, daytime   

Gas lawn mower, 30 meters (100 feet) — 70 — Vacuum cleaner at 3 meters (10 feet) 
Commercial area  Normal speech at 1 meter (3 feet) 

Heavy traffic at 90 meters (300 feet) — 60 —  
 Large business office 

Quiet urban daytime — 50 — Dishwasher next room 
  

Quiet urban nighttime — 40 — Theater, large conference room (background) 
Quiet suburban nighttime   

— 30 — Library 
Quiet rural nighttime  Bedroom at night 

— 20 —      
 Broadcast/recording studio 

— 10 —  
   

Lowest threshold of human hearing — 0 — Lowest threshold of human hearing 
   
Source:  Caltrans 1998. 

 
 

Noise Descriptors  
 
Noise in our daily environment fluctuates over time.  Some fluctuations are minor, but some are 
substantial.  Some noise levels occur in regular patterns, but others are random.  Some noise levels 
fluctuate rapidly, but others slowly.  Some noise levels vary widely, but others are relatively constant.  
Various noise descriptors have been developed to describe time-varying noise levels.  The following are 
the noise descriptors most commonly used in traffic-noise analysis. 

 
¦ Equivalent Sound Level (Leq):  Leq represents an average of the sound energy occurring over a 

specified period.  In effect, Leq is the steady-state sound level that in a stated period would 
contain the same acoustical energy as the time-varying sound that actually occurs during the 
same period.  The 1-hour A-weighted equivalent sound level (Leq[h]), is the energy average 
of the A-weighted sound levels occurring during a 1-hour period and is the basis for 
noise-abatement criteria (NAC)  used by Caltrans and the FHWA. 

 
¦ Percentile-Exceeded Sound Level (Lx):  Lx represents the sound level exceeded for a given 

percentage of a specified period (e.g., L10 is the sound level exceeded 10% of the time, L90 is 
the sound level exceeded 90% of the time).  

 
¦ Maximum Sound Level (Lmax):  Lmax is the highest instantaneous sound level measured during 

Attachment B
Page 71 of 74



 

 Page 72 of 74 

a specified period. 
 
¦ Day-Night Level (Ldn):  Ldn is the energy average of the A-weighted sound levels occurring 

during a 24-hour period with 10 dB added to the A-weighted sound levels occurring between 
10 p.m. and 7 a.m. 

 
¦ Community Noise Equivalent Level (CNEL):  CNEL is the energy average of the A-weighted 

sound levels occurring during a 24-hour period with 10 dB added to the A-weighted sound 
levels occurring between 10 p.m. and 7 a.m. and 5 dB added to the A-weighted sound levels 
occurring between 7 p.m. and 10 p.m. 

 
Sound Propagation  

 
When sound propagates over a distance, it changes in level and frequency content.  The manner in which 
noise reduces with distance depends on the following factors. 
 

¦ Geometric spreading:  Sound from a small, localized source (i.e., a point source) radiates 
uniformly outward as it travels away from the source in a spherical pattern.  The sound level 
attenuates (or drops off) at a rate of 6 dBA for each doubling of distance.  Highway noise is 
not a single, stationary point source of sound.  The movement of the vehicles on a highway 
makes the source of the sound appear to emanate from a line (i.e., a line source) rather than a 
point.  This line source results in cylindrical spreading rather than the spherical spreading that 
results from a point source.  The change in sound level from a line source is 3 dBA per 
doubling of distance. 

 
¦ Ground absorption: The noise path between the highway and the observer is usually very 

close to the ground.  Noise attenuation from ground absorption and reflective-wave canceling 
adds to the attenuation associated with geometric spreading.  Traditionally, the excess 
attenuation has also been expressed in terms of attenuation per doubling of distance. This 
approximation is done for simplification only because prediction results based on this scheme 
are sufficiently accurate for distances of less than 60 meters (200 feet).  For acoustically hard 
sites (i.e., those sites with a reflective surface, such as a parking lot or a smooth body of 
water, between the source and the receiver), no excess ground attenuation is assumed. For 
acoustically absorptive or soft sites (i.e., those sites with an absorptive ground surface, such 
as soft dirt, grass, or scattered bushes and trees, between the source and the receiver), an 
excess ground-attenuation value of 1.5 dBA per doubling of distance is normally assumed.  
When added to the geometric spreading, the excess ground attenuation results in an overall 
drop-off rate of 4.5 dBA per doubling of distance for a line source and 7.5 dBA per doubling 
of distance for a point source. 

 
¦ Atmospheric effects:  Research by Caltrans and others has shown that atmospheric conditions 

can have a significant effect on noise levels within 60 meters (200 feet) of a highway.  Wind 
has been shown to be the most important meteorological factor within approximately 150 
meters (500 feet) of the source, whereas vertical air-temperature gradients are more important 
for greater distances.  Other factors such as air temperature, humidity, and turbulence also 
have significant effects.  Receptors located downwind from a source can be exposed to 
increased noise levels relative to calm conditions, whereas locations upwind can have lower 
noise levels.  Increased sound levels can also occur as a result of temperature inversion 
conditions (i.e., increasing temperature with elevation). 
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¦ Shielding by natural or human-made features:  A large object or barrier in the path between a 
noise source and a receiver can substantially attenuate noise levels at the receiver.  The 
amount of attenuation provided by this shielding depends on the size of the object and the 
frequency content of the noise source.  Natural terrain features (e.g., hills and dense woods) 
and human-made features (e.g., buildings and walls) can substantially reduce noise levels.  
Walls are often constructed between a source and a receiver specifically to reduce noise.  A 
barrier that breaks the line of sight between a source and a receiver will typically result in at 
least 5 dB of noise reduction.  A taller barrier may provide as much as 20 dB of noise 
reduction. 

 
 
D.  Federal and State Regulations, Standards, and Policies  
 
Federal and state regulations, standards, and policies relating to traffic noise are discussed in detail in the 
Protocol.  A transportation project affected by the Protocol is referred to as type 1 project, which is 
defined in 23 CFR 772 as a proposed federal or federal-aid highway project for construction of a highway 
on a new location or the physical alteration of an existing highway that significantly changes the 
horizontal or vertical alignment or increases the number of through traffic lanes.  The FHWA has clarified 
its interpretation of type 1 projects by stating that a type 1 project is any project that has the potential to 
increase noise levels at adjacent receivers.  This includes projects to add interchange, ramp, auxiliary, or 
truck-climbing lanes to an existing highway.  A project to widen an existing ramp by a full lane width is 
also considered to be a type 1 project.  Caltrans extends this definition to include state-funded highway 
projects.  The project alternatives evaluated in this report are considered to be a Type 1 project because 
they involve federal funding and adding lanes to the existing mainline highway. 
 
Applicable federal and state regulations, standards, and policies are discussed below. 

 
National Environmental Policy Act  

 
NEPA is a federal law that establishes environmental policy for the nation, provides an interdisciplinary 
framework for federal agencies to prevent environmental damage, and contains action-forcing procedures 
to ensure that federal agency decision-makers take environmental factors into account.  Under NEPA, 
impacts and measures to mitigate adverse impacts must be identified, including impacts for which no 
mitigation or only partial mitigation is available.  The FHWA regulations discussed below constitute the 
federal noise standard.  Projects complying with this standard are also in compliance with the 
requirements stemming from NEPA. 
 

Federal Highway Administration Regulations  
 
23 CFR 772 provides procedures for conducting highway-project noise studies and implementing 
noise-abatement measures to help protect the public health and welfare, supply NAC, and establish 
requirements for information to be given to local officials for use in planning and designing highways.  
Under this regulation, noise abatement must be considered for a type 1 project if the project is predicted 
to result in a traffic-noise impact.  A traffic-noise impact is considered to occur when the project results in 
a substantial noise increase or when the predicted noise levels approach or exceed NAC  specified in the 
regulation.  23 CFR 772 does not specifically define what constitutes a substantial increase or the term 
approach; rather, it leaves interpretation of these terms to the states. 
 
Noise-abatement measures that are reasonable and feasible and likely to be incorporated into the project, 
as well as noise impacts for which no apparent solution is available, must be identified before adoption of 
the final environmental document for the project.  Table 2  summarizes the FHWA’s NAC. 
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Table 2.  Activity Categories and Noise Abatement Criteria  

Activity 
Category 

NAC, Hourly 
A-Weighted 
Noise Level, 
dBA-Leq(h) 

Description of Activities 

A 57 
Exterior 

Lands on which serenity and quiet are of extraordinary 
significance and serve an important public need and where the 
preservation of those qualities is essential if the area is to continue 
to serve its intended purpose 

B 67 
Exterior 

Picnic areas, recreation areas, playgrounds, active sport areas, 
parks, residences, motels, hotels, schools, churches, libraries, and 
hospitals 

C 72 
Exterior 

Developed lands, properties, or activities not included in 
categories A or B above 

D — Undeveloped lands 

E 52 
Interior 

Residences, motels, hotels, public meeting rooms, schools, 
churches, libraries, hospitals, and auditoriums 

 

Primary consideration is given to exterior areas. In situations where no exterior activities are affected by 
traffic noise the interior criterion (activity category E) is used as the basis for noise abatement 
consideration.  

 
California Environmental Quality Act  

 

CEQA is the foundation of environmental law and policy in California.  The main objectives of CEQA 
are to disclose to decision-makers and the public the significant environmental effects of proposed 
activities and to identify ways to avoid or reduce those effects by requiring implementation of feasible 
alternatives or mitigation measures.  Under CEQA, a substantial noise increase may result in a significant 
adverse environmental effect; if so, the noise increase must be mitigated or identified as a noise impact 
for which it is likely that only partial (or no) mitigation measures are available.  Specific economic, 
social, environmental, legal, and technological conditions can make mitigation measures for noise 
infeasible. 
 

Traffic-Noise Analysis Protocol for New Highway Construction and Reconstruction 
Projects  

 
The Protocol specifies the policies, procedures, and practices to be used by agencies that sponsor new 
construction or reconstruction projects.  NAC specified in the Protocol are the same as those specified in 
23 CFR 772.  This report defines a noise increase as substantial when the predicted noise levels with 
project implementation exceed existing noise levels by 12 dBA -Leq(h).  The Protocol also states that a 
sound level is considered to approach an NAC level when the sound level is within 1 dB of the NAC 
identified in 23 CFR 772.  For example, a sound level of 66 dBA is considered to approach the NAC of 
67 dBA, but 65 dBA is not. 
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Synthesis of Noise Effects on Wildlife Populations 

Foreword 

This report contains a summary of ongoing work on the effects of noise on wildlife 
populations to date.  Because the numbers and/or diversity of species have been used as 
indicators of the effects of noise, a number of studies that have indicated one or both of 
these factors for species alongside roads are included, although noise is not specifically 
mentioned in some of these reports.  There is a paucity of information on the response of 
invertebrates to noise, particularly the levels likely to be encountered along roads.  
Significant populations of some species are found along rights-of-way, although others 
such as aquatic forms may be adversely affected; whether by the road itself or by noise is 
unclear.  Existing information (although incomplete) would suggest that fish are unlikely 
to be adversely affected by noise levels from road.  Reptiles and amphibians show some 
barrier effect due to roads, but there is no clear evidence of a noise effect alone.  Recent 
work has suggested that behavior in burrowing toads may be affected by noise and this 
will require further study.  Birds have received the most study and, in some cases, are 
strongly adversely affected both in numbers and in breeding by the proximity to roads.  In 
other cases the effect is the opposite and there are reports of many species using roadside 
habitat in some areas.  Large mammals may be repelled by noise, although in most cases 
the effect appears to be slight to moderate.  Small mammals do not appear to be adversely 
affected by road noise occurring in significant numbers in rights-of-way.  There appears 
to be a physical barrier effect of roads.  This report also includes recommendations for 
future work based on the state of knowledge on the subject. 
 
This report will be of most interest to those responsible for environmental impact 
assessments, road ecologists and those concerned with incorporating environmental 
concerns into highway planning. 
       
      Paul Kaseloo, Ph.D. 
      Assistant Professor, Department of Biology 
      Virginia State University 

Notice 

This document is disseminated under the sponsorship of the U.S. Department of Transportation 
in the interest of information exchange. The U.S. Government assumes no liability for the use of 
the information contained in this document. 

The U.S. Government does not endorse products or manufacturers. Trademarks or 
manufacturers' names appear in this report only because they are considered essential to the 
objective of the document. 

Quality Assurance Statement 

The Federal Highway Administration (FHWA) provides high-quality information to serve 
Government, industry, and the public in a manner that promotes public understanding. Standards 
and policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its 
information. FHWA periodically reviews quality issues and adjusts its programs and processes to 
ensure continuous quality improvement. 
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SYNTHESIS OF NOISE EFFECTS ON WILDLIFE POPULATIONS 

 

PREFACE 

 

This report contains a summary of ongoing work on the effects of noise on wildlife 

populations to date.  It will hopefully provide some indication of the current state of 

knowledge in the area – particularly with respect to studies of birds that have spurred 

increased discussion of the subject.  No effort was made to evaluate the methodologies 

applied to any individual study although a large number have appeared in peer-reviewed 

journals and thus have already been scrutinized.  Because the numbers and/or diversity of 

species have been used as indicators of the effects of noise, a number of studies that have 

indicated one or both of these factors for species alongside roads are included although 

noise is not specifically mentioned in some of these.  Studies that directly measure the 

number of individuals or breeding along roadsides provide the most direct indication of 

the response of populations to road noise.  This is supported by those studies in which 

noise has been used as the best predictor of the negative response of species to roads in 

recent studies (see Reijnen and colleagues (41, 96-100); Forman et al.(45)). 
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SI* (MODERN METRIC) CONVERSION FACTORS 

APPROXIMATE CONVERSIONS TO SI UNITS 
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL

LENGTH  

in inches 25.4 millimeters mm 
ft feet 0.305 meters  m 
yd yards 0.914 meters  m 
mi miles 1.61 kilometers  km 

AREA  

in2 square inches 645.2 square millimeters  mm2 
ft2 square feet 0.093 square meters  m2 
yd2 square yard 0.836 square meters  m2 
ac acres 0.405 hectares  ha 
mi2 square miles 2.59 square kilometers  km2 

VOLUME  

fl oz fluid ounces 29.57 milliliters  mL 
gal gallons 3.785 liters  L 
ft3 cubic feet 0.028 cubic meters  m3 
yd3 cubic yards 0.765 cubic meters  m3 

NOTE: volumes greater than 1000 L shall be shown in m3  
MASS  

oz ounces 28.35 grams  g 
lb pounds 0.454 kilograms  kg 
T short tons (2000 lb) 0.907 megagrams (or 

"metric ton")  
Mg (or 
"t") 

TEMPERATURE (exact degrees) 
oF Fahrenheit 5 (F-32)/9  

or (F-32)/1.8  
Celsius  oC 

ILLUMINATION  

fc foot-candles 10.76 lux  lx 
fl foot-Lamberts 3.426 candela/m2  cd/m2 

FORCE and PRESSURE or STRESS  

lbf poundforce 4.45    newtons  N 
lbf/in2 poundforce per square 

inch 
6.89 kilopascals  kPa 
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APPROXIMATE CONVERSIONS FROM SI UNITS 
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL

LENGTH  

mm millimeters 0.039  inches  in 
m meters 3.28  feet  ft 
m meters 1.09  yards  yd 
km kilometers 0.621  miles  mi 

AREA  

mm2 square millimeters 0.0016  square inches  in2 
m2 square meters 10.764  square feet  ft2 
m2 square meters 1.195  square yards  yd2 
ha hectares 2.47  acres  ac 
km2 square kilometers 0.386  square miles  mi2 

VOLUME  

mL milliliters 0.034  fluid ounces  fl oz 
L liters 0.264  gallons  gal 
m3 cubic meters 35.314  cubic feet  ft3 
m3 cubic meters 1.307  cubic yards  yd3 

MASS  

g grams 0.035  ounces  oz 
kg kilograms 2.202  pounds  lb 
Mg (or 
"t") 

megagrams (or "metric 
ton") 

1.103  short tons (2000 
lb)  

T 

TEMPERATURE (exact degrees) 
oC Celsius  1.8C+32 Fahrenheit  oF 

ILLUMINATION  

lx  lux 0.0929  foot-candles  fc 
cd/m2 candela/m2 0.2919  foot-Lamberts  fl 

FORCE and PRESSURE or STRESS  

N newtons 0.225 poundforce lbf 
kPa kilopascals 0.145  poundforce per 

square inch  
lbf/in2 

*SI is the symbol for the International System of Units.  Appropriate rounding should be made to 
comply with Section 4 of ASTM E380.    

(Revised March 2003) 
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LIST OF ABBREVIATIONS AND SYMBOLS 
 
 
SPL = sound production level 
dB = decibel = unit of sound production level (logarithmic scale) 
dB(A) = decibel on A-weighted scale (levels weighted according to sound frequency) 
 
Leq = equivalent continuous sound level 
SEL = sound equivalent level integrated per 1 second 
 
Hz = hertz = cycles per second (measure of sound frequency) 
kHz = kilohertz (thousand hertz) 
 
ROW = rights-of-way 
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INTRODUCTION 

 

A recent estimate puts the area currently converted to highways, streets and rights of way 

(ROW) at some 20 million acres (8 million hectares).(34)  As the total road area continues 

to increase contact with wildlife populations will likewise increase.  Further, the 

cumulative effect of roads may reach some 20% of the total land area of the United 

States.(42)  A number of factors have been suggested as contributing to this far-ranging 

impact including habitat fragmentation, landscape effects (such as water flow), air 

pollution, and increased mortality (See references 43,46, 69, and 115).  However, recent 

studies have suggested that noise may have a significant and wide-ranging effect at least 

on some species (See references 41, 44, 97, 99, and116).  Because of the pervasive nature 

and difficulty in mitigating noise, it may be the most significant factor impacting 

wildlife.(46)  In this report some of the current research on the subject of noise and 

wildlife is reviewed, areas of incomplete knowledge are identified, and suggestions for 

future study are made.   

 

MATERIALS AND METHODS 

 

Beginning in the fall of 2003 an exhaustive search has been made of electronic and paper 

databases including (Infotrac, Cambridge Science, Agricola, Biological Sciences and the 

Biological and Agricultural Index) under the headings of wildlife, highways, noise, 

animal, noise pollution, roads, urban noise and the various groups of animals (fish, 

reptile, amphibian, bird, mammal).  A search of all references was made and the 

bibliographies of all materials were reviewed for additional sources.  
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RESULTS AND DISCUSSION 

 

Physics of Sound 

 

Sound pressure level (SPL) is responded to in a logarithmic manner and sound levels are 

measured on a logarithmic decibel scale (dB), which corresponds fairly well to the human 

hearing response.  The zero end of the scale corresponds to a pressure of about 0.00002 

N/m2 and a value of 120 dB corresponds to about 20 N/m2 – a level at which pain will be 

experienced.   

 dB = 10 Log I  where I = intensity of actual sound, Io = intensity of sound 
                   Io  at threshold level (89) 
 

Human hearing extends from frequencies (perceived as pitch) from about 20 Hz (cycles 

per second) to about 20,000 Hz (20 kHz).(89)   SPL levels are often weighted.  One 

commonly used is the A-weighting network that assigns weights to sounds based on 

audibility to human hearing (low weights to low frequency sounds < 1000 Hz and higher 

weights to more audible high-frequency sounds).  This is denoted as dB(A) in some 

studies.  Other ways of representing levels of sound include Leq = equivalent continuous 

sound level and SEL = sound exposure level integrated over 1 second.(16)  In general 

sound attenuates as the square of the distance from the source and is greater at higher 

frequencies. 

 

The sensitivities of various groups of wildlife can be summarized as: 

 

Mammals  < 10 Hz to 150 kHz ; sensitivity to -20 dB 

 

Birds (more uniform than mammals) 100 Hz to 8-10 kHz; sensitivity at 0-10 dB 

 

Reptiles (poorer than birds) 50 Hz to 2 kHz; sensitivity at 40-50 dB 

 

Amphibians 100 Hz to 2 kHz; sensitivity from 10-60 dB 

Overview 
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Animals rely on meaningful sounds for communication, navigation, avoiding danger and 

finding food against a background of noise.  Here noise is defined as “any human sound 

that alters the behavior of animals or interferes with their functioning”.(16) The level of 

disturbance may be qualified as damage (harming health, reproduction, survivorship, 

habitat use, distribution, abundance or genetic distribution) or disturbance (causing a 

detectable change in behavior). 

 

An earlier review of this subject (84) contains some considerable information on the 

effects of acute noise on hearing loss in vertebrates (especially mammals), but concludes 

that, at the time, little or no knowledge of noise from roads and their effect on animals 

was known.  A review of the effect of noise (principally from aircraft) concluded that 

there was no evidence of noise having a significant impact on cattle (milk production), 

swine, poultry (egg hatching) or mink (kits produced).(14)  However, the effect on wildlife 

may be more significant than on domestic species.  Greater behavioral and physiological 

responses to noise have been reviewed and studied with special emphasis on the greater 

noise of aircraft and sonic booms.(28,31,81)  In a review of the effect of aircraft noise the 

authors identify a number of at least potentially, deleterious effects that accompany these 

sound levels in both domestic and wild species ranging from alert reactions to 

physiological indicators of stress (e.g. changes in hormonal levels, organ function, 

etc.).(81)  It should be noted that noise levels in these studies are generally intermittent and 

occur at levels greater than that typically encountered for road traffic (i.e. aircraft sounds 

generally > 100 dB).  There is no significant review of materials already summarized in 

earlier works on the effect of aircraft noise or sonic booms except for more recent studies 

or when no other information on a particular group was available.  Much information is 

available through earlier reviews on this subject.(81, 84) 

 

The foremost difficulty in summarizing the effect of road noise on wildlife is the fact that 

very few studies have directly addressed the impact of noise from roads (i.e. the 

background sound that accompanies varying volumes of traffic).  Studies of the noise 

from sonic booms or other sounds from aircraft utilize sounds that are louder and more 
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acute.  Still other studies have looked the overall effect of roads noting numbers near 

roadsides, while failing to note the level of noise on the dispersal of animals at greater 

distances from the roadside (See references 75, 90, 125, and 126).  Thus, the presence of 

significant numbers indicated by these studies can be used to indicate that there is no 

absolute barrier to use of roadside areas, however, these studies do not indicate how these 

areas compare to others further distant from the source of the noise.  

  

Invertebrates 

 

Little is known about the effects of noise related to roads and its effect on invertebrates.  

A few studies have indicated that several species are sensitive especially to low 

frequency vibration.  Honeybees will stop moving for up to twenty minutes for sounds 

between 300 and 1 kHz at intensities between 107-120 dB.(51)   Frings and Frings(49) 

reported that flies of the order Diptera showed a startle response at 80-800 Hz (at 80 dB) 

and at 120-250 Hz (from 3-18 dB above ambient levels).  However, the longer term 

responses to these sounds are not given. 

 

Earthworms have been shown to move toward the surface near roadways at low 

frequencies (~ 5 Hz) exposing them as a food source for birds.(113)  Generally, roadsides 

have been found to provide habitat for significant numbers of invertebrates including 67 

species of insects in the United Kingdom.(48)  The authors reported no major distraction 

was evident in insect behavior related to nearby traffic.  However, the significant 

numbers may have been due to limited forage available elsewhere.  Similarly, road 

verges have been shown to provide significant habitat for butterfly and burnet 

populations with the roadway having no significant effect on movement and insignificant 

mortality.(88)  Even on main roads (about 1,700-11,500 cars/day) there was an average of 

9 species in a 100m transect and a maximum of 23 species of butterfly (40% of British 

species) found in one transect.  A further review of roadside use in England (including 

county roads and larger highways found 25 of 60 butterfly species and 8 of 17 bumble 

bee species to breed alongside roads.(126)  The utility of these areas compared to others 

which would help to indicate any effect of noise is not discussed specifically, but the 
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thesis of the article is that these rights-of–way (ROW) can provide valuable habitat 

should be noted. 

 

In a study of invertebrate communities (mainly insects (arthropods) although other orders 

were also looked at) along a gravel road, greater numbers of individuals were found at 5 

m from the road edge than at 10 or 15 m.(77)  In this study the diversity of species did not 

differ (at the order level) up to distances of 15 m from the edge of the road.  However, 

whether there would be an effect over greater distances or at higher traffic volumes is not 

known.  A study of the effect of roads on aquatic macroinvertebrates (e.g. aquatic insects) 

showed a decline in diversity as the number of adjacent roadways increased using an 

index of the effective roaded area (ERA a method developed by the USDA Forest 

Service).(83) An ERA level above 5% was found to be significant.(83) The specific cause of 

this change related to roads was not given.   

 

Mader (79) found a barrier effect of roads on carabid beetles to which he attributed a broad 

band of emissions as contributing including noise, exhaust and salinity.  However, no 

attempt was made to quantify or partition these effects.  Similarly, it has been reported 

that the orange tip butterfly (Anthocharis cardamines L.) was effectively barred from 

crossing a large roadway (~ 40,000 vehicles/day), however whether noise was a 

contributing factor is not indicated. 

 

The direct effect of traffic noise on invertebrates has yet to be established by looking at 

community structure near roads and at varying distances and with different volumes of 

traffic or by simulating noise levels in controlled conditions.  Knowledge of invertebrate 

communities may be particularly important given the importance of these organisms (e.g. 

as a food source for other species such as fish, amphibians, and birds). 

 

 

 

 

Fish 
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Fish are capable of reception of sound in the water (see review by Hawkins (61)).  The 

sensitivity of fish varies, but is generally in the range of 50-2,000 Hz and is best between 

200-800 Hz.(60)  The SPL underwater is usually indicated in reference to a unit (e.g. re 1 

Pa = Pascal = 1 N/m2) and many fish have threshold of 50-70 dB re  

1 µPa.(60, 94)  Several species have been reported to be adversely affected by sounds levels 

> 180 dB re 1 µPa presented for two hours or less.  Hawkins(61) reports that sound 

perception of fish are generally below 2- 3 kHz and that they are more sensitive to low 

frequency sounds.  In the ocean conversion of sound is usually made in reference (re 

0.0002 dynes/cm2 and 1 Hz; where 1 Pa = 1 N/m2 = 10 µbars = 10 dynes/cm2). (127) 

Background oceanic traffic was found in the range of 10-1 kHz. 

 

A few studies have found a response by fish to noise.  Naïve goldfish have altered their 

pattern of locomotion avoiding sounds at 30 cm distance (~2 kHz) and an intensity of 2 

dynes/cm2 (0.2 Pa).(80)  Changes in pressure (2-18 Pa at a frequency of 70-200 Hz) have 

caused startle response in herring (Clupea herengus L.).(13)  Banner and Hyatt(8) reported 

greater growth rate and fry survival of two minnow species (Cyprinodon variegates and 

Fundulus similes) held in quieter tanks.  However, the level of noise required to have this 

effect on growth was greater than that normally encountered with traffic.  Juvenile 

Atlantic salmon have shown an avoidance of low frequency sound (10 Hz), but failed to 

show a response at a higher frequency of 150 Hz.(70)  

 

Simulated sonic booms have caused startle reactions in guppies.(103)  Trout and salmon 

eggs and fry exposed to sonic booms showed no increase in mortality and there was no 

apparent difference in the development of fry.(103)   The importance of road noise in 

affecting the behavior of fish populations, particularly the relationship between road 

traffic levels and any response is not known. 

  

 

 

Reptiles and Amphibians 
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A few studies of the response of reptiles and amphibians to noise have been conducted, 

and, as with fish, no study investigating the impact of roads on these species has been 

made.   

 

Minton (87) reported on several species in a suburban area (2 salamanders, 6 anurans, 6 

turtles and 7 snakes), but did not indicate any effect of noise.  However, a barrier effect of 

roads (city streets) to both breeding and hibernating habitats was significant.  It is known 

that the auditory sensitivity of lizards changes with temperature and is generally greatest 

in those ranges they prefer for activity.(24)  

 

A broader survey of amphibians found salamanders (woodland and stream species) to be 

most commonly found along roadsides (interstates) and ROW in both the southeast and 

northwest.(2)  There is no indication of noise as a factor, however a barrier to movement 

by roads is indicated.  Findlay and Houlihan(40) reported that reptiles and amphibians 

showed a reduced species richness up to 2000 m from the both two and four-lane 

highways with an improved diversity in areas of forest cover.  The authors attribute this 

response to a lack of dispersal across roads and not to sound levels.  A study of frogs and 

toads by Fahrig et al.(35), also found a decrease in numbers near roads with traffic 

densities of 8,500 – 13,000 vehicles/day.  In this case traffic mortality is suggested as the 

cause.  In contrast, cane toads were found to use roads with lower traffic densities as 

(including vehicle tracks) for dispersal.(106)  In this case numbers were lower even 15 m 

from the edge of the road.  However, whether this effect would occur at higher traffic 

densities is not indicated.  Similarly, Rudolph et al. (104) report a reduction of up to 50% in 

large snake species up to a distance of 850 m from a road with the reduction attributed to 

increased road mortality.  Indeed the effect was similar whether interstate, forest or 

county roads were studied indicating that the precipitating effect is not likely noise. 

 

The study that has most specifically shown an adverse effect on amphibians related to 

road noise is that of Brattstrom and Bondello (18) who found spadefoot toads (Scaphiopus 

couchi) undergoing estivation to respond to motorcycle sounds (up to 95 dB(A) at 0.4-4.4 

Attachment C
Page 15 of 75



kHz) by leaving burrows, which could have a detrimental effect if it occurred at the 

wrong time of year.  Further, “dune buggy” noise had an adverse effect on hearing in the 

fringe-toed lizard (Uma scoparia) at durations of 500 seconds or longer (95 db(A)).  

Whether traffic noise has a significant effect on a particular population or community of 

reptiles or amphibians remains to be determined.  The fact that species can be disturbed 

by road noise makes this an area in need of further study. 

 

Birds 

 

In their environment birds must be able to discriminate their own and the song’s and 

those of other species apart from any background noise.(32) Calls are important in the 

isolation of species, pair bond formation, pre-copulatory display, territorial defense, 

danger, advertisement of food sources and flock cohesion.(68)  The threshold for hearing 

in birds is higher than for humans at all frequencies and the overlap in the discernable 

frequencies between species indicates that birds do not filter out other species by simply 

being unable to detect them (i.e. birds can hear songs of other species).  Studies of 

budgerigars indicate that at the best frequency (2.86 kHz) sound production needs to 

exceed background by 18-20 dB for detection.(32)  Sound production from several bird 

species have been measured to peaks of about 90-95 dB and are generally greater for 

larger birds.(17) The rate of attenuation of the sound will be affected by the surroundings, 

but estimates range from 5 dB/m for a bird 10 m above ground in an open field to 20 

dB/m for a bird on the ground in a coniferous forest.(82)  In this study height and 

frequency were found to affect sound transmission more than habitat type.  Sounds 

produced at between 15cm and 1m above ground attenuated more rapidly than at greater 

heights.  In a study of the blackbird (Turdus merula) high pitched sounds were found to 

degrade more rapidly.(30)  Further, sounds were heard better on a high perch probably due 

to the better position rather than better projection. 

 

The distance separating signaler and receiver at which a vocalization may be detected 

increases according to source intensity, amount of masking and the rate of attenuation.(32) 

As an example (for budgerigars) with an attenuation of 5 dB/m and a background noise 
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level of 45 dB SPL with about 25 dB of masking the transmission distance would be 

about 100 m for a level of 70 dB and would increase to about 300 m at 90 dB.  A 

subsequent study of several species including a number of passerines (European starling, 

song sparrow, swamp sparrow and zebra finch) found maximum sensitivity to sounds 

between 2 and 5 kHz.(91)  Noise in the spectral region of the signal is the most effective in 

masking and signals must be 18-20 dB greater at the best frequencies to be detected.(32)  

A study of the auditory threshold in several species including European starling, song 

sparrow, swamp sparrow and zebra finch found the critical ratio (the signal to noise ratio 

at masked threshold) is about 3 dB/octave.(91) 

 

Early studies of the effect of noise on birds indicated no significant impairment by noise.  

Thus, Stadelman(111) reported that broiler chickens could be grown without loss of weight 

at sound levels of 110 dB (20 Hz to 10 kHz).  Hens showed no effect of laying in 

response to conveyor noise (66-76 dB) (Scott and Moran, 1993).  Frings and Jumber (50) 

reported that starlings could be repelled with specific distress calls at about 85 dB from a 

distance of 10 m.  Likewise, starlings were found to be sensitive to repellent tones at 

1000-7500 Hz that caused a disturbance to feeding and the level of response increased 

linearly in a range of 50-100 dB.(74)  

 

Grassland and woodland birds 

 

One of the earliest studies to find a “highway effect” on bird populations was that of 

Räty(95) who measured numbers of birds in forested areas at distances up to 1 km from the 

road.  Species studied included the capercallie (Tetrao urogullus), black grouse (Lyrurus 

tetrix) and hazel hen (Lagopus lagopus).  There was a 2/3 reduction in numbers up to a 

distance of 250 m and some reduction up to 500 m.  The traffic density was  

700-3000 cars/day.  Unfortunately, noise levels were not measured and the cause of the 

effect seen was not given.  Further, measurements began 25 m from the edge of the road 

thus precluding any effect of the ROW. 
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More recently, study of the effect of road noise on bird populations appears to have 

resumed with reevaluation of data from an early study from the Netherlands on grassland 

habitats (Veen, (119) c.f. van der Zande et al., (116)) that concluded some species would 

avoid rural roads to a distance of 500-600 m and busy highways to 1600-1800 m.  The 

data were subsequently reviewed and it was concluded that road noise appeared to be 

significant in the distribution (i.e. reduced nest density) of the lapwing (Vanellus 

vanellus), black-tailed godwit (Limosa limosa) and, perhaps the redshank (Haematopus 

ostralegus), however the effect was not found for the oystercatcher (Tringa tetanus).(116) 

The levels of noise were not measured in this study.  A further series of studies from the 

Netherlands has supported this argument finding that numbers of breeding birds in 

wooded areas declined significantly near roads and in proportion to the density of traffic 

on the road.  Reijnen et al.(96) reported a reduction in the numbers of breeding birds 

adjacent to a busy highway (30,000-40,000 vehicles/day) and at a distance of 300 m.  The 

level of noise was not measured.  Reijnen and Foppen(97) studied the willow warbler 

(Phylloscopus trachilus) and found that the density of territorial males was lower 

distances of up to 200m than at greater distances (up to 400 m).  Also, older males were 

more abundant further from the road.  It is suggested that noise may have an important 

effect (predicted to have a mean of 50 dB(A) at 500 m) along the highway (traffic density 

50,000 cars/day).  The dispersal of the breeding males away from the road was broken 

down subsequently to be progressively increasing in zones of 0-200 m, 200-400 m and a 

>400m control zone.  Reijnen and Foppen(98) found 17 of 23 species studied for three 

years showed some negative effect of road (40-52,000 cars/day).  The effect was 

diminished in years in which the overall population size was large and they suggest 

measuring effects of several years to ensure an accurate measure of the effect. Similar 

reductions in grasslands were reported in a subsequent study of 12 passerine species 

where the density of 7 were found to be reduced and predicted by the number of cars and 

distance from the road.(100)  The effect appears to be most significant above a noise level 

of about 50 dB(A) with a level of 70 dB(A) on the verge of the road.  At a traffic density 

of 5,000 cars/day most species showed a reduction of 12-56% within 100 m of the road.  

At distances of > 100m only the black-tailed godwit (Limosa limosa) and oystercatcher 

(Haematopus ostralegus) showed reduction in density.  At a traffic density of 50,000 
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cars/day density was reduced between 12 and 52% for all species studied at distances of 

up to 500 m.  Sensitive species include both waterfowl (shoveler ducks) and passerine 

species (black-tailed godwit, oystercatcher, lapwing, skylark) that were reduced in 

density between 14 and 44% up to a distance of 1500 m making it difficult to determine 

any particular group that might be more sensitive.   

 

A more extensive study of 43 species of woodland birds in both deciduous and coniferous 

forests found that 26 (60%) showed some reduction in density adjacent to the road.(99)  

Noise was the only factor found to be a significant predictor and the number of cars and 

distance from the road were significant factors in the number of breeding birds.  The 

“effect distances” were 40-1500 m (10,000 cars/day) and 70-2800m (60,000 cars/day).  

There was a reduction in density at 250 m from the road of between 20 and 98%.  The 

frequency range of road noise was 100 Hz to 10 kHz with the loudest in the range of 100-

200 Hz and 0.5-4 kHz with a threshold at between 20 and 56 dB(A).  The authors note 

that if noise were constant there was no difference between plots with high and low car 

visibility.  Further it is noted that there is no pattern of interference with song calls and, 

thus, the immediate cause of the effect is not apparent.  It is suggested that a 

supplementary aspect may be stress.   

 

A study along an interstate highway (34,000 – 50,000 vehicles/day) in the United States 

supported the findings previously reported(41, 96-100), however, the results rely heavily on 

assumptions from the work in the Netherlands being applicable and there is limited 

original data that would more conclusively support the earlier findings.(44)  A >100 m 

avoidance zone is reported for moose, deer, amphibians, forest and grassland birds.  

Moose corridors and grassland bird avoidance extended >100 m.   However, grassland 

bird data are scarce and scattered in the open areas near the highway and woodland bird 

data is extrapolated from the earlier studies by Reijnen and colleagues (41, 96-100).  More 

recently, Forman et al.(45) reported that several species of grassland bird (especially the 

bobolink and eastern meadowlark) decreased in numbers and breeding in patches as the 

amount of traffic on roadways increased.  At light traffic volumes of between 3,000 and 

8,000 vehicles there was no effect on distribution, whereas moderate traffic levels of 
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between 8,000 and 15,000 vehicles/day had no effect on the presence of birds, however, 

breeding was reduced to 400 m.  Both presence and breeding of birds was reduced at 

traffic levels between 15,000 – 30,000 vehicles/day to a distance of 700 m and at >30,000 

vehicles/day both presence and breeding were reduced up to a distance of 1200 m.  The 

species affected are mainly the bobolink and eastern meadowlark.  The levels of noise in 

this study are not given although studies that manipulate noise levels are suggested. 

 

In a nocturnal species (the stone curlew, Burhinus oedicnemus) in England, roads were 

found to reduce numbers at distances of up to 3 km .(56) The authors suggest that visual 

stimuli (headlights) could have a greater effect than noise alone even though traffic noise 

or vehicle movements are suggested as primary causes.(56) It should be noted that, in this 

study there was no evidence of a lessening of the effect if nearby suitable habitat (away 

from the road) was scarce or abundant. 

 

The general conclusion is that some (although not all) bird species are sensitive at least 

during breeding to noise levels and that the distances over which this effect is seen can be 

considerable varying from a few meters to more than 3 km (see Appendix A - Table 1 for 

a summary) 

 

In contrast to these findings, other studies have found that roadside verges to provide 

habitat for, at least, some birds.  In a study following highway construction, Michael et 

al.(86) found increased food and cover offered by ROW resulted in increases in the 

number of birds and the number of species in the ecotone when compared to the ROW 

and surrounding forest at distances of up to 1 mile.  It was suggested that the ROW 

provided additional food sources such as insects and rodents and that species requiring 

forest habitat would be expected to be reduced.  Species that are suggested to increase (at 

least potentially) in numbers through the use of the ecotone as the vegetation improved 

would be starlings, indigo buntings, red-winged blackbird and goldfinches.  ROW 

plantings (mainly along interstate roadways) were found to provide habitat for a number 

of species (red-winged blackbird, American goldfinch, song sparrow) compared to 

unplanted control areas.(101)  In a study of the skylark (Alauda arvensis) conducted in 
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Denmark birds were found to forage more along roadsides than in adjacent fields and 

these areas were preferred over adjacent fields.(75) The volume of traffic is not given, 

although the verges varied in width from 1.3 to 4.5 m and occurred outside of major 

urban areas.  Similar results were also found for the house sparrow (Passer domesticus) 

and the tree sparrow (Passer montanus).  Warner(125) measured a number of grassland 

bird species on rural interstate and secondary roads.  He reported that the density of nests 

to be greater on heavily trafficked interstates than on secondary roads and that both the 

number of nests and species increased with the width of the roadside.  The majority of 

nests (92%) were red-winged blackbird.  Further, the amount of traffic on secondary 

roads did not influence the density of nests.  While the noise levels are not mentioned, the 

fact that numbers were greater on busier roads indicates that there was no obvious 

negative effect of associated noise.  Finally, it is pointed out that in areas of row-crop 

farming road rights of way may be critical in providing habitat for grassland bird nesting. 

 

Clark and Karr(26) reported that numbers of one species (red-winged blackbird, Agelaius 

phoeniceus) increased near highways especially in the later census (May/June) while 

another (horned lark, Eremophila alpestris) numbers decreased at distances of up to  

500 m from the edge of the road.  In these works there is no indication if the numbers of 

individuals or species diversity is greater when compared to still more distant areas 

however the indications are that, at least in some situations roadways can provide habitat 

for nesting along the ROW.  The avoidance of the road by the horned lark is attributed to 

its preference for larger areas of open ground.  In a more comprehensive review of the 

effects of highways that extended (in transects) up to 400 m from the edge of the road 

(both interstate and county roads) nine birds species were found to become less common 

near roadways, while another nine species became more common near roads and the 

majority of bird species showed no effect.(2)  This study encompassed a number of habitat 

types (southeast, Midwest, Orgeon and northern California).  For example, the numbers 

of wintering cardinals and white-throated sparrows (in the southeast) became more 

numerous adjacent (<80 m) from the interstate whereas blue jays became more numerous 

at greater distances (>80 m) from the interstate(2) (see also Appendix A - Table 1).  One 

suggestion (although not tested) is that both the white-throated sparrow and cardinal were 
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using seed and fruit available between the right-of-way (ROW) and adjacent habitat.  

Another study of impact of highways (although not addressing noise specifically) 

measured forest breeding birds in transects extending 400 m from the edge of an 

interstate highway (I-95) and found that four species were less abundant near the road 

while another six became more abundant near the roadway.(38)  Species that became less 

abundant near the road include the bay-breasted warbler (Dendroica castanca), blue jay 

(Cyanoeitta cristata), blackburnian warblers (Dendroica fusca) and winter wrens 

(Troglodytes troglodytes).  The six species that became more abundant near the road 

included the chestnut sided warbler (Dendroica pensylvanica), white-throated sparrow 

(Zonotrichia albicollis), wood thrush (Hylecichla mustelina), common yellowthroat 

(Geothylpis trichas), robin (Turdus migratorius) and Tenesee warbler (Vermivora 

peregrine).  While these studies do not address noise directly or to the transect distances 

indicated in other studies (41, 96-100) they suggest that the negative impact on birds is not 

universal, but also dependent upon the species in question and perhaps other landscape 

factors such as the use of adjacent plots.  Further, roadsides have been identified as 

providing valuable food sources (small mammals) for a raptor; the red-tailed hawk.(38) 

Jackson(65) reported that populations of the endangered red-cockaded woodpecker 

(Dendrocopos borealis) are found along interstates with others reported along other 

roads.  The ROW is suggested as a corridor for dispersal.  Again, noise levels are not 

indicated, but colonies are known to be found frequently near roads.   

 

The major problem is summed up in a recent discussion, “Traffic noise is interpreted as 

the overwhelming cause of the underlying correlations of avian patterns with roads and 

traffic…” .(45)  That is, as yet, there is no definitive evidence to explain why noise has a 

profound effect on some species but not others and at distances that would seem to 

preclude noise-masking vocalization (up to 3 km).  Further, there is no indication of any 

other effects or interactions that might contribute to these results.   

Other possible effects include visual disturbance, air pollution, microclimatic effects, 

road kill or increased attraction of predators to the roadside all of which appear unlikely 

to have such distant effects.(45)  It is known that birds vary in habitat size requirements  

and it may be that the patch size available in conjunction with noise has influenced 
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distribution patterns.(120)  For example, in a study of 10 grassland species of bird areas 

need to be approximately 200 hectares.(120)  There is a variety in the requirements ranging 

from 200 ha for the upland sandpiper (> 50% incidence) to 10 ha (> 50% incidence) for 

the savannah sparrow.  Interestingly the suggestion of the use of airports as potential 

habitat (due to large areas of undisturbed surroundings) is made.  A further difficulty in 

establishing a pattern between noise and birds is that on the occasions when bird 

vocalizations have been measured there is no obvious impairment to communication 

related to highway noise (i.e. masking) which would be one potential cause of the 

negative correlation between traffic noise and numbers.  Thus, golden-cheeked warblers 

(Dendroica chrysoparia) were found to sing without regard to the level of roadway noise 

in a state park (near a state highway with noise levels (Leq = sound equivalent per hour) 

from 29.7 to 58.6 dB).(11)  The frequency of the song was about 5.18 kHz which is higher 

than that of the associated road noise.  A study of California Gnatcatchers found no 

significant effect of background traffic noise on the rate of calling and the authors point 

out that the masking for a typical call would extend only about 15 m from the edge of the 

interstate.(7)  Calls were about 50 dB and ranged from 3-6 kHz with a peak at 4 to 5 kHz.  

At the noisiest location measured (near Interstate 15) the sound level was 69.1 dB.  

Further, the authors indicate that another breeding site was located near an airport 

(Lindberg field) and often experienced background levels of noise about 70 dB indicating 

that habitat quality was as important as noise in having an effect.(7) 

 

Raptors 

 

A number of raptors have been looked at in response to human activities which have 

addressed noise to some extent.  Stalmaster and Newman(112) studied wintering bald 

eagles (Haliaeetus leucocephalus) and found that human activities such as boating and 

fishing could disturb the birds (especially adults), however any normally occurring 

sounds were not particularly disturbing although gunshots elicited escape behavior.  The 

levels of sound were not measured in this study.  Similarly, another study of bald eagles 

found human pedestrian activity was more disturbing than overflights by aircraft.(57)  

Unfortunately, the sound levels of the overflights are not given.  A study of several raptor 
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species (red-tailed hawk, Swainson’s hawk, golden eagle, Ferruginous hawk) found birds 

to increase home range size during military activity that included vehicle activity, camps 

and helicopter overflights.(5)  Similarly, red-tailed hawks shifted their activity away from 

military activity and returned when training had ceased, however, no measurement or 

discussion of noise as a factor is given.(4)  Noise is not indicated as having a separate 

effect although was certainly a possible factor in affecting bird behavior.  Mexican 

spotted owls (Strix occidentalis lucida) were found to flush at noises such as those from 

overflights at levels of 92 dB(A) or greater.(31)  Chain saws were found to be more 

disturbing, although the average sound level was only 46 dB(A).  Grubb et al.(58) reported 

that there was no discernable effect of logging trucks on breeding goshawk (Accipter 

gentiles) female or juevenile at a distance of 500 m.  Noise levels were sporadic with 

peaks at ~ 50 dB(A) at a frequency of about 80 Hz. 

 

Waterfowl 

 

In a study of several factors that could effect waterfowl jogging and grass-mowing were 

found to have the greatest impact with gulls and terns, intermediate on ducks and greatest 

for herons, egrets and shorebirds.(21)  It is also noted that supersonic overflights with 

sound levels of about 108 dB(A) were disturbing.  It may be inferred that the presence of 

humans (as much as noise) at lower sound levels was responsible for the disturbance.  

This is supported by the findings of Anderson(6) in a study of California brown pelicans 

(Pelecanus occidentalis Californicas) that humans walking along trails negatively 

affected breeding at distances of up to 600 m.  It should be noted that white pelicans 

(Pelecanus erythrorynchos) showed a decline in breeding in areas of low aircraft 

overflight.(20) In this case the about of coyote predation was also shown as having a 

negative effect and the noise levels were not indicated.  Dark bellied Brant geese (Branta 

bernicla bernicha) were disturbed by aircraft overflights at altitudes of 500 m up to 1.5 

km and also by nearby pedestrian activity.(93)  Similarly, snow geese (Chen caerulescens 

atlantica) also could be disturbed by hunting and aircraft overflights.  In a study of 

trumpeter swans (Cygnus buccinator) there was no significant effect of traffic as long as 
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vehicles did not stop.(63)  However, louder vehicles are noted as causing a greater 

disturbance although the noise levels are not indicated. 

 

Conomy et al.(29) found that black ducks (Anas rubripes) did become habituated to 

aircraft noise when housed in an aviary.  However, wood ducks (Aix sponsa) did not 

become habituated  to the noise (actual or simulated jet aircraft with a equivalent of 63.2 

dB(A)). Oetting and Cassel(90) studied dabbling ducks along interstate 95 in North Dakota 

and found numbers of nesting mallards (Anas platyrhynchos), pintails (A. acuta) and 

gadwalls (A. Strepera) with more success in unmowed ROW.  The preference may be 

related to fewer predators (red foxes) in the ROW.   A subsequent study of the same 

species along the same highway found the birds preferred to nest in unmowed ROW over 

adjacent wetland areas, again perhaps due to a reduction in predation.(121)  A field study 

of dabbling ducks including black ducks, American wigeon (Anas americana), gadwall 

(A. Strepera) and green-winged teal (A. crecea carolinensis) found no effect on the time-

activity budgets at a mean sound level of 85dB(A) when exposed to low-flying aircraft 

(Leq 24 hr. = 63 dB(A)).(28)  Pacific eiders (Somateria mollisima – v – nigra) did not 

appear to react to aircraft overflights (mainly helicopters) and these did not have a 

measurable effect on the number of nests on the island.(66)  Indeed the authors reported 

that the birds were more disturbed by experimental observers.  Burger and Gochfeld(22) 

found that the common gallinule, Sora rail, glossy ibis, little blue heron and Lousiana 

heron were disturbed by the presence of visitors and that loudness was as significant as 

the number of people in this effect, however, loudness was measured on only a subjective 

scale and was not quantified. 

 

Crested terns (Sterna bergii) in Australia showed escape behaviors following exposure to 

pre-recorded aircraft noise at levels of 85 dB(A).(19)  This study also found that the visual 

presence of balloons could trigger an escape response.  Wading birds (great egret, snowy 

egret, Lousiana heron, wood stork and cormorant) in Florida showed no reaction to most 

overflights by small aircraft.(73)  The sound levels in this study were not given.  Black et 

al.(12) also reported no significant effect of jet overflights on wading birds (egrets) at 

levels of 55-100 dB(A).  In addition it is noted that nesting success was independent of 
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overflights and that humans on airboats (sound levels not given) caused greater 

disturbance. 

 

Other species 

 

Crows have been reported to make increased use of roadside verges as a source of food 

(worms).(113)  Thus, there appears to be no deleterious effect of noise on their behavior.  

Ring-necked pheasants (Phasianus colchius) were found to nest in farming areas on 

undisturbed roadside cover especially if small grains along with hay were being 

farmed.(123)  The noise levels encountered were not given in the study, however it does 

indicate that broader landscape factors can influence the utilization of roadside 

vegetation.  Subsequently, Warner et al.(124) reported that ring-necked pheasants utilized 

roadside plots for nesting to a greater extent than adjacent control areas if the roadsides 

were seeded.  It is suggested that such ROW plots could be used to buffer year to year 

variability in surrounding habitats.  While noise was not addressed directly it is apparent 

that noise was not interfering with nesting in these areas.  This confirmed the result of an 

earlier study which had indicated the utility of ROW seedings for pheasant nesting.(67)  

Further, Joselyn et al.(67) found no indication that predation was greater in ROW 

vegetation than adjacent hayfields eliminating this as a potential cause of the difference 

in nest success. 

 

Gutzwiller and Barrow(59) studied birds in a Chihuahuan desert and found the abundance 

and species richness within 21 of 26 species to be reduced and that significant predictors 

were (generally) being within 1-2 km of the nearest road as the length of road increased, 

distance to the nearest road, distance to the nearest development or a two-way interaction 

of these variables.  It is important to note that landscape factors in conjunction with the 

road factors were found in many models to be significant (e.g. distance to nearest 

development, areas covered by different types of vegetation).  The traffic density was 

reported to be between 407-459 vehicles/day with a speed limit of 45 mph.  The noise 

levels were not measured; however, the effect is postulated by the authors to be related to 

the roads or the associated development.   

Attachment C
Page 26 of 75



 

Noise carries many properties with it including the number, size and speed of 

vehicles.(100)  The noise levels were about 59 dB(A) adjacent to roads and 38 dB(A) in 

remote areas with a threshold for response of between 27-61 dB(A). 

  

Mammals 

 

Large mammals 

 

For mammals the impact of traffic noise has not been as closely studied as in birds.  It has 

been found that various mammals will avoid roads and (in some cases) this has been 

attributed to noise (see overview in Liddle(76)).   For example, mountain goats (Oreamos 

americanus) would hesitate to cross the road if they heard a truck changing gears over 1 

km away.(108) Passing vehicles in this study were perceived as a threat (speed limit 50 

mph).  Interestingly, the goats did not seem to be disturbed by the noise from trains.   

Rost and Bailey(102) found that deer and elk avoided coming within 200 m of roads 

(paved, gravel and dirt).  The visibility of the road alone did not appear to be the 

causative factor based on pellet densities (from which presence was estimated).  They 

speculated that there may be an effect of hunting being associated with vehicles.  This 

conclusion accords with the study of Dorrance et al.(33) that found white tailed deer 

(Oedocoileus virginianus) to avoid snowmobiles, but that they would habituate to these 

in areas where they had not been hunted.  Elk in Rocky mountain national park were not 

greatly disturbed by road traffic although there was some evidence of avoidance early in 

the winter when food was more abundant.(107)  In a study of elk movement along 

interstate 80 in Wyoming traffic noise was an average of 54-62 dB(A) for cars and 58-70 

dB(A) for trucks with little evidence of avoidance up to distances of 300 yards.(122)  At the 

same time there did appear to be a physical barrier imposed by the road.  Adams and 

Geis(2) reported that elk generally avoided roads while deer showed little difference in 

distribution around interstate highways (monitored at distances up to 400 m from the 

road).  A more general model of the effects of roads on elk found that as the density 

increased to 5.5 miles per square mile, the use declined to only 8-18%.(78)  Finally, white 
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tailed deer have been found to use interstate 84 ROW extensively presumably due to the 

available forage.(36)  In contrast, Forman and Deblinger(44) found some indication that 

white-tailed deer preferred to use habitat in areas relatively undisturbed by roads.  Again 

there is no discussion of the effect of noise directly.  The opening of Denali national park 

(Alaska) to traffic did not cause a decline in the numbers of large mammals found 

(caribou, grizzly bear, Dall sheep) with the exception of moose and grizzlies tended to be 

found closer to the road.(109)  Taken together the evidence from large ungulates suggests 

that there is little evidence for a direct avoidance of roads due to noise. The presence of 

people was found to cause avoidance in mule deer (Odocoileus hemionus), however the 

effect of noise, if any was not measured.(47)  Desert mule deer (Odocoileus hemionus 

crooki) could be habituated to low flying Cessna aircraft at an average altitude of  

80 m.(72)  Moutain sheep were not greatly disturbed at overflights of >50 m and moose by 

flights >100 m above ground.(71)  Again, the specific noise level is not given.   

  

Badgers were found to avoid higher traffic roads, but this was attributed to an avoidance 

of crossing without noting specific noise levels.(27)  Bobcats were found to cross four-lane 

highways (more frequently through culverts), but the effect of noise is not discussed.(23) 

Coyotes (Canis latrans) were found to expand  (if less cover was available) or reduce (if 

more cover available) their home range in response to military maneuvers (including 

overflights, vehicle and truk activity).(52)  The degree to which noise was a factor in these 

movements is not indicated.  In a study of mountain lions (Felis concolor) the use of 

areas for timber had a greater negative effect than road density.(117)  However, the 

potential for distant machine noise to have a negative impact is suggested at distances 

between 100 m and < 1 km.  The intensity or frequency of these sounds is not given.  

Wolves (Canis lupus) showed no clear avoidance of highways with one pack’s range 

straddling it for several years.(114)  Further, wolves were less likely to use smaller roads 

(to an oilfield) possibly due to a more visible human presence.  For larger mammals, the 

barrier imposed by roads is generally indicated as the major cause of differences in 

animal distribution; however noise may be a component at least for some species.   

Further study would greatly help to elucidate the effect of noise on large mammals. 
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Small mammals 

 

For small mammals the situation is more complex because, while roads do present 

barriers to movement (25, 92), they have also provided the means for dispersal for small 

rodents (voles) that utilize the continuous strips of vegetation and would otherwise be 

restricted to roadsides (53) and the use of areas such as the median strip has provided 

habitat for some species.(1)  Small mammals that prefer grassland habitat were found to 

utilize ROW habitat and several other species preferred right of way or adjacent areas.(2) 

Adams(1) reported small mammal (rodent) density in an unmowed median strip was 

similar to that in surrounding wooded areas at distances up to 400 m.  Species that 

preferred ROW habitat include golden mouse, dusky-footed wood rat, brush mouse and 

pinion mouse and more species were found in the ROW than in adjacent habitat.  A 

number of additional species were found to be more common in ROW than adjacent 

areas including the eastern harvest mouse, white footed mouse, meadow vole and prairie 

vole.  Shrews and opossums were also found along the ROW and cottontail rabbits used 

areas adjacent to the interstate.  The presence of these small mammals is attributed to a 

low number of predators (foxes, raccoons, skunks, coyotes) in the ROW.  However, in 

this study, ROW was found to inhibit movement of 11 of 40 small mammal species 

studied.  In the case of forest dwelling species, areas of clearance appear to be more 

important barriers than the road surface although noise is not discussed as a factor.(92)  In 

a study following the construction of a highway there was no effect on the distribution of 

several mammalian game species (rabbit, squirrel, fox, deer).(85)  In any case there 

appears to often appear a barrier effect due to roads with noise being of lesser importance 

for most small mammals.  However, Mader(79) reported that two species of forest mice 

were inhibited from crossing a two lane highway.  Although noise was not specifically 

analyzed as a contributing factor, it is suggested as a possibility by the author.  It should 

be noted that the presence of small mammals has been implicated as a reason for the use 

of roadside verges by raptors.(38) 
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CONCLUSIONS 

 

It is clear that roads have definite effects on wildlife populations for a variety of reasons 

including habitat fragmentation, runoff, pollution, visual disturbance and increased 

mortality.  Owing to the consistent and pervasive nature of noise and its apparent or at 

least potential widespread effects, it is clearly an area that needs to be addressed (see 

Forman and Alexander(43) Forman et al.(46) for reviews on this subject).  Indeed in many 

cases it appears that noise may have a significant effect on both numbers of individuals, 

species diversity and breeding. 

 

Invertebrates are too poorly studied at present for any definitive conclusions.  Some 

significant use of roadside areas by some species (e.g. butterflies, bees) is indicated, but 

there are also many other species that should be investigated (particularly the aquatic 

species that may decline as road density changes).  Although sparse, the studies that have 

looked at the response of fish would suggest that normal traffic noise would not be 

sufficiently great to disturb those species that have been looked at so far.  Roads do 

provide a barrier to the movement of reptiles and amphibians; however the effect of noise 

is less clear.  Recent work suggesting that vehicle noise can arouse toads from their 

burrows is of concern since this could affect survival and is one area that could be looked 

at in a series of controlled studies where sound levels and the associated behavioral 

response are more systematically studied. 

 

The most comprehensive experimental studies on the subject (41, 96-100) demonstrate that 

many (although not all) species of small breeding birds in both grassland and forest 

habitats appear to avoid areas in proportion to the traffic noise and volume at distances up 

to three thousand meters.  It is also important to note that the other studies that review an 

extensive number of species found some to be negatively affected by the presence of 

roads, but most species were neutral and a few species to increase in numbers presumably 

due to food or habitat provided by rights-of–way (2) (see also Appendix A).  Further, 

several studies have found that roadside verges can provide breeding habitat for birds – 

however, without more information on the populations at greater distances from the road 
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it is difficult to determine if the same effect reported in the Netherlands was also present.  

What these studies do suggest is that the situation may be more complex than roads 

simply providing a barrier to all breeding.  As an illustration, the review by Way(126) 

records that (in Britain) roadsides have been recorded as breeding habitat for 20 of 50 

mammal species, all 6 reptiles, 40 of 200 bird species, 25 of 60 butterfly species, 8 of 17 

bumblebee species and 5 of 6 amphibian species.  Road noise would appear an unlikely 

impediment to species that are able to successfully breed so close to the source (it should 

be noted that the numbers relative to adjacent areas would be important in indicating their 

relative importance and this information is not provided in this study).  A summary of 

some of the major findings with respect to birds shows little, if any contradiction in 

results, rather some species are negatively effected and others occur more frequently 

nearer roads due factors such as prey availability or vegetation type (see Appendix A). 

 

A further example of the complexity involved is shown by the study of Gutzwiller and 

Barrow(59) where a number of bird species densities were influenced by the presence 

and/or number of roads; however, a number of landscape factors including the amount of 

development and vegetation type were also found to be significant predictors in many of  

the models.   

 

RECOMMENDATIONS 

 

It is clear that there are large gaps in the existing knowledge of the impact of noise on 

wildlife populations.  In invertebrates and lower vertebrates (fish, reptiles, amphibians) 

there is relatively little study on the effects of road noise with no clear indication of a 

strong adverse response, at least for the levels of noise likely to be encountered from road 

traffic.  For reptiles and amphibians, effects appear to be localized and likely due to 

mortality or a barrier to movement.  Recent studies on the effect on toads in burrows near 

roads strongly indicate that further study on this or similar behaviors is warranted.  For 

birds, noise can apparently have a significant effect; however, the results are not 

universal with some species being adversely affected, many unaffected and still others 

becoming more common near even interstate highways.  Mammals (particularly large 
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species) may avoid noise, however, there is evidence (particularly for smaller species) 

that additional habitat and corridors for movement are provided by roadways.  

 

 The most urgent requirement is to determine why noise - the presumptive cause – has 

such variable effects and to determine if the effect is attributable to noise alone or if other 

factors and/or interactions are present.  This could be addressed through introduction of 

appropriate noise levels into naïve areas or through studies of individual responses in 

controlled laboratory settings to determine where background noise is having an effect 

(e.g. distance of transmission of calls, ability of birds to locate others, patterns of 

behavior, reproductive success etc.).   

 

Since direct masking of vocalization is unlikely to be the significant factor in many cases, 

future studies could also look at other indicators of stress including physiological indices 

such as an increase in sympathetic nerve activity affecting pupils, heart, digestive system, 

adrenal medulla, blood vessels and musculature (Borg and Møller c.f. Algers et al.,(3)).  In 

stressed animals, the hypothalamus would signal an increase in ACTH 

(adrenocorticotropic hormone) and TSH (thyroid stimulating hormone) from the pituitary 

gland and the resultant changes (e.g. corticosteroid levels, blood glucose levels, 

electrolyte balance) could be measured either field or laboratory studies to determine the 

level of stress.  A number of additional physiological effects of noise on animals have 

been summarized including changes in endocrine, digestive, blood, immune and 

reproductive function (see Algers et al(3); Manci et al.(81) and references therein) and 

could be looked at as indicators of stress and deviations in any of these (from control or 

reference populations) could help to explain the results seen.  This approach has been 

suggested as a possible course of action recently.(99) 

 

Two important points to consider in the design of studies are 1) the density of a given 

species is not necessarily an absolute indicator of the best habitat (i.e. sometimes 

individuals are relegated in significant numbers to less desirable habitat because of 

territoriality by dominant individuals)(118), and 2) greater behavioral response (i.e. 

movement away from highway) does not necessarily indicate species that are at greatest 
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need of protection.(55)  Thus, any plans for conservation must consider the quality of the 

habitat and the sensitivity of the population or community under consideration as well as 

the degree of the effect on a given species.    
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APPENDIX A 
Table – Summary of some bird species found to be affected by the proximity of roads or 
road noise. 
Negative effect = reduced density nearer roads; Positive effect = increased density near roads 
unless otherwise indicated 
 
Source Location Species Effect 
 
Gutzwiller 
and Barrow, 
2003 

 
Breeding season 
(February – May) 
Chihuahuan 
desert 
 
407-459 
vehicles/day 
(average) 

 
Turkrey vulture (Cathartes aura) 
Scaled quail (Callipela squamata) 
Say’s phoebe (Sayornis saya) 
Ash-throated flycatcher (Myiarchus 
cinerascens) 
Cactus wren (Campylorhynchus brunneica) 
Bewick’s wren (Thyromanes bewickii) 
*Black-throated sparrow (Amphispiza 
bilineata) 
House finch (Carpodacus mexicanus) 
 
Lesser nighthawk (Chordeiles actuipennis) 
Bell’s vireo (Vireo bellii) 
 
All species showed effect for one year of 
three year study 
*Negative effect for two years of study, 
positive effect in one year 

 
Negative 
 
 
 
 
 
 
 
 
 
 
Positive 

Adams and 
Geis, 1981 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Breeding Season 
Southeast 
 
 
 
 
Midwest 
 
 
 
Northwest 
 
 
 
 
 
 
 
 
California 
 
 
 
 
 

Wood thrush (Hylocichla mustelina) 
Indigo bunting (Passerina cyanea) 
Field sparrow (Spizella pusilla) 
Blue jay * (Cyanocitta cristata) 
 
 
Horned lark (Eremophila alpestris) 
 
House sparrow (Passer domesticus) 
 
Chestnut-backed chickadee* (Parus 
rufescens) 
Nashville warbler (Vermivora ruficapilla) 
Hermit Warbler* (Dendroica occidentalis) 
Savannah sparrow (Passerculus 
sandwichensis) 
 
Song sparrow (Melospiza melodia) 
 
Lark sparrow (Chondestes grammacus) 
 
Brewer’s blackbird (Euphagus 
cyanocephalus) 
Red-winged blackbird (Agelaius 
phoeniceus) 

Negative 
 
 
 
 
 
Negative 
 
Positive 
 
Negative 
 
 
 
 
 
 
Positive 
 
Negative 
 
Positive 
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Adams and 
Geis, 1981 
(cont.) 

Non-breeding 
(wintering) 
Southeast 
 
 
 
 
 
Midwest 
 
 
Northwest 

 
 
Cardinal (Cardinalis cardinalis) 
White-throated sparrow (Zonotrichia 
albicollis) 
 
Blue jay (Cyanocitta cristata) 
 
Horned lark (Eremophila alpestris) 
House sparrow (Passer domesticus) 
 
Chestnut-backed chickadee* (Parus 
refescens) 
Golden-crowned kinglet*  (Regulus 
satrapa) 
 
* = species affected by both county roads 
and interstates; other species only affected 
by interstates 

 
 
Positive 
 
 
 
Negative 
 
Positive 
 
 
Negative 

 
Forman et 
al., 2002 

 
Grassland  
Breeding season 
15-30,000 
vehicles/day 
 
≥ 30,000 
vehicles/day 

 
 
 
Bobolink (Delichonyx oryzivorous) 
Eastern meadowlark (Sturnella magna) 
(possibly- upland sandpiper (Bartramia 
longicauda), Henslow’s sparrow 
(Ammodramus henslowii), grasshopper 
sparrow (A. savannarum)) 
 

 
 
 
Negative to 
700 m  
 
Negative to 
1200 m 
(effect applies 
to all species) 

Reijnen et 
al., 1996 

Grassland 
Breeding season 
 
5,000 
vehicles/day 
 
 
 
50,000 
vehicles/day 

 
 
 
Black-tailed godwit (Limosa limosa) 
 
Oystercatcher (Haematopus ostralegus) 
 
 
Lapwing (Vanellus vanellus) 
Shoveler (Anas clypeatal) 
Skylark (Alauda arvensis) 
Black-tailed godwit (Limosa limosa) 
Oystercatcher (Haematopus ostralegus) 
 
 

 
 
 
Negative to 
100 m 
Negative to 
1500 m 
 
Negative to 
1500 m 

Reijnen and 
Foppen, 
1994 

Woodland 
Breeding season 
 
50,000 
vehicles/day 

 
 
 
Willow warbler (Phylloscopus trochilus) 

 
 
 
Negative to 
200 m 
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Reijnen et 
al., 1995 

Woodland  
Breeding season 
 
10,000 
vehicles/day 
 
60,000 
vehicles/day 

 
 
 
Ring-necked pheasant (Phasianus 
colchicus) 
Common cuckoo (Cuculus canorus) 
Lesser spotted woodpecker (Dendrocopus 
minor) 
Marsh warbler (Acrocephalus plaustris) 
Icterine Warbler (Hippolais icterina) 
Greenish warbler (Phylloscopus trochilus) 
Gold crest kinglet (Regulus regulus) 
Golden oriole (Oriolus oriolus) 
Hawfinch (Coccothraustes coccothraustes) 
 

 
 
 
Negative  
40-1500 m 
 
Negative 
70-2800 m  
 
(effects given 
as a range for 
all species at 
given traffic 
level) 

 
van der 
Zande et al., 
1980 

 
Grassland  
Breeding season 
Rural road 
 
Highway 

 
Lapwing (Vanellus vanellus) 
Black-tailed godwit (Limosa limosa) 
Redshank (Tringa tetanus) 

 
Negative to 
500-600 m 
Negative to 
1600-1800 m 
 
(effects are 
combined for 
all species) 
 

Ferris, 1979 Woodland 
Breeding season 
 
Interstate 
highway 
 
 
 
Interstate 
highway 

 
 
 
Bay-breasted warbler (Dendroica castanea) 
Blue jay (Cyanoeitta cristata) 
Blackburnian warbler (Dendroica fusca) 
Winter wren (Troglodytes troglodytes) 
 
Chestnut sided warbler (Dendroica 
pensylvanica) 
White-throated sparrow (Zonotrichia 
albicollis) 
Wood thrush (Hylocichla mustelina) 
Common yellowthroat (Geothlypis trichas) 
Robin (Turdus migratorius) 
Tennessee warbler (Vermivora peregrina)  

 
 
 
Negative to 
300-400 m  
 
 
 
Positive  
 
 
 
 
 

 

Clark and 
Karr, 1979 

Row crop fields 
Winter and 
Breeding 
Interstate and 
county roads 

 
 
 
Horned lark (Eremophila alpestris) 
 
 
Red-winged blackbird (Agelaius 
phoeniceus) 

 
 
 
Negative to 
500 m 
 
Positive to  
500 m 
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SYNTHESIS OF NOISE EFFECTS ON WILDLIFE POPULATIONS 
 
 
ANNOTATED BIBILIOGRAPHY 
 
1.  Adams, L.W. 1984. Small mammal use of the interstate highway median strip. 
Journal of Applied Ecology 21:175-178. 
 

The author reports that density of small mammals in an unmowed median strip 
adjacent to an interstate highway to be as great as that in wooded adjacent habitat 
to a distance of 400m.  The report does not address noise directly, however, the 
relativity density of mammals adjacent to roads would argue against a similar to 
that reported by Reijnen and colleagues and Forman et al. (2002). 

 
2.  Adams, L.W. and A.D. Geis. 1981.  Effects of highways on wildlife.  Federal 
Highway Administration Technical Report No. FHWA/RD-81/067. 
 

This report details the use of areas adjacent to roadways by a variety of animals.  
It is significant in that it covers a diverse number of species in a variety of 
regional habitats in the United States.  Amphibians (salamanders) were found 
adjacent to roadsides and ROW in the southeast and northwest although they 
appeared not to cross indicating a barrier effect.  A number of small mammal 
species are reported to prefer ROW habitat and, in some cases, they are more 
common along large interstate ROW than those of smaller county roads.  It is 
suggested that this may be due to the low number of predators in these ROW 
areas.  Further road size and traffic volume were not critical to deer distribution, 
however elk were found to avoid areas adjacent to roads. 

 
3.  Algers, B., Ekesbo, I. And S. Strömberg. 1978.  The impact of continuous noise 
on animal health.  Acta Veterinaria Scandinavica (Supplementum) 67:1-26. 
  

The authors present a review including the sound sensitivities of many major 
animal species and the physiological response of animals to noise (including 
major organs, blood, and endocrine function).  This provides a good overview of 
some of the responses, beyond interference with vocalization that would indicate 
a deleterious effect of noise exposure and explain aversion to this effect. 

  
4.  Andersen, D.E., O.J. Rongstad and W.R. Mytton.  1986.  The behavioral 
response of red-tailed hawk to military training activity.  Raptor research 20:65-68. 
 

The authors report that red-tailed hawks shifted their activity away from military 
training activities returning when the activity had ceased.  The levels of noise 
associated with these activities are not given and it is not possible to discern how 
much of the disturbance is due to noise and how much due to the presence of 
humans. 
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5.  Andersen, D.E., O.J. Rongstaf and W.R. Mytton. 1990.  Home range changes of 
raptors exposed to increased human activity.  Wildlife Society Bulletin 18:134-142. 
 

The authors look at four different raptor species (hawks, eagle) during periods of 
military activity (including vehicles, camps and helicopter overflights).  The birds 
were found to increase home range size presumably to avoid the activity.  
Unfortunately, the levels of noise are not measured and it is difficult to determine 
the impact of the presence of persons in comparison to the noise from vehicles 
and flights. 

 
6.  Anderson, D.W. 1988.  In my experience...Dose-response relationship between 
human disturbance and brown pelican breeding success.  Wildlife Society Bulletin 
16:339-345. 
 

The author describes the response of breeding brown pelicans to humans walking 
along trails.  A negative effect was reported at distances up to 600 m.  The 
specific levels of noise are not given, however, the presence of humans may be an 
important factor. 

 
7.  Awbrey, F.T., D. Hunsaker and R. Church. 1995. Acoustical responses of 
California gnatcatchers to traffic noise. Inter-noise 65: 971-974. 
 

The authors report on the number of breeding California gnatcatchers in a variety 
of locations.  The calls of this species are recorded between 3 and 6 kHz with a 
sound level of about 50 dB.  The noisiest field location where the birds were 
located was interstate 15 with a sound level of 69 dB.  The masking distance was 
calculated at 15.2 m from the outer edge of the slow lane.  The authors point out 
that one of the most successful breeding sites for this species is near an airport 
where noise levels often exceed 70 dB. 

 
8.  Banner, A. and M. Hyatt. 1973.  Effects of noise on eggs and larvae of two 
estuarine fish.  Transactions of the American Fisheries Society 102:134-136. 
 

The authors measured the effect of a range of frequencies a pressure levels on the 
hatching and fry survival of two estuarine fish.  It is significant that the authors 
note that this is above the levels of sound usually caused by traffic. 

 
9.  Baur, A. and B. Baur 1990.  Are roads barriers to the dispersal of the land snail 
Arianta arbustorum?  Canadian Journal of Zoology 68:613-617. 
 

The authors determine that the snail will not crossed wide paved roads.  This 
confirms that roads may pose a barrier to movement rather than repel these 
organisms by sound. 
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10.  Belanger, L. and J. Bedard. 1990.  Energetic cost of man-induced disturbance to 
staging snow geese.  Journal of Wildlife Management 54:36-41. 
 

The authors report that snow geese are disturbed by both hunting and aircraft 
overflights.  The noise levels associated with the disturbance are not given.  This 
is one of a number of studies that indicate human presence, with low levels of 
noise can also be disturbing particularly to waterfowl. 

 
11.  Benson, R.H. 1995. Unpublished.  The effect of roadway traffic noise on 
territory selection by Golden-cheeked warblers. 
 

The author reports on the golden-cheeked warbler in a state park in Texas.  The 
sound equivalent per hour varied between 30 and 59 dB.  The areas in which the 
bird sang showed no effect of noise exposure.  The song of the bird was at about 
5.2 kHz, a higher frequency than road noise.   

 
12.  Black, B.B., M.W. Collopy, H.F. Percival, A.A. Tiller and P.G. Bohall. 1984.  
Effects of low level military training flights on wading bird colonies in Florida.  
Florida Cooperative Fish and Wildlife Research Unit, School for Research and 
Conservation, University of Florida. Technical Report No. 7. 
 

The authors report on the effect of jet fighter overflights on wading birds (egrets) 
in Florida.  Sound levels from 55-100 dB(A) caused no significant effect.  The 
entrance of humans and airboats are reported as more disturbing.  Nesting success 
is also indicated as independent of overflights. 

 
13.  Blaxter, J.H.S. and D.E. Hoss. 1981.  Startle response in herring Clupea 
harengus: The effect of sound stimulus.  Journal of the Marine Biological 
Association of the United Kingdom. 61:871-880. 
 

The authors report on the hearing sensitivity of herring (Clupea harengus L.) 
giving the pressure and frequency range.  There is no discussion of application to 
levels of noise or sound encountered by this species in the field. 

 
14.  Bond, J.  1971.  Noise: its effect on the physiology and behavior of animals.  
Agricultural Science Review 9:1-10. 
 

The author provides a review on the effect of noise on a variety of domesticated 
animals.  Responses to noise (primarily aircraft overflights and sonic booms) are 
included for cattle, poultry, mink and sheep.  The report does not provide 
significant detail on noise levels or frequencies, but does summarize several 
studies and includes references to source materials. 
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15.  Borg, E. and A.R. Møller. 1973.  Våra omedvtena reaktioner på buller.  
Forskning och Framsteg 7:5-9. 
 

The authors summarize findings that describe the physiological responses to stress 
(including noise).  These results are summarized (in English) in the report by 
Algers et al.(3) 

 
16.  Bowles, A.E. 1995.  Responses of wildlife to noise.  pp. 109-156.  In: Knight, R.L. 
and K.J. Gutzwiller.  (eds.)  Wildlife and Recreationists: Coexistence through 
Management and Research.  Island Press: Washington, D.C. 
 

The author presents a fairly comprehensive review of the responses of various 
wildlife groups to noise from previously published work including detailing the 
range of frequencies and sound intensities for terrestrial vertebrates (amphibians, 
reptiles, birds, mammals).  The frequencies of peak sensitivity are also indicated.  
This provides a good overview of the areas that would be of concern for the 
various groups. 

 
17.  Brackenbury, J.H. 1979.  Power capabilities of the avian-producing system.  
Journal of Experimental Biology 78:163-166. 
 

The author reviews the sound producing capabilities of a number of bird species.  
It is concluded that larger birds are able to produce greater intensities.  This can 
be important in considering the effect of noise particularly with respect to 
masking vocalization in birds. 

 
18.  Brattstrom, B.H. and M.C. Bondello. 1983.  Effects of Off-Road vehicle noise on 
desert vertebrates. pp.167-204.  In: Environmental Effects of Off-Road Vehicles.  
R.H. Webb and H.G. Wilshire (eds.)  Springer-Verlag: New York. 
 

The authors found that “dune buggy” noise can affect lizard hearing and that 
motorcycle noise could cause emergence of spadefoot toads during a period of 
estivation.  The latter effect is of particular concern since emergence at the wrong 
time could be fatal to these species.  Sustained (500 seconds) dune buggy noise 
was found to impair the hearing of kangaroo rats.  This type of environment has 
not apparently been investigated elsewhere. 

 
19.  Brown, A.L. 1990.  Measuring the effect of aircraft noise on sea birds.  
Environment International 16:587-592. 
 

The authors report on the effect of pre-recorded aircraft noise on the crested tern 
in Australia.  It is noted that levels of 85 dB(A) were required to cause escape 
behavior and that balloons (i.e. visual disturbance) could also have an effect.  It is 
notable that both visual and auditory stimuli can trigger a similar response. 
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20.  Bunnell, F.L., D. Dunbar, L. Koza and G. Ryder. 1981.  Effects of disturbance 
on the productivity and numbers of white pelicans in British Columbia - 
observations and models.  Colonial Waterbirds 4:2-11. 
 

The authors note a decline in white pelican breeding in areas of low overflight by 
aircraft and also suggest that coyote predation may have played a role.  There is 
no quantification of the level of noise or its impact on breeding although it is 
certainly a possible contributor to the observations. 

 
21.  Burger, T. 1981.  The effect of human activity on birds at a coastal bay.  
Biological Conservation 21:231-241. 
 

The author reports that human activites (jogging and lawn mowing) disturbed 
herons, egrets and shorebirds with some effect on ducks.  Both gulls and terns are 
reported to show little response.  The levels of noise associated with these 
activities are not given.  The results demonstrate that responses to disturbance 
including noise can be species specific. 

 
22.  Burger, J. and M. Gochfield. 1998.  Effects of ecotourists on bird behaviour at 
Loxahatchee National Wildlife Refuge, Florida.  Environmental Conservation 
25:13-21. 
 

The authors report on the effect of visitors on several species of waterfowl 
including herons, rails and ibises.  It was found that the loudness of the visitors 
had as great an effect as the number of people.  The scale for loudness was 
subjective and thus cannot be quantified.  The conclusion is that noise can be 
disturbing to these species. 

 
23.  Cain, A.T., V.R. Tuovilla, D.G. Hewitt and M.E. Tewes. 2003.  Effects of a 
highway and mitigation projects on bobcats in Southern Texas.  Biological 
Conservation 114:189-197. 
 

The movement of bobcats across a four-lane highway was recorded.  They were 
observed to cross more frequently using culverts or bridges.  The effect of noise is 
not discussed specifically, however, the more frequent crossing suggests a barrier 
effect of the road itself rather than a noise induced avoidance. 

 
24.  Campbell, H.W. 1969.  The effect of temperature on the auditory sensitivity of 
vertebrates.  Physiological Zoology 42:183-210. 
 

The author reviews the auditory sensitivity of a number of species (lizards) 
making the important point that this can change with ambient temperature 
(usually that at which activity is maximal).  This is an important consideration in 
the study and modeling of road effects on ectotherms, particularly noise. 
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25.  Clark, B.K., B.S. Clark, L.A. Johnson and M.T. Hayne. 2001.  Influence of 
roads on the movements of small mammals.  Southwestern Naturalist 46:338-344. 
 

The movements of small animals in relation to roads are discussed based on a 
variety of techniques including radio-tracking, capture/recapture and pigment 
markers.  The width of the roads was 6m and this was sufficient to prevent 
crossing, however the role of noise specifically is not given. 

 
26.  Clark, W.D. and J.R. Karr. 1979.  Effects of highways on red-winged blackbird 
and horned lark populations. Wilson Bulletin 91:143-145. 
 

The authors report on the number of birds at distances up to 500 m from both 
county roads and interstates.  The horned lark increased in numbers away from 
both types of road and were generally more common along county roads.  In 
contrast red-winged blackbirds were greater in numbers nearer to roads especially 
in May and June.  This result is attributed to the horned lark requiring larger areas 
of open ground and the preference of blackbirds for grass habitat found along the 
ROW.  The level of noise or its potential effect are not discussed.  The 
juxtaposition of these two species in the same area is significant in indicating the 
importance of other habitat factors along with noise or traffic in the response of 
wildlife. 

 
27.  Clarke, G.P., P.C.L. White and S. Harris. 1998.  Effects of roads on Badger 
Meles meles populations in southwest England.  Biological Conservation 86:117-124. 
 

The movement of badgers across high traffic roads in England is attributed to a 
barrier effect.  The role of noise in the results is not discussed.  This result is 
consistent with that of several other mammals that also tended to avoid crossing 
roads (e.g. Cain et al., 2003; Oxley et al., 1974) 

 
28.  Conomy, J.T., J.A. Collazo, J.A. Dubovsky and W.J. Fleming. 1998.  Dabbling 
duck behavior and aircraft activity in coastal North Carolina.  Journal of Wildlife 
Management 62:1127-1134. 
 

The authors report on the effect of aircraft noise for a number of dabbling duck 
species (black ducks, teal, wigeon).  The average sound equivalent was 63 dB(A) 
and did not appear to alter overall time-activity budgets.  It is indicated that there 
is no major disturbance to normal behavior for these species. 

 
29.  Conomy, J.T., J.A. Dubovsky, J.A. Collazo and W.J. Fleming. 1998.  Do black 
ducks and wood ducks habituate to aircraft disturbance?  Journal of Wildlife 
Management 62:1135-1142. 
 

The response of black ducks and wood ducks to jet aircraft overflights (both real 
and simulated) is discussed.  Black ducks became habituated whereas wood ducks 
did not.  The sound levels had a 24 hour equivalent of 63 dB.   
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30.  Debelsteen, T., O.N. Larsen and S.B. Pedersen. 1993. Habitat induced 
degradation of sound signals: Quantifying the effects of communication sounds and 
bird location on blur ratio, excess attenuation and signal to noise ratio in blackbird 
song. Journal of the Acoustical Society of America 93:2206-2220. 
 

This study of blackbirds reports on how quickly high-pitched sounds degrade and 
that this is fairly rapid.  Further the sounds travel better from a high perch.  This 
may be important information in looking at the distance sounds need to travel to 
the size of the birds territories. 

 
31.  Delaney, D.K., T.G. Grubb, P. Beiber, L.L. Pater and M.H. Reiser. 1999.  
Effects of helicopter noise on Mexican spotted owls.  Journal of Wildlife 
Management 63:60-76. 
 

The authors detail the response of Mexican spotted owls to aircraft and chainsaw 
noise.  The birds were found to flush if exposed to lower sound levels from 
chainsaws than helicopter overflights.  The reason for the difference between 
sound sources is not given. 

 
32.  Dooling, R.J. 1982.  Auditory perception in birds.  In: Acoustic communication 
in birds (volume 1):95-129. Academic Press, New York. 
 

The author an expert on avian auditory systems presents an overview of 
perception in a number of species.  It is pointed out that species must be able to 
discriminate their vocalizations from others and background noise and that the 
thresholds for hearing are greater in birds than for humans at all frequencies.  The 
fact that masking is most effective if in the same region of the spectrum as the 
vocalization is also indicated.  Finally, the fact that signal must exceed 
background by ~ 20 dB in order to be detected. 

 
33.  Dorrance, M.J., P.J. Savage and D.E. Huff.  1975.  Effects of snow-mobiles on 
white-tailed deer.  Journal of Wildlife Management 39:563-569. 
 

The authors discuss the impact of snowmobiles on white tailed deer finding that 
they tended to avoid these.  Because it was found that they could be habituated, 
but not in areas where they had been hunted it is suggested that there may be an 
effect of this experience.  Noise is not discussed as a specific factor in causing 
avoidance. 

 
 
 
 
 

Attachment C
Page 54 of 75



34.  Evink, G. 2002.  Interaction between roadways and wildlife ecology: A synthesis 
of highway practice.  National Cooperative Highway Research Program Synthesis 
305.  Transportation Research Board, Washington, D.C. 
 

The authors present an NRC estimate of the amount of land in the United States 
that has been converted to highway, street and right of way.  Their estimate is 
about 20 million acres. 

 
35.  Fahrig, L., J.H. Pedlar, S.E. Pope, P.D. Taylor and J.F. Wenger. 1995.  Effect of 
road traffic on amphibian density.  Biological Conservation 73:177-182. 
 
 

The authors report that frog and toad density is reported to decrease with 
increasing traffic density between 8,500 and 13,000 vehicles per day.  The authors 
conclusion is that this is due to increased mortality and noise is not posited as a 
possible cause. 
 

36.  Feldhamer, G.A., Gates, J.E., Harman, D.M., Loranger, A.J. and K.R. Dixon. 
1986.  Effects of interstate highway fencing on white-tailed deer activity.  Journal of 
Wildlife Management 50:497-503. 
 

The authors report on the distribution of white-tailed deer along interstate 84 
indicating a greater amount of activity along the ROW.  This is attributed to the 
greater amount of forage available in the ROW.  The effect of noise is not 
discussed, however the presence of significant numbers in the ROW would 
suggest no strong aversion to noise.  

 
37.  Fernández-Juricic, E., Jimenez, M.D. and E. Lucas. 2001.  Alert distance as an 
alternative measure of bird tolerance to human disturbance: implications for park 
design.  Environmental Conservation 28:263-269. 
 

The authors report on the response of house sparrow to human pedestrian activity 
along a pathway.  In response they increased the alert distance.  No similar effect 
was seen for blackbirds, woodpigeons or magpies.  The level of noise is not 
indicated, but it does indicate that the responses of species to disturbance are not 
uniform. 

 
38.  Ferris, C.R. 1974.  Effects of highways on red-tailed hawks and sparrow 
hawks.  M.S. Thesis, West Virginia University, Morgantown, WV. 
 

The author reports on the use of roadside areas by two species of raptors finding 
that they can make fairly extensive use of these areas as they provide habitat for 
several species of small rodents that are their prey.  There is no indication of the 
levels of noise or the impact of noise on the birds. 
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39.  Ferris, C.R. 1979.  Effects of interstate 95 on breeding birds in northern Maine.  
Journal of Wildlife Management.  43:421-427. 
 

The author reports on a study along an interstate highway that looked at the 
density of ten species of breeding birds.  Four species were found to become less 
abundant near the road (bay-breasted warbler, blue jay, Blackburnian warbler and 
winter wren).  Six species were found to become more abundant near the road 
(especially within 100 m) (chestnut-sided warbler, white-throated sparrow, wood 
thrush, common yellowthroat, robin and Tennessee warbler).  It is noted that both 
the chestnut-sided warbler, yellowthroat and robin tend to prefer edge habitat and 
this might explain the results.  It is significant that some species can show a 
negative relationship with the road while others due not. 

 
40.  Findley, C.S. and J. Houlahan. 1997.  Anthropogenic correlates of species 
richness in southeastern Ontario wetlands.  Conservation biology 11:1000-1009. 
 

The authors report on the numbers of reptiles and amphibians that appear to 
decline in both number and diversity up to 2000m from two and four lane 
highways.  The decline is attributed to barriers to dispersal rather than to noise, 
although the latter is not addressed directly. 

 
41.  Foppen, R. and R. Reijnen. 1994.  The effects of car traffic on breeding bird 
populations in woodland. II.  Breeding dispersal of male willow warblers 
(Phylloscopus trochilus) in relation to the proximity of a highway.  Journal of 
Applied Ecology 31:95-101. 
 

The authors continue with the second portion of a study on willow warblers near a 
major highway (50,000 cars/ day) (see also Reijnen and Foppen, 1994).  It is 
reported that dispersal of the males was actively away from the road.  The greatest 
number of individuals were found in the control zone beyond 400 m from the 
road. 

 
42.  Forman, R.T.T. 2000.  Estimate of the area affected ecologically by the road 
system in the United States.  Conservation Biology 14:31-35. 
 

The research is by an authoritative worker in the field from Harvard University.  
The land area of the United States potentially affected by roads is given as much 
as one-fifth.  The estimate is based on a convoluted pattern of roads and on the 
accuracy of sensitive zones presented by studies in the Netherlands for grassland 
and woodland birds (see Reijnen, Foppen and others). 

 
43.  Forman, R.T.T. and L.E. Alexander. 1998.  Roads and their major ecological 
effects.  Annual Review of Ecology and Systematics 29:207-231. 
 

The authors review a number of the important of effects of roads on the ecology 
of surrounding areas.  Topics discussed include the impact of noise, road 
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mortality, and habitat fragmentation as well as the effect on plant species, water, 
sediment chemicals and sections dealing with road planning and design.  It does 
reference several major works dealing with the effect of noise. 

 
44.  Forman, R.T.T. and R.D. Deblinger. 2000.  The ecological road-effect zone of a 
Massachusetts (U.S.A.) suburban highway.  Conservation Biology 14:36-46. 
 

The authors report on the response of various wildlife species (moose, deer, forest 
and grassland birds, amphibians) to a four lane highway near Boston.  The traffic 
density is between 34,000 and 50,000 vehicles / day.  There was some avoidance 
of by all groups up to 100 m or more.  Booth moose corridors and grassland bird 
avoidance appears at distances up to and beyond 1 km.  It is noted that the data on 
grassland birds are scattered and that woodland bird data are based on 
expectations from the studies of Reijnen et al. (see associated references).  The 
suggestion is that the road serves as a barrier to the movement of amphibians. 

 
45.  Forman, R.T.T., B. Reineking and A.M. Hersperger. 2002.  Road traffic and 
nearby grassland bird patterns in a suburbanizing landscape.  Environmental 
Management 29:782-800. 
 

The authors report on the effect of roads with varying traffic volumes on species 
of grassland birds in a suburban/rural area near Boston.  The principle species are 
the bobolink and Eastern meadowlark.  There was no effect on distribution in 
areas of low traffic volume (3,000-8,000 vehicles / day).  At moderate traffic 
levels (8,000 – 15,000 vehicles / day) the numbers were not reduced, but the 
number of breeding birds was reduced up to a distance of 400 m.  At higher traffic 
volume (15,000-30,000 vehicles / day) both the presence and breeding of birds is 
reduced to 700 m.  At the highest traffic volume (>30,000 vehicles / day) both 
presence and breeding are reduced to 1,200 m).  There is essentially no breeding 
birds found in areas near roads with >15,000 vehicles / day.  The levels of noise 
are not given in this study although further studies that manipulate the level of 
noise are suggested. 

 
46.  Forman, R.T.T., D. Sperling, J.A. Bissonette, A.P. Clevenger, C.D. Cutshall, 
V.H. Dale, L. Fahrig, R. France, C.R. Goldman, K. Heanue, J.A. Jones, F.J. 
Swanson, T. Turrentine and  T.C. Winter. 2003.  Road Ecology: Science and 
Solutions.  481pp. Island Press: Washington, D.C. 
 

A volume dealing with the developing field of road ecology including sections on 
roads, vegetation and wildlife, water chemicals and the atmosphere and landscape 
planning.  It reviews the effects of noise on wildlife briefly, but does discuss the 
major effects found in the studies to deal with noise (especially those dealing with 
birds by Reijnen and colleagues). 
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47.  Freddy, D.J., W.M. Brenough and Fowler. 1986.  Responses of mule deer to 
disturbances by persons afoot and snowmobiles.  Wildlife Society Bulletin 14:63-68. 
 

The authors report that mule deer were more disturbed by the presence of people 
afoot than snowmobiles.  This was shown by running and greater associated 
energy expenditure when responding to the presence of pedestrians.  The level of 
noise encountered in this study is not given. 

 
48.  Free, J.B., D. Gennard, J.H. Stevenson and I. Williams 1975.  Beneficial insects 
present on a motorway verge.  Biological Conservation 8:61-72. 
 

Collected a large number of insect species (67) on a major highway roadside 
verge.  The authors note that passing traffic did not appear to distract the insects, 
however, there is no indication of the noise levels encountered. 

 
49.  Frings, H. and M. Frings. 1959.  Reactions of swarms of Pentaneura aspera 
(Diptera: tendipedidae) to sound.  Annals of the Entomological Society of America 
52:728-733. 
 

A report detailing the frequency and sound intensity to which a species of small 
fly (Diptera) are sensitive.  Low frequencies are reported to cause greatest 
sensitivity. 

 
50.  Frings, H. and J. Jumber. 1954.  Preliminary studies on the use of a specific 
sound to repel starlings (Sturnus vulgaris) from objectionable roosts. Science 119: 
318-319. 
 

The authors report that starlings can, to some extent, be repelled with distress 
calls from the same species.  The sound level is rather high (85 dB) and indicates 
that this species can tolerate some significant noise without effect.  The relation to 
highway noise is not discussed. 

 
 
51.  Frings, H. and F. Little. 1957.  Reactions of honey bees in the hive to simple 
sounds.  Science 125:122. 
 

Report that details the sound frequency and levels at which honeybee activity 
ceases.  This type of information may be important in suggesting responses of 
invertebrates to noise. 
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52.  Gese, E.M., O.J. Rongstad and W.R. Mytton.  1989.  Changes in coyote 
movements due to military activity.  Journal of Wildlife Management 53:334-339. 
 

The authors report on the response of coyotes to military activity including 
maneuvers by vehicles (including tanks) and overflights by helicopters and jet 
aircraft.  Individuals with home ranges that had more cover retreated to smaller 
areas whereas those that were more exposed increased their range.  The specific 
noise levels were not measured and it is difficult to determine how much of the 
response was due to the presence of traffic versus noise alone. 

 
53.  Getz, L.L., F.R. Cole and D.L. Gates. 1978.  Interstate roadsides as dispersal 
routes for Microtus Pennsylvanicus.  Journal of Mammalogy 59:208-212. 
 

The authors report that roadside strips of vegetation could be used by a small 
rodent for dispersal.  The roads were large interstates and, while the impact of 
noise is not addressed directly it can be concluded that there is no extreme barrier 
to the use of these areas as a result of road noise. 

 
54.  Gill, J.A., W.J. Sutherland and A.R. Watkinson. 1996. A method to quantify the 
effects of human disturbance on animal populations. Journal of Applied Ecology 
33:786-792. 
 

The authors report on a study of pink-footed geese that were found to be disturbed 
from feeding near roads.  A method for quantifying the difference in amount of 
food consumed as an indicator of the decrease in geese presence is given.  The 
effect of noise is not given, disturbance events ranging from overflights to 
farming and pedestrian activities were recorded.  Only distance to the nearest road 
was a significant predictor of the response. 

 
55.  Gill, J.A., K. Norris and W.J. Sutherland. 2001. Why behavioural responses 
may not reflect the population consequences of human disturbance. Conservation 
Biology 97:265-268. 
 

The authors discuss whether the degree of behavioral disturbance a population 
shows is a good indicator of the species that require greatest concern for 
conservation.  The paper does not address noise specifically, but raise the 
important point that species showing the greatest effect are not necessarily those 
that need to be considered first in road planning. 
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56.  Green, R.E., G.A. Tyler and C.G.R. Bowden. 2000.  Habitat selection, ranging 
behaviour and diet of the stone curlew (Burhinus oedicnemus) in southern England.  
Journal of Zoology (London) 250:161-183. 
 

The authors report on the numbers of stone curlews (nocturnal bird) near major 
roads.  The populations were found to be diminished within 3 km of the road.  
The authors conclude that traffic noise or movement are the most likely cause 
although the levels of noise encountered are not given.  Because this species it is 
suggested the visual stimuli could have a greater effect although this is not tested.  
There is no evidence of a lessening of this effect if the habitat nearby is less 
abundant (i.e. do not appear near the road if habitat may be more suitable than 
that at a distance). 

 
 
57.  Grubb, T.G. and R.M. King 1991.  Assessing human disturbance of breeding 
bald eagles with classification tree models.  Journal of Wildlife Management 
55:500-511. 
 

The authors look at the effect of both pedestrian activity and aircraft overflights 
on breeding bald eagles.  They report that pedestrians were more disturbing.  The 
levels of noise are not given, but this demonstrates that noise alone is not the only 
factor causing disturbance. 

 
58.  Grubb, T.G., L.L. Pater and D.K. Delaney. 1998.  Logging truck noise near 
nesting northern goshawks.  USDA Forest Research Service Note RMRS-RN-3. 
 

The authors report on the effect of logging trucks on a breeding female and 
juvenile goshawk.  There was no discernable effect on either bird with peak noise 
about 80 Hz and ~ 50 dB(A). 

 
59.  Gutzwiller, K.J. and W.C. Barrow. 2003.  Influences of roads and development 
on bird communities in protected Chihuahuan desert landscapes.  Biological 
Conservation 113:225-237. 
 

The authors looked the abundance and species richness of 26 species of birds in 
the desert.  The average number of vehicles was 400-459 per day with a speed 
limit of 45 mph.  Both abundance and species richness were reduced for 21 of 26 
species within 1-2 km of the road.  Other variables were said to be controlled for 
in the study.  The levels of noise were not measured. 

 
60.  Hastings, M.C. 1995.  Physical effects of noise on fishes.  Inter-noise 95, the 1995 
International congress on noise control Engineering Vol 2: 979-984. 
 

This report presents a summary of the frequencies and sound pressure levels f a 
number of fish species.  It includes the threshold levels for sensitivity and a 
summary of frequencies that are best for fish sensitivity.  It is a useful summary 
for prediction of response of species to anticipated noise levels. 
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61.  Hawkins, A.D. 1986.  Underwater sounds and fish behaviour.  pp. 114-151.  In: 
The behaviour of teleost fishes. T.J. Pitcher (ed.)  The Johns Hopkins Press, 
Baltimore, MD. 553 pp. 
 

The author presents a review of the levels of sound perceived by a variety of fish 
species.  This can be useful for obtaining data to make predictions about how fish 
in a given area may respond to noise. 

 
62.  Hendriks, R.W. 1989.  Traffic noise attenuation as a function of ground 
vegetation.  California Department of Transportation Report FHWA/CA/TL-89/09. 
 

The author describes the physics of noise attenuation in various types of 
environment (e.g. forest, open field) indicating the rate at which different 
environments affect distance of transmission.  There is no discussion of the needs 
of a particular species, but does provide a useful background in considering the 
environment in the impact of noise. 

 
63.  Henson, P. and T.A. Grant. 1991.  The effects of human disturbance on 
trumpeter swan breeding behavior. Wildlife Society Bulletin 19:248-257. 
 

The authors describe the response of trumpeter swans to road traffic and report 
that it did not greatly alter behavior as long vehicles did not stop.  Louder vehicles 
were reported to cause a greater disturbance.  There is no measurement of the 
traffic or noise levels so the threshold for a response is not given. 

 
64.  Hienz, R.D. and M.B. Sachs. 1987. Effects of noise on pure-tone thresholds in 
blackbirds (Agelaius phoeniceus and Molothrus ater) and pigeons (Columbia livia). 
Journal of Comparative Psychology 101:16-24. 
 

This study reports on the critical ratios (the sound level above background) 
required for sounds to be audible in several species of birds.  It is indicated that 
these ratios are greater for birds than for humans at all levels.  It is important to 
have background information on the auditory requirements of birds in assessing 
the impact of noise on these species. 

 
65.  Jackson, J.A. 1976.  Rights-of-way management for an endangered species: the 
red-cockaded woodpecker.  pp. 248-252 In: Symposium on environmental concerns 
in rights-of-way management, Mississippi State University, January 6-8. 
 

The author discusses the fact that the red-cockaded woodpecker (an endangered 
species) has some populations located along interstate ROW and that many 
colonies are found adjacent to roads.  It is suggested that interstate ROW can be 
used to link populations.  Although the level of noise is not indicated it is clear 
that this population is not greatly disturbed by the adjacent noise. 
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66.  Johnson, S.R., D.R. Herter, M.S.W. Bradstreet. 1987. Habitat use and 
reproductive success of Pacific eiders Somateria mollissima v-nigra during a period 
of industrial activity. Biological Conservation 41:77-89. 
 

The authors describe the response of Pacific eiders to industrial activity and to 
aircraft overflights (mainly helicopters).  The overflights did not appear to have 
any negative effect on the birds or the number of nests on the island.  The 
presence of experimental observers appear to have a greater effect. 

 
67.  Joselyn, G.B., J.E. Warnock and S.L. Etter. 1968. Manipulation of roadside 
cover for nesting pheasants – a preliminary report.  Journal of Wildlife 
Management 32:217-233. 
 

The authors report on the use of roadsides by pheasants for nesting.  They report 
that roadsides are more successful than other habitats (including unseeded 
controls) and that levels of predation were not greater in the ROW.  Noise levels 
are not given, but a deleterious effect would be argued against by the large 
numbers of breeding birds found in this area. 

 
68.  Knight, T.A. 1974.  A review of hearing and song in birds with comments on the 
significance of song in display.  Emu 74:5-8. 
 

The author reviews both hearing and vocalization in a number of bird species and 
discusses the various uses of vocalization in birds including isolation of species, 
pair-bond, pre-copulatory display, territorial defense, signaling danger, food 
sources and flock cohesion. 

 
69.  Knight, R.L. and K.J. Gutzwiller.  1995.  Wildlife and Recreationists: 
Coexistence through Management and Research. 372 pp.  Island Press: Washington, 
D.C. 
 

The authors provide an overview of the interactions between wildlife and human 
activity.  There is only a brief overview of the effect of roads and noise and this is 
probably more useful as a general reference. 

 
70.  Knudsen, F.R., P.S. Enger and O. Sand. 1992.  Awareness reactions and 
avoidance responses to sound in juvenile Atlantic salmon. Salmo salar L.  Journal of 
Fish Biology 40:523-534. 
 

This study reports on the sensitivity of Atlantic salmon smolts to sound including 
the frequency and pressure levels that caused an effect and avoidance.  This could 
be used if this or a similar species were under consideration, particularly if areas 
where juveniles would be found were under consideration. 
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71.  Krausman, P.R. and J.J. Hervert. 1983.  Mountain sheep responses to aerial 
surveys.  Wildlife Society Bulletin 11:372-375. 
 

The response of mountain sheep to overflights by small aircraft (Cessna) at 
altitudes of greater than 50 m was not great.  Likewise, moose exposed to 
overflights at altitudes above 100 m showed no particular disturbance.  The levels 
of noise are not given in this study. 

 
72.  Krausman, P.R., B.D. Leopold and D.L. Scarborough. 1986. Desert mule deer 
response to aircraft. Wildlife Society Bulletin 14:68-70. 
 

The authors report that desert mule deer could become habituated to overflights 
by small aircraft (Cessna) at an average altitude of 80 m.  The level of noise 
generated by these flights is not given. 

 
73.  Kushlan, J.A. 1979.  Effects of helicopter censuses on wading bird colonies. 
Journal of Wildlife Management 43:756-760. 
 

The author discusses the response of a number of wading birds in Florida (egrets, 
herons, storks, cormorants) to aircraft overflights.  There are no significant 
responses indicated to most overflights although the sound levels are not given 
making it difficult to quantify the level of disturbance. 

 
74.  Langowski, D.J., H.M. Wight and J.N. Jacobson. 1969.  Responses of 
instrumentally conditioned starlings to aversive acoustical stimuli.  Journal of 
Wildlife Management 33:669-677. 
 

The study details the response of starlings to sounds over a range of sound 
frequencies and intensities and that there is a relationship between the intensity 
and level of disturbance.  The range of effect is between about 50-100 dB.  This 
forms part of a body of information indicating the level of sounds that can be 
disturbing to birds. 

 
75.  Laurensen, K. 1981.  Birds on roadside verges and the effect of mowing on 
frequency and distribution.  Biological conservation 20:59-68. 
 

The author reports on the use of roadside verges in Denmark by the skylark 
finding that the birds preferred to forage in this area as compared to adjacent 
fields.  The ROW was also found to be a favored site for nesting when compared 
to adjacent areas.  The roadside areas varied between 1 and 5m.  A similar 
response is reported for the house sparrow and tree sparrow although these are not 
discussed to the same extent.  The level of noise and traffic volume were not 
measured although the studies occurred outside of major urban areas. 
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76.  Liddle, M. 1997.  Recreation ecology:  The ecological impact of outdoor 
recreation and ecotourism. 639 pp.  Chapman and Hall: New York. 
 

The author describes a wide variety of interactions between human activity and 
the response of all animal groups (fish, reptiles, amphibians, birds, mammals).  
The level of disturbance is qualified at three levels from mild to extreme.  There is 
discussion of a variety of effects, however only a small portion is actually devoted 
to the effects of noise and is included under different sections for various species. 

 
77.  Luce, A. and M. Crowe.  2001.  Invertebrate terrestrial diversity along a gravel 
road on Barrie Island, Ontario, Canada.  The Great Lakes Entomologist 34:55-60. 
 

The report looks at the numbers of terrestrial arthropods (insects) at distances up 
to 15 m from a gravel road finding no significant changes in numbers.  This is one 
of the few studies that deals with invertebrate numbers at varying distances from a 
roadway although it does not address noise specifically. 

 
78.  Lyon, L.J. 1983.  Road density models describing habitat effectiveness for elk.  
Journal of Forestry 81:592-595. 
 

The authors present a method for determining the amount of elk use based on the 
amount of roaded area.  The study does not directly address noise, but does 
predict significant reductions in use of areas with a density of more than 5.5 miles 
of road per square mile of area.  The fact that roads can cause an effect is 
important, however the extent to which this reflects a physical barrier versus a 
noise effect remains to be determined. 

 
79.  Mader, H.J. 1981.  Animal habitat isolation by roads and agricultural fields.  
Biological Conservation 29:81-96. 
 

Report on the effect of emissions from roads (including noise) as having a 
potential effect on inhibiting movement of carabid beetles near the road.  It is one 
of few studies to mention noise with respect to these invertebrates.  This study 
also reports on two species of forest mice that were inhibited from crossing a two-
lane highway.  In this case noise is included in a suite of possible causes for the 
effect, however the specific levels of noise or traffic are not given. 

 
80.  Malar, T. and H. Kleerkoper. 1968.  Observations on some effects of sound 
intensity on the locomotor pattern of naïve goldfish.  American Zoologist 8:741-742. 
 

This study reports on the sound frequency and pressure level that caused 
avoidance reaction in goldfish.  The study does not detail a range of frequencies 
and intensities to give a broader indication of the response of this species. 
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81.  Manci, K.M., D.N. Gladwin, R. Vilella and M.G. Cavendish. 1988.  Effects of 
aircraft noise and sonic booms on domestic animals and wildlife: a literature 
synthesis.  National Ecology Research Center Report# NERC-88/29. 
 

The authors provide a review the effects of noise (mainly from aircraft or 
simulated sonic booms) on a variety of wildlife.  The report deals with all major 
wildlife groups, but the sound levels are generally louder and of shorter duration 
than road noise.  The overview of material is quite extensive. 

 
82.  Marten, K. and P. Marler. 1977.  Sound transmission and its significance for 
animal vocalization.  Behavioral Ecology and Sociobiology 2:271-290. 
 

The authors report on factors that can effect sound transmission including the 
height of transmission (close to ground attenuates faster) and frequency.  Thus, 
perch height may be important in the amount of transmission. 

 
83.  McGurk, B.J. and D.R. Fong. 1995.  Equivalent roaded area as a measure of 
cumulative effect of logging.  Environmental Mangement 19: 609-621. 
 

Studied the effect of the effective roaded area on the numbers of aquatic 
invertebrates.  Although the index is developed based on a model it does show a 
diversity decline as the effective roaded area increase above 5%. 

 
84.  Memphis State University. 1971.  Effects of noise on wildlife and other animals.  
United States Environmental Protection Agency Office of Noise Abatement and 
Control Washington, D.C. Document NTID300.5. 
 

The authors review the effect of noise on wildlife.  At the date of publication most 
of the information dealt with domesticated birds and mammals.  There is some 
material on the effects of noise on livestock, but much of the information deals 
with the sensitivities of species or the sound levels that can physical damage the 
hearing apparatus of species.  There is very little information on roads or the 
sound levels that are likely to be encountered near roadways.  The review of 
material as of the date of preparation is quite extensive. 

 
85.  Michael, E.D. 1975.  Effects of highways on wildlife.  West Virginia Department 
of Highways Report FHWA-WV-76-09. 
 

A review of the response of vertebrate species to an adjacent highway at distances 
up to 1 mile into the surrounding woods.  The study is able to compare 
distributions of species prior to and one year following the construction of a 
highway.  The effect of noise is not addressed specifically, however, the effect on 
the numbers of several and species are given both before and following 
construction of a highway in the Appalachians.  No game animal showed a 
difference in distribution following the road construction including rabbits, 
squirrels, foxes and deer.  Rabbits are reported to increase in numbers near the 
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road.  The numbers of birds and species diversity is reported to be greater in the 
ecotone than in either the ROW or native forest.  None of the bird species were 
adversely affected and the authors speculate that numbers of species that prefer 
ecotone or ROW vegetation may increase including starlings, indigo buntings, 
red-winged blackbirds and goldfinches. 

 
86.  Michael, E.D., C.R. Ferris and E.G. Haverlack. 1976.  Effects of highway rights 
of way on bird populations.  Proceedings of the First National Symposium on 
Environmental Concern. pp. 253-261. 
 

The authors report on the use of planted ROW habitat by bird species.  More bird 
species were found in the ecotone compared to the surrounding forest up to one 
mile from the road.  It is noted that the ROW supports both insects and rodents as 
food sources and that species requiring forest habitat would be expected to be 
reduced.  The fact that some species occur in significant numbers indicates that 
noise was not sufficient to repel them. 

 
87.  Minton, Jr. S.A. 1968.  The fate of amphibians and reptiles in a suburban area.  
Journal of Herpetology 2:113-116. 
 

An early study of the effect of roads on a number of amphibians and reptiles 
(snakes, turtles).  It does not address noise directly suggesting that this was not 
recognized as significant, but does discuss some of the initial observations of 
barrier effects of roads themselves. 

 
88.  Munguira, M.L. and J.A. Thomas. 1992.  Use of road verges by butterfly and 
burnet populations and the effect of roads on adult dispersal and mortality.  Journal 
of Applied Ecology 29:316-329. 
 

A side ranging study of the numbers of butterfly species present on the roadside 
verges of major roads in England.  The large number of species (23 or 40% of 
total found in England) suggests little effect of noise.  The noise levels are not 
given in the study. 

 
89.  Norén, O. 1987.  Noise from animal production.  pp. 27-46. In: Animal 
Production and Environmental Health.  D. Strauch (ed.). Elsevier Science 
Publishers: New York.     
 

The author provides a good basic introduction to the principles of sound 
production and measurement.  He further discusses the principles of sound 
propagation and attenuation.  This is useful in understanding the principles that 
affect sound. 

 
 
 

Attachment C
Page 66 of 75



90.  Oetting, R.B. and J.F. Cassel. 1971.  Waterfowl nesting on interstate right of 
way in North Dakota.  Journal of Wildlife Management 35:774-781. 
 

The authors report on the use of interstate-94 ROW areas by dabbling ducks 
(mallard, pintails, gadwalls) for nesting.  The amount of breeding was greater in 
unmowed ROW than in mowed areas.  The level of noise is not measured and 
there is no comparison to control areas away from the ROW.  However, numbers 
of birds were found to breed in the ROW and it is suggested that the road may 
have served as a barrier to the movement of predatory foxes. 

 
91.  Okanoya, K. and R.J. Dooling. 1987. Hearing in passerine and psittacine birds: 
a comparative study of absolute and masked auditory thresholds. Journal of 
Comparative Psychology 101:7-15. 
 

authors measured the auditory threshold of several species (starling, sparrow, 
finch) and determined the critical ratio necessary for audibility over a range of 
frequencies.  From a range of 0.4 Hz to 6 kHz the ratio rises from ~ 20-35 dB.  
This information may be important in determining the levels of vocalization 
necessary for detection against background noise. 

 
 
92.  Oxley, D.J., M.B. Fenton and G.R. Carmody. 1974.  The effects of roads on 
populations of small mammals.  Journal of Applied Ecology 11:51-59. 
 

The movement of small mammals (rodents) adjacent to roads is described 
including 4 lane interstate highways.  The results show that the large highways are 
as effective as bodies of water twice as wide preventing distribution of these 
species.  The effect is described as a barrier and noise is not discussed as 
contributing factor. 

 
93.  Owens, N.W. 1977.  Responses of wintering Brent geese to human disturbance.  
Wildfowl 28:5-14. 
 

This report details the disturbance of Brant geese to overflights (at altitudes 
between 500 m and 1.5 km) and to human pedestrian activity.  The levels of 
sound associated with the disturbance are not quantified.  The results do indicate 
that human presence can be as disturbing as the much louder noise of aircraft. 

 
94.  Popper, A.N. and R.R. Fay. 1993.  Sound detection and processing by fish: a 
critical review and major research questions.  Brain, Behaviour and Evolution 
41:14-39. 
 

The authors present a review of hearing in fish.  It contains a fairly extensive 
review of the anatomy of sound detection in fish and presents some information 
on the range of detection possible by fish.  It provides less of an indication of the 
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frequencies and sound levels detected by a variety of fish species that are found in 
other reviews. 

 
95.  Räty, M. 1979. Effect of highway traffic on tetraonid densities.  Ornis Fennica 
56:169-170. 
 

The author conducted one of the first studies to look at the distribution of birds 
usiung a series of transects away from a roadway.  The study looked at grouse 
species at distances up to 1 km from a road with a traffic density of 700-3,000 
cars / day.  A reduction in density of two thirds was reported at a distance up to 
250 m from the road and some reduction in density was found up to 500 m.  The 
study began at a distance of 25 m from the roadway so there is no information 
about use of the ROW for comparison.  The cause of this “highway effect” is not 
given and the levels of noise are not measured. 

 
96.  Reijnen, M.J.S.M., J.B.M. Thissen and G.J. Bekker. 1987.  Effects of road 
traffic on woodland breeding bird populations.  Acta Ecologia/Ecologia Generalis 8: 
312-313. 
 

This is the first study by the research group in the Netherlands that looked at the 
effect of traffic on nearby breeding birds.  It was found that the numbers of 
breeding birds declined at distances up to 300 m from the road (the greatest 
distance measured).  The road was heavily traveled with traffic levels of 30,000-
40,000 vehicles / day.  The level of noise was not measured in this study. 

  
97.  Reijnen, R. and R. Foppen.  1994.  The effects of car traffic on breeding bird 
populations in woodland I.  Evidence of reduced habitat quality for willow warblers 
(Phylloacopus trochilus) breeding close to a highway.  Journal of Applied Ecology 
31:85-94. 
 

The authors, in the first of a series of studies, looked at willow warbler numbers 
and in particular, older, territorial males at distances of up to 400 m from a busy 
highway (50,000 cars /day).  It was found that the numbers of the older birds were 
greatest at the farthest distance from the road (400 m) indicating a preference for 
this area.  The authors suggest that noise may be an important factor (estimated at 
50 dB(A) at a distance of 500 m) in this effect. 

 
98.  Reijnen, R. and R. Foppen. 1995.  The effects of car traffic on breeding bird 
populations in woodland. IV. Influence of population size on the reduction of 
density close to the highway.  Journal of Applied Ecology 32:481-491. 
 

This study conducted in the Netherlands looked at the numbers of 43 species of 
woodland birds in both deciduous and coniferous forests.  It is found that 26 
species (60%) showed some negative effect.  This study reports that noise is the 
best independent variable for predicting the “effect distances”.  The numbers of 
individuals were found to be reduced between 40-1,500 m at a traffic density of 
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10,000 cars/day and 70 -2,800 m at a density of 60,000 cars/day.  The frequency 
range of noise was between 100 Hz and 10 kHz but loudest at 100-200 Hz and 0.5 
to 4 kHz.  The threshold for an effect seemed to be between 20-56 db(A).  The 
authors note that if the level of noise is held constant there was no apparent 
difference in areas of high and low vehicle visibility. 

 
99.  Reijnen, R., R. Foppen, C. Ter Braak and J. Thissen.  1995.  The effects of car 
traffic on breeding bird populations in woodland. III.  Reduction in the density in 
relation to the proximity of main roads.  Journal of Applied Ecology 32: 187-202. 
 

The authors report on 23 species of woodland birds adjacent to a highway with 
relatively high density (40-52,000 cars / day).  Of the total species 17 showed 
some reduction in numbers nearer to the road.  The effect was found to be 
diminished in years when the overall population was high presumably due to 
some individuals being forced into less desirable areas.  It is suggested that 
measurements be made over several years to increase the accuracy of this 
measurement.  The importance of looking at more than just density is supported 
by other reports such as that of van Horne (1983). 

 
100.  Reijnen, R., R. Foppen and H. Meeuwsen. 1996.  The effects of car traffic on 
the density of breeding birds in Dutch Agricultural Grasslands.  Biological 
Conservation 75:255-260. 
 

The authors report on the numbers of grassland bird species adjacent to roads 
where 7 of 12 species studied showed some effect.  Roads with moderate traffic 
volume (5,000 cars/day) showed a 12-56% of most species within 100 m of the 
road beyond 100 m only the black-tailed godwit and oystercatcher showed an 
effect.  Roads with higher density (50,000 cars/ day) showed a reduction of 12-
52% at distances up to 500 m.  The lapwing, shoveler, black-tailed godwit and 
oystercatcher were reduced between 14 and 44% at distances up to 1500 m.  The 
authors note that noise as the best predictor of these results carries a number of 
factors with it including number, size and speed of vehicles.  Noise levels 
adjacent to the road were about 59 dB(A) and 38 dB(A) in more remote areas.  It 
is worth noting that the surrounding habitat in the study was relatively 
undisturbed with no farmhouses within 250 m of the measured transect. 
 

101.  Roach, G.L. and R.D. Kirkpatrick. 1985.  Wildlife use of woody plantings in 
Indiana.  Transportation Research Record 1016:11-15. 
 

The authors report on a number of bird species (red-winged blackbird, goldfinch, 
and song sparrow) using plantings in ROW (mainly in interstate highways).  
Plantings were found to significantly increase the use of the habitat compared to 
control areas. 
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102.  Rost, G.R. and J.A. Bailey. 1979.  Distribution of mule deer and elk in relation 
to roads.  Journal of Wildlife Management 43:634-641. 
 

The authors report on the effect of roads on deer and elk distribution and looked 
at paved, gravel and dirt roads.  Their conclusion is that both attempted to avoid 
areas within 200m of the road and that the effect was greater for mule deer than 
for elk.  They also note that road visibility did not apparently play a role in the 
density of either species.  Whether there is an effect if noise is not discussed 
although the potential of an effect due to experience with hunting is discussed. 

 
103.  Rucker, R.R.  1973.  Effect of sonic boom on fish.  Department of 
Transportation, Federal Aviation Admininstration Report No. FAA-RD-73-29. 
 

The author presents the results of sonic booms on the trout and salmon eggs and 
fry.  The report does not detail the effect of lesser sound levels and thus is 
probably of more use in conjunction with other findings detailing the response of 
these and related species. 

 
104.  Rudolph, D.C., S.J. Burgdorf, R.N. Conner and R.R. Schaefer.  1999.  
Preliminary evaluation of the impact of roads and associated vehicular traffic on 
snake populations in eastern Texas. pp. 129-136.  In: Proceedings of the third 
international symposium on wildlife ecology and transportation. G.L. Evink, P. 
Garrett and D. Ziegler (eds.).  Florida Department of Transportation, Tallahassee, 
FL. Report No. FL-ER-73-99. 
 

The author reports on the increased mortality of large snakes crossing roads.  The 
similarity in effect in a range of road sizes and traffic volumes from interstate to 
county roads suggests that noise alone is not having a significant effect. 

 
105.  Scott, G.B. and P. Moran. 1993.  Effects of visual stimuli and noise on fear 
levels in laying hens.  Applied Animal Behaviour Science 37:321-329. 
 

The author reports that there is no significant impact of noise from conveyor belts 
on laying hens.  Sound levels were in the range of 70 dB.  This is important in 
providing an indication of the levels of noise that can be tolerated by various 
birds. 

 
106.  Seabrook, W.A. and E.B. Dettmann. 1996.  Roads as activity corridors for cane 
toads in Australia.  Journal of Wildlife Management 60:363-368. 
 

This report details the use of roads to dispersal by cane toads in Australia.  The 
numbers of individuals were greater near the edge of the road or vehicle track.  
Although the traffic density is not given it appears to have been low.  The impact 
of noise is not discussed although it did not appear to impair the use of roads by 
this species. 
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107.  Shultz, R.D. and J.A. Bailey. 1978.  Responses of national park elk to human 
activity.  Journal of Wildlife Management 42:91-100. 
 

The authors report on a study of Elk in Rocky Mountain national park finding that 
the presence of traffic resulted in only a slight avoidance in early winter.  The 
specific effect of noise is not addressed. 

 
108.  Singer, F.J. 1978.  Behavior of mountain goats in relation to US Highway 2, 
Glacier Park, Montana. Journal of Wildlife Management 42:591-597. 
 

The author reports on the effect of a highway crossing a national park on 
mountain goat distribution (speed limit 50 mph).  Both vehicles and highway 
noise are reported as perceived threats and would prevent animals moving toward 
salt licks.  This is one of few studies of large ungulates to address noise as having 
an effect as opposed to road as barrier. 

 
109.  Singer, F.J. and J.B. Beattie.  1986.  The controlled traffic system and 
associated wildlife responses in Denali National Park.  Arctic 39:195-203. 
 

The effect on several large mammals (caribou, grizzly, Dall sheep, moose) 
following the opening of a national park to a roadway is detailed.  There was no 
significant decline in the sightings of any species except moose.  Grizzly bears 
were reported to move closer to the road after construction.  The level of noise is 
not given, but the presence of numbers of individuals suggests that there was no 
significant disturbance with the possible exception of moose. 

 
110.  Stadelman, W.J. 1958.  The effect of sounds of varying intensity on 
hatchability of chicken egg.  Poultry Science 37:166-169. 
 

The author reports that there is no measurable effect on hatchability of chicken 
eggs or chick quality following exposure to noise in incubators.  This is 
significant in that potential deleterious effects of noise on birds would include 
those on reproductive efficiency. 

 
111.  Stadelman, W.J. 1958. Observations with growing chickens on the effects of 
sounds of varying intensities. Poultry Science 37:776-779. 
 

The author indicates that broiler chickens could be grown in areas of significant 
noise (~120 dB) without loss of weight.  The potential effects of noise on both 
growth and development of birds is critical in evaluating the impact on wildlife. 

 
112.  Stalmaster, M.V. and J.R. Newman 1978.  Behavioral responses of bald eagles 
to human activity.  Journal of Wildlife Management 42:506-513. 
 

The authors studied the effect of human activities on wintering bald eagles and 
report that normal activities such as boating and fishing did not disturb the birds.  
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Normal sounds from these activities are reported as not having an effect.  
However, gunshots did disturb them causing flight (escape behavior).  This study 
does not give the levels of noise encountered or the effects of greater levels of 
noise. 

 
113.  Tabor, R. 1974.  Earthworms, crows, vibrations and motorways.  New 
Scientist 62:482-483. 
 

Reports on the numbers of earthworms emerging near a major motorway and 
provides some explanation for the behavior.  The report notes that birds (crows) 
may be attracted to roadside verges if food is available. 

 
114.  Thurber, J.M., R.O. Peterson, T.D. Drummer and S.A. Thomasma. 1994.  
Gray wolf response to refuge boundaries and roads in Alaska. Wildlife Society 
Bulletin 22:61-68. 
 

The authors report on a survey of several wolf packs.  The presence of the road 
alone appeared to no have a significant effect as the home range of one pack 
straddled the highway for several years whereas a less traveled road to an oilfield 
was less used possibly due to the human presence. 

 
115.  Trombulak, S.C. and C.A. Frissell. 2000.  Review of the ecological effects of 
roads on terrestrial and aquatic communities. Conservation Biology 14:18-30. 
 

The authors provide a general review of the effects of roads on the ecology of a 
variety of species.  The study does not address the impact of noise extensively and 
is more useful as a general overview of factors to be considered in the 
environmental impact of roads most particularly disruption of the physical and 
chemical environment including fragmentation and mortality. 

 
116.  van der Zande, A.N., W.J. ter Keurs and W.J. Van der Weijden. 1980.  The 
impact of roads on the densities of four bird species in an open field habitat- 
evidence of a long distance effect.  Biological Conservation 18:299-321. 
 

The authors report on a reevaluation of data gathered originally by Veen (1973) in 
the Netherlands.  It is found that three species (lapwing, godwit and redshank) 
were reduced in density and numbers of nests at distances up to 500-600m from 
rural road and 1,600 to 1,800 m from a busy highway.  A fourth species, the 
oystercatcher did not appear to show the same response.  The level of noise was 
not measured for either type of road. 

 
117.  van Dyke, F.G., R.H. Brecke, H.G. Shaw et al. 1986. Reactions of mountain 
lions to logging and human activity.  Journal of Wildife Management 50:95-102. 
 

The activity of mountain lions in different levels of human activity is given.  
Areas where timber was being harvested had a more negative effect on the 
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presence of individuals than the overall road density.  There is a potential 
avoidance zone for machine noise given between 100 m and 1 km.  However, the 
specific levels of noise are not given. 

 
118.  van Horne, B. 1983. Density as a misleading indicator of habitat quality.  
Journal of Wildlife Management 47:893-901. 
 

The author discusses the importance of using more than density as an indicator of 
the suitability of habitat by giving examples of cases in which density was high, 
but habitat less desirable due to some individuals being forced into marginal areas 
by older, more dominant ones.  This is an important consideration in studies that 
wish to indicate whether there is an effect of noise or roads based on density 
alone. 

 
119.  Veen, J. 1973.  De verstoring van weidevogelpopulaties.  Stedebouw en 
Volkshuisvesting 53:16-26. 
 

The author published original data on four species of bird in the Netherlands and 
the impact of roads on their density and nesting.  The data are reevaluated in 
English by van der Zande et al. (1980) and are discussed there. 

 
120.  Vickery, P.D., M.L. Hunter, Jr. and S.M. Melvin. 1994. Effects of habitat area 
on the distribution of grassland birds in Maine. Conservation Biology 8:1087-1097. 
 

The authors report on the amount of habitat area required for ten grassland bird 
species.  The results range from 200 ha for the upland sandpiper to 10 ha for the 
savanna sparrow.  The effect of noise is not discussed although the potential of 
using airports as sites for species conservation in more developed areas is made.  
It is important to note that some species require larger areas of habitat and that 
this may effect their utilization of areas nearer roadsides.  The studies by Clark 
and Karr (1979), Ferris (1979) and some by Reijnen and colleagues suggest that 
habitat factors in addition to traffic and noise may be important in the utilization 
of roaded areas by birds. 

 
121.  Voorhees, L.D. and F.J. Cassel. 1980.  Highway right-of-way: mowing versus 
succession as related to duck nesting.  Journal of Wildlife Management 44:155-163. 
 

The authors report on the use of interstate 94 ROW habitat in North Dakota by 
dabbling ducks.  The same species are looked at as in an earlier study (Oetting 
and Cassel, 1971) and the preference for unmowed sections is the same as the 
earlier study.  It is noted that nest success declined in areas where the vegetation 
was older perhaps due to increased predation.  The levels of noise encountered are 
not mentioned and the response to noise can only be estimated from the frequent 
use of the ROW for nesting. 
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122.  Ward, A.L., J.J. Cupal, A.L. Lea et al. 1973.  Elk behavior in relation to cattle 
grazing, forest recreation and traffic.  North American Wildlife National Research 
Conference Transactions 38:327-337. 
 

The authors report on the effect of interstate 80 on elk behavior indicating both 
the noise level for both cars and trucks.  There is little effect reported within 300 
yards due to noise, however the road did act as a barrier to crossing. 

 
123.  Warner, R.E. and G.B. Joselyn. 1986. Responses of Illinois ring-necked 
pheasant populations to block roadside management.  Journal of Wildlife 
Management 50:525-532. 
 

The authors report on the breeding of ring-necked pheasants using roadsides and 
makes the important observation that in areas where much of the landscape is 
being used for agriculture (especially small grains) the ROW may provide a more 
suitable breeding area.  The noise levels along the road are not given. 

 
124.  Warner, R.E., G.B. Joselyn and S.L. Etter. 1987. Factors affecting roadside 
nesting by pheasants in Illinois.  Wildlife Society Bulletin 15:221-228. 
 

The authors report on ring-necked pheasants using roadside plots where nest 
densities exceed those found in even control areas away from the road.  It is also 
suggested that ROW can act as a buffer for other areas that experience greater 
variability.  The effect of noise is not directly addressed the presence of 
significant numbers of breeding birds argues against a significant effect in this 
species. 

 
125.  Warner, R.E. 1992.  Nest ecology of grassland passerines on road rights-of-way 
in central Illinois.  Biological Conservation 59:1-7. 
 

The author studied grassland birds along a (four-lane) interstate highway and 
secondary ROW in rural Illinois.  The number of nests and species increased with 
roadside width being greatest on heavily trafficked interstates.  Traffic densities 
on secondary roads also did not influence the density of nests.  The vast majority 
of nests belonged to red-winged blackbirds.  The levels of noise were not 
measured.  It is notable that as surrounding farmland became more diverse the 
numbers of nests could also vary indicating that broader landscape factors also 
play a role in site selection. 

 
126.  Way, J.M. 1977.  Roadside verges and conservation in Britain: A review.  
Biological Conservation 12:65-73. 
 

The author provides a review of the use of roadsides for breeding by all major 
wildlife species in England.  Both county roads and major highways were 
included.  It is reported that 20 of 50 mammal species, 40 of 200 birds, 25 of 60 
butterflies, 8 of 17 bumble bees and 5 of 6 amphibian species are found to use the 
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roadsides.  It appears that the quantity of herb-rich grassland without scrub is 
particularly in the importance of the utilization of ROW habitat.  The specific 
levels of noise are not discussed, but is in agreement with studies that have found 
species to breed in the ROW in numbers. 

 
127.  Wenz, G.M. 1962.  Acoustic ambient noise in the ocean: spectra and sources.  
Journal of the Acoustical Society of America 34:1936-1956. 
  

This paper presents a review of the levels of background noise encountered in the 
ocean including a review of sounds from ocean traffic.  It presents a potentially 
useful overview of levels of sound and frequencies that are often encountered for 
comparison to other measurements. 
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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 et al., 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 et al., 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 et al., 2005; Hansell et al.,
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 et al.,
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

in the European Union (Environmental Noise Directive
2002/49/EC).

Quantifying the effects of anthropogenic noise on wildlife
is 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 et al., 2007; Southall et al., 2007; Francis
& Barber, 2013; Gill et al., 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 et al., 2010; Kight & Swaddle, 2011), or
targeted specific taxonomic groups such as birds (Patricelli
& Blickley, 2006; Slabbekoorn & Ripmeester, 2008; Ortega,
2012; Slabbekoorn, 2013), fish (Slabbekoorn et al., 2010;
Radford, Kerridge & Simpson, 2014), and invertebrates
(Morley et al., 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 et al., 1995; Boyd et al., 2008; Tyack,
2008; Southall et al., 2009; Ellison et al., 2012). Some reviews
have focused on specific behaviours (Luther & Gentry, 2013)
or responses to noise (Wright et al., 2007; Hotchkin & Parks,
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2013), while conceptual frameworks for evaluating noise
impacts to wildlife have also recently been published (Moore
et al., 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

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 M.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: (i) physiology (stress,
hearing loss/damage, immune function, gene expression);
(ii) direct fitness metrics (survival, fecundity, clutch
size); (iii) mating behaviour (attraction, mating success,
territorial behaviour, pair bonding); (iv) foraging behaviour
(foraging rate, predation rate, hunting/foraging success);
(v) movement (spatial distribution, fleeing rate, avoidance,
dive pattern); (vi) vigilance; (vii) vocal behaviour (call
rate, intensity/amplitude, frequency shift, song length, call
type, signal timing); (viii) 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) (Table 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

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 et al., 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 et al., 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 et al., 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, 2012a;
Blickley et al., 2012b; Goldbogen et al., 2013; McClure et al.,
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 et al., 2013b), reduce habitat quality (Blickley
et al., 2012b), and cause physiological impacts (Mooney,
Nachtigall & Vlachos, 2009) across a range of species.
For example, a recent playback study created a 0.5 km
‘phantom acoustical road’ to compare migratory bird
habitat utilisation during ‘on’ and ‘off’ conditions (McClure
et al., 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 et al., 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).

(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 et al., 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 et al.,
2011b), and change settlement dynamics (Holles et al., 2013).
Additionally, noise can distract animals from attending to
more crucial stimuli in the environment (Chan et al., 2010),
it can be a direct stressor causing pain or elevated stress
hormone levels (Blickley et al., 2012b; Rolland et al., 2012),
or in some instances, noise may provide a shelter from
disturbance-sensitive predators (Francis et al., 2009; Brown
et al., 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 et al.,
2006; Rabin, Coss & Owings, 2006). Noise can also
induce the same response via compound mechanisms; for
instance, 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

Noise-source
category Examples

Per cent of
terrestrial studies

Per cent of
aquatic studies

Environmental General background noise (urban and developed areas, no
specific source identified)

5 35

Transportation Commercial (maritime shipping, commercial aircraft, train,
bus) and private (general traffic, automobile, motorcycle,
small boat) transport noise

30 13

Industrial General construction, machinery, energy (wind, oil and gas)
development and operation, pile driving, seismic survey
(air-guns), echo sounder, and underwater communication
network noise

23 8

Military Gun fire, explosion, naval sonar, and aircraft noise 12 12
Recreation Hunting, whale-watching, air tour, snowmobile, and race-track

noise
3 2

Other Simulated (white, pink, tones), human voice, alarm, aquarium,
and chainsaw noise

27 31

distraction, stress-induced loss of appetite, and masking of
prey cues (Bracciali et al., 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 et al.,
2012) and orientation (Ellison et al., 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 et al., 2011d; Proppe, Sturdy
& St Clair, 2013b) and vocal behaviour and ability to learn
can influence a vocal response to noise (Hu & Cardoso,
2010; Ríos-Chelén et al., 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).

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 (Ziphius
cavirostris) responded similarly to playbacks of military sonar
and calls of killer whales (their main predator) (Tyack et al.,
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 et al.,
2013), and failed to elicit responses in Atlantic herring
(Clupea harengus), despite overlap with their most sensitive
hearing range (Doksæter 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 et al., 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 et al.,
1998), social status (Bruintjes & Radford, 2013), and spatial
orientation relative to a noise source (Delaney et al., 1999;
Ellison et al., 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 et al., 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

A
ll 

St
ud

ie
s 
(N
=2
12
)

vocal behaviour 20.3% 9.9% 1.4% 1.9% 2.8%

movement 1.9% 4.2% 5.7% 6.1% 4.2%

physiology – 4.2% 5.2% 2.4% 7.5%

population metrics 1.4% 4.2% 4.7% 0.5% –

vigilance – 0.9% 0.5% 0.9% 0.5%

mating behaviour – 1.4% 0.9% – 0.5%

foraging behaviour – 2.4% – 0.5% –

direct fitness metrics 0.5% 0.5% 0.9% – –

community-levelmetrics 0.5% – 0.5% – –

T
er

re
st

ri
al

 S
tu

di
es

 (N
=1
20
) vocal behaviour 31.7% 11.7% – – 4.2%

movement 2.5% 2.5% – 3.3% 3.3%

physiology – 0.8% 2.5% 0.8% 5.8%

population metrics 2.5% 5.8% 7.5% 0.8%

vigilance – 1.7% 0.8% 1.7% 0.8%

mating behaviour – 1.7% 1.7% – 0.8%

foraging behaviour – 1.7% – – –

direct fitness metrics 0.8% - 0.8% – –

community-levelmetrics 0.8% - 0.8% – –

A
qu

at
ic

 S
tu

di
es

 (N
=9
2) vocal behaviour 5.4% 7.6% 3.3% 4.3% 1.1%

movement 1.1% 6.5% 13.0% 9.8% 5.4%

physiology – 8.7% 8.7% 4.3% 9.8%

population metrics – 2.2% 1.1% – –

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 et al., 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 & Kunc, 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 impacts of noise to population persistence measured
declines in productivity of breeding (Kight, Saha & Swaddle,
2012), reduction in fitness (Schroeder et al., 2012), and
change in timing of settlement (Pine, Jeffs & 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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Effects of anthropogenic noise on wildlife 9

via reduced predation in noisy areas for hummingbirds,
while decreasing seed dispersal for dominant plants because
key dispersers avoided noisy areas (Francis et al., 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
et al., 2012). Noise altered species interactions, including
predator–prey interactions in terrestrial (Schaub et al., 2008;
Siemers & Schaub, 2011) and marine (Kuningas et al., 2013;
Wale et al., 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 et al., 2011).
Collectively, these considerations suggest that noise barriers
are most suitable for roadside habitat of especially high

conservation value, or to enhance the effectiveness 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 (Würsig, Greene & Jefferson, 2000) and the
erection of sound barriers to minimise noise from terrestrial
gas compressor stations (Francis et al., 2011d ). Implementing
barrier mitigation measures may prove expensive (e.g.
$175–200 million to reduce oil and gas extraction noise
by 4 dB; Bayne et al., 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.
maintaining green
spaces and reducing
noise levels) to maintain
biological communities
[3]

Engineering solutions (e.g.
road surfaces, tyres and
vehicle engines) that
reduce noise [13]

Use of sound barriers around
compressors to reduce
affected area by 70% and
maintain occupancy and
nest success rates [4]

Reduction of aircraft noise
exposure to <80 dBA of
river habitats used by
harlequin ducks [5]

Closing key roads during
breeding season;
reducing traffic speed
and volume [10]

Placement of new
acoustically dominant
features (roads,
machinery) further
from nesting areas;
limits to production
during sensitive periods
of breeding; abatement
of current noise by
altering structures (e.g.
sound walls, dense
vegetation, removing
highly reflective
surfaces, rerouting
traffic) [6]

Use of 105 m
hemispherical
protection to eliminate
owl flush response to
overflights; minimising
flights 3 h following
sunset and preceding
dawn; separating
overflights by at least
7 days [2]

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
mammals

Setting criteria for height
and density of road
bordering vegetation,
filling in gaps in tree
lines and encouraging
canopy growth [15]

Noise barriers; construction
scheduling to avoid
noise-sensitive experiments
[12]

Limiting military training
exercises during calving
and post-calving season [8]

Aquatic
fish/mammmals

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

Air bubble curtains and
‘Hydro Sound Dampers’
[18]

Use of dose–function
methods in predicting the
harassment of marine
mammals [20]

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

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]

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

Environmental Transportation Industrial Military

Reptiles &
amphibians

Use of noise barriers on
road network;
construction of new
roads at distances away
from protected areas;
technological advances;
laws with standard
noise emission for
vehicles, speed and
driver behaviour [7]

Dense vegetation along
roadsides (as a less
costly alternative to
solid barriers) to
attenuate traffic noise
[9]

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 et al. (1999); [3] Fontana, Burger, & Magnusson (2011); [4] Francis et al. (2011d); [5] Goudie & Jones (2004);
[6] Kight et al. (2012); [7] Lengagne (2008); [8] Maier et al. (1998); [9] Parris & Schneider (2009); [10] Parris et al. (2009); [11] Picciulin
et al. (2010); [12] Rasmussen et al. (2009); [13] Summers et al. (2011); [14] Zhang et al. (2012); [15] Zurcher, Sparks, & Bennett (2010); [16]
Proppe et al. (2013b); [17] Liu et al. (2013); [18] Dähne et al. (2013); [19] Goldbogen et al. (2013); [20] Houser, Martin & Finneran (2013b);
[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
S2). 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

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 curves 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 40 dB SPL, and 14 studies documented
responses below 50 dB (Fig. 3A). Predictions of natural
sound levels for the coterminous USA range from 24 to
40 dB (LAeq, 1 s, 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,
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12 Graeme Shannon and others

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 ≥45 dBA SPL (re 20 µPa). Terrestrial
mammals exhibited increased stress levels and decreased
reproductive efficiency at noise levels between 52 and 68 dBA
SPL (re 20 µPa). Traffic noise exceeding 60 dBA SPL (re
20 µPa) impacted the vocal behaviour of male anurans and
traffic noise exceeding 80 dBA SPL (re 20 µPa) 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 60 dB. This level would be cause for concern
in a community setting: it causes conversational speech
interference. The EPA (1974) recommended a 55 dB
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 (40–100 dB SPL re 20 µPa). Evidence
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(A)

(B)

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.
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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
55 dB (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 125 dB (re 1 µPa) (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 (4 kHz)
exceeded 60 dB SPL, a notably low level. Otherwise, fishes,
mammals, and invertebrates responded to noise across a wide
range of noise levels (67–195 dB SPL re 1 µPa) (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 µPa). Marine mammals responded to industrial
noise by altering spatial movement patterns (107 dB Leq re
1 µPa), hearing thresholds (226 dB peak–peak re 1 µPa), and
calling behaviour (82 dB SPL re 1 µPa) (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 µPa), yet showed limited effects on fish with
all documented responses occurring at higher noise levels
(195 dB SPL re 1 µPa) (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.

(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 et al., 2014) or have peak hearing
sensitivities outside of a particular noise source (Goldbogen
et al., 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 is a need 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 et al., 2012a,b) or seasonal
movement (e.g. spring migration in cetaceans; Patenaude
et al., 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 is detrimental to wildlife and natural ecosystems.

(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 interface between marine mammal research,
regulation, and mitigation regarding noise provides an
exemplar for controlling impacts for other taxa and
ecosystems (Southall et al., 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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