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ABSTRACT

AN INVESTIGATION OF HOW VEHICULAR NOISE MITIGATION AFFECTS
ACOUSTIC COMMUNICATION IN AVIFAUNA
Katherine E. Gentry, M.S.
George Mason University, 2014
Thesis Director: Dr. David A. Luther

Noise disturbance from vehicular traffic affects the acoustic communicative behaviors of
many terrestrial species and has become an increasingly widespread problem as
urbanization and traffic densities continue to rise. This study investigates if noise
mitigation (road closures) reduces the effect of vehicular noise on the acoustic
communication of animals. Vocalizations of the Eastern wood-pewee (Contopus virens),
a suboscine passerine, and the Northern cardinal (Cardinalis cardinalis), an oscine
passerine, were studied in the greater Washington DC region. Song characteristics,
including peak frequency, bandwidth, minimum frequency, and duration, examined the
effect of noise on each species’ vocalizations. The songs were investigated in two noise
conditions: areas exposed to a 36-hour weekly road closure and areas with a nonregulated change in traffic flow. Mixed-effect general linear statistical models were used
to understand how noise condition, measures of background noise amplitude, and
environmental variables, including vegetation, temperature and humidity, affect song

x

characteristics. The statistical models incorporated two measures of the background noise
when a bird song was detected-- flat-weighted equivalent continuous sound pressure level
noise measurements (Leq) of low-frequency traffic noise and high-frequency noise,
usually from other animals. Analysis of acoustic recordings indicated that routine,
temporary relief from traffic noise affected the song characteristics exhibited by both
species. The minimum frequency of Northern cardinal songs was predicted by highfrequency noise and weather conditions in addition to low-frequency noise and its
interaction effect with noise condition. Northern cardinal bandwidth and duration
measurements were predicted by the noise condition, but not by low-frequency traffic
noise alone. Northern cardinal song bandwidth was also predicted by the interaction of
noise condition with low-frequency traffic noise. In other words, only the Northern
cardinals exposed to the 36-hour weekly road closure adjusted their song bandwidth.
Furthermore, the bandwidth adjustments contrasted with the fluctuation in low-frequency
background noise and optimized song propagation. Similarly, noise condition and its
interaction with low-frequency traffic noise predicted the duration of Eastern woodpewee songs; though, low-frequency traffic noise, and not noise condition, predicted the
minimum frequency of their songs. In addition to traffic noise and noise condition,
environmental variables and high-frequency background noise also predicted the song
characteristics of the Eastern wood-pewee. The results suggest that the motivation for
song adjustment in northern cardinals is highly attributable to their acoustic environment,
while more factors than just background noise influence song adjustments by eastern
wood-pewee. This study provides a greater understanding of how different bird species
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adjust their song in response to anthropogenic noise and the local environment and the
potential mitigating impact of noise reduction for acoustic communication among
terrestrial vertebrates in protected areas.
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CHAPTER 1

1

LITERATURE REVIEW

Road ecology research plays a considerable role in the field of conservation biology, as it
quantifies the harmful effects of roadways and elucidates potentially effective
conservation strategies (Fahrig & Rytwinski 2009). The need conservation actions in
association with roads is based on the ever-growing number of road networks and their
impact on native flora and fauna. According to the 1996 report by the U.S. Department of
Transportation, at least 4.78 million hectares were converted to roadways, and in 2003,
83% of land in the continental United States was measured to be within 1,061 meters of a
road, not excluding protected lands such as parks and reserves (Riitters and Wickham
2003). Roadways are essentially ubiquitous in the United States as traffic densities and
road use increase with human population growth. The amount of land cover used for
vehicular roadways increases the spatial influence, or road-effect zone, of roadway
pollution on surrounding ecological communities (Forman & Alexander 1998). There are
many stressors for wildlife that are associated with roadways, such as light, mobile and
nonpoint source pollution, habitat degradation and fragmentation, vehicular-wildlife
collisions, dispersion of invasive and nonnative vegetation and noise pollution
(Trombulak & Frissell 2000). Although road noise directly affects wildlife (McClure et
al. 2013), only a few studies focus specifically on the deleterious effect of traffic noise.
General regulations for noise mitigation are insufficient because roadway pollution
infiltrates the natural environment differently depending on landscape and climate, thus
affecting species in diverse ways and at unexpected distances from the road (Trombulak
2

& Frissell 2000). For this reason, it is imperative that a more thorough understanding of
the best ways one can reduce noise for the benefit of wildlife. Such information would be
helpful to land managers that need to make better, more informed decisions specific to
the region that they are managing.

Factors that influence the way in which noise permeates a soundscape
The physical characteristics of sound enable substantial radiation from the point-oforigin; therefore, vehicular noise has both an extensive spatial and temporal impact
(Barber, Crooks, and Fristrup 2010). The timing of vehicular noise, like other sources of
background noise, ultimately determine whether the noise presents a problem for animals
(Arroyo-Solís 2013). Concentrated incidences of temporal traffic patterns include the
morning and evening traffic rush hours. Rush hour coincides with sunrise depending on
the solar pattern of a particular season, which creates a source of background noise with a
shifting timeframe (Blickley and Patricelli 2010).
The level of noise emanating from roadways also controls the extent that noise
infiltrates an environment (Aylor 1972; Blickley and Patricelli 2010). As a general
principle, vehicular noise emits equal sound power according to a particular portion of
source length, such as the length of a highway, attenuating at a rate of three decibels per
doubling of distance because of spherical spreading loss. However, noise propagation is
also contingent on the type of vehicles, environmental conditions (e.g. temperature,
humidity), and terrain. Trucks and motorcycles will emit considerably more noise in
comparison to cars (Barber, Crooks, and Fristrup 2010; Weinzimmer et al. 2014).
Because vehicular noise is concentrated in lower frequencies (< 2 kHz), the noise can
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propagate over long distances (10s km) with little absorption by the atmosphere.
(Blickley & Patricelli, 2010).
Noise attenuation depends on the structural composition of a landscape and the
frequencies of the propagating sound. The type of vegetation and topography limit how
sound is transmitted (Wiley & Richards 1978). For instance, the way in which sound
attenuates in a forest habitat is dependent on the tree density and trunk sizes present
(Morton 1975). Topographic structures such as cliffs and canyons, as well as man-made
structures with flat surfaces, cause sounds to reverberate and reflect (Warren et al. 2006;
Dowling, Luther & Marra 2011). Pocock and Lawence (2005) calculated the effect-zone,
or the area affected by traffic noise, to be 0.7 km2 per kilometer of a particular road,
based on measurements of noise penetration into a forest over varying topographic
structures, including vehicular noise transmission at 400 meters on flat terrain, 325
meters at gullies and 300 meters on ridges when vehicular noise levels measured were
above the ambient noise level of 40 dB. Traffic densities of 10,000 vehicles traveling an
average of 120 kilometers per hour each day can affect animals up to 300 meters away
from the road in nearby woodland habitats and 365 meters in adjacent grasslands.
Furthermore, if vehicle density increased by five times, the area infiltrated by noise
would increase to 810 meters in woodlands and 930 meters in grasslands (Forman and
Alexander 1998). The greatest percentage of land in the continental United States is
exposed to vehicular noise levels within the 55-60 dB range no matter the vegetative
cover type, which reflects the most common traffic densities (Nega et al. 2013).
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Ways in which noise disturbs wildlife and their acoustic communication
Although the vehicular noise that permeatew protected landscapes is usually less
severe than unprotected areas, due to decreased traffic volumes, the noise levels are
significant enough to still negatively impact local ecosystems (Barber, Crooks, and
Fristrup 2010).Vehicular noise affects species preference and use of otherwise suitable
habitats, causing a decline in species richness with increasing vehicular noise levels
(Dumyahn & Pijanowski 2011, Proppe, Sturdy, and St. Clair 2013). Species that cannot
adapt to road noise exhibit road avoidance behavior causing a reduction in biodiversity
(Jaeger et al. 2005, Polak et al. 2013, Proppe, Sturdy, Clair 2013). For example, within
thirty meters of roads in Africa, species richness is noticeably reduced in nocturnal
primates, ungulates and carnivores, while anuran species richness decreases as traffic
density increases (Barber, Crooks, and Fristrup 2010). Mountain goats (Oreamnos
americanus) flee up to 400 meters away from roads when a truck switches gears within a
one-kilometer radius (Andrews 1990). Research also shows vehicle noise altering species
abundance in otherwise pristine habitats, including songbird species endemic to mature
forests (Proppe, Sturdy, and St. Clair 2013). The decline in some bird species abundance
can occur more than 300 meters back from either side of a roadway and can cause birds
to nest further from the noise sources (Ortega 2012).
A decline in species richness can be at least partially explained when animals with
low-frequency signals, which are most likely to be masked by the anthropogenic noise,
are incapable of adapting their acoustic niche to avoid vehicular noise interference
(Goodwin and Shriver 2011). The individuals that communicate within the same acoustic
spectrum as traffic noise must adapt their signal to prevent acoustic masking, thus
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altering communicative behavior in attempt to preserve or improve the signaling active
space (Parris and McCarthy 2013). Otherwise, the intended receiver may be unable to
detect or discriminate the signal from other signals (Morton 1975). However, the ability
of species to adapt their acoustic communication is limited. Species that cannot
successfully adapt their acoustic communication, such as the spotted owl, can also be
affected physiologically by road-induced stress (Wasser & Hunt 2005). As a result,
disproportionate population growth as species abundance may decrease nearer the road,
altering the species composition (Rheindt 2003) and ultimately reducing biodiversity in
ecological communities (Francis, Ortega, and Cruz 2009, Patón et al. 2012).
Vehicular noise pollution affects more than just the ability of a signaler to
successfully communicate with an intended receiver. The acoustic perception of an
organism can be altered enough by vehicular noise that it influences the predator-prey
dynamic among metacommunities (Courter & Ritchison 2010). Vehicular noise masking
effects extend to the organism’s ability to properly assess its surroundings, leaving both
predator and prey species more vulnerable. A five decibel increase in noise level can
reduce the range of hearing in prey by 45% and up to 70% in predators (Barber et al.
2009). More specifically, the hunting success of predators who rely on listening to catch
prey diminishes in the presence of vehicular noise. Subsequently, predators avoid areas
infiltrated with vehicular noise (Barber et al. 2009), or expend more energy to
compensate for the decreased hunting success rate (Barber, Crooks, and Fristrup 2010).
In many cases, vehicular noise acts as a distraction to prey species (Chen and Chen 2009)
that rely on interspecific and intraspecific signals regarding potential dangers.
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Alternatively, the reaction of California ground squirrels (Spermophilus beecheyi) led to
an increase in vigilance behavior to compensate for the reduction in acoustic sensory
awareness with increased anthropogenic noise levels (Rabin et al. 2003). If the vehicular
noise levels are loud enough, hearing loss can occur and the likelihood of predator sounds
to go undetected increases, as seen with the desert sand lizard (Urna scoparia) and
kangaroo rat (Dipodomys deserti) (Andrews 1990). Whether the acoustic structure of
alarm calls changes from signal degradation in the presence of traffic noise or an adapted
signal to overcome masking effects, successful transmission of the signal to the receiver
may be reduced, lessening the practicality of alarm and contact calls and ultimately
disrupting group cohesion (Barber, Crooks, and Fristrup 2010; Ortega 2012, BartmessLeVasseur et al. 2010).

Evidence of acoustic signaling adjustment in the presence of traffic noise
Vehicular noise can elicit modifications to their acoustic signals when a species is able to
effectively adapt qualities of its acoustic niche to the new sound environment (Parris,
Velik-Lord & North 2009, Rabin et al. 2003, Shier, Lea & Owen 2012). Although
anthropogenic acoustic noise is a relatively new form of background noise, some species
overcome loud, continuous vehicular noise by making long-term signal adjustments in
order to preserve the active space of acoustic signals (Luther and Baptista 2010; Luther
and Derryberry 2012). Several types of alterations in acoustic communication between
populations have been observed, including the alteration of signal amplitude, bandwidth,
frequency, timing and redundancy (Patricelli & Blickley 2006). The way in which signals
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are altered depends on the amplitude, timing, and duration of the background noise
(Nemeth & Brumm 2010, Ortega 2012).
When adapting to the masking effects of vehicular noise, animals can exhibit
either noise-dependent song switching behavior or a uniform and consistent adjustment
of their acoustic signals (Slabbekoorn and Ripmeester 2008; Ripmeester, Mulder, and
Slabbekoorn 2010). For instance, avian species such as song sparrows (Melospiza
melodia), dark-eyed Juncos (Junco hyemalis) and Eurasian blackbirds (Turdus merula)
consistently produce songs with a higher minimum frequency in urban environments than
in environments with lower vehicular noise levels (Nemeth and Brumm 2010;
Slabbekoorn and Ripmeester 2008; Wood, Yezerinac, and Dufty 2006). Alternatively,
grey shrikethrushes (Colluricincla harmonica), increase the number of vocalizations in
the presence of vehicular noise (Parris and Schneider 2009). White-crowned sparrow
(Zonotrichia leucophrys) populations located in San Francisco raised their minimum song
frequency within a thirty-year period (Luther and Baptista 2010). Increases in signal
amplitude can improve the signal-to-noise ratio to vehicular noise, as evidenced by
louder singing by male nightingales (Luscinia megarhynchos) in noisier environments
(Brumm 2004). Increases in signal redundancy can also assist in the successful
transmission of the signal to the receiver. For example, serins (Serinus serinus) as well as
the Amazonian treefrog (Dendropsophus triangulum) increase vocalization rates in the
presence of anthropogenic noise (Kaiser and Hammers 2009; Diaz, Parra, and Gallardo
2011). Finally, species can adapt the timing of vocalizations to minimize interference
from traffic noise (Fuller, Warren, and Gaston 2007).
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The ability to adjust acoustic signals in the presence of vehicular noise can keep
species from abandoning a suitable habitat (Ortega 2012). However, these adjustments
might come with ecological, physiological or reproductive costs. For example, species
forced to alter the timing of their vocalizations according to traffic flow often suffer
costly effects, such as the European robins (Erithacus rubecula) whose acoustic
communicative adaptation involves a nocturnal shift in timing of territorial vocalizations,
which requires an increase in metabolic rate (Fuller, Warren, and Gaston 2007). In
addition, adjustments could reduce the attractiveness of the signal to potential mates
(Schmidt et al 2014), or an individual’s vigilance (Shannon et al 2014). Luther and
Magnotti (2014) observed that territorial male Northern cardinals (Cardinalis cardinalis)
gave weaker responses to songs adjusted for anthropogenic noise, thus the adjusted songs
might be maladaptive in terms of intraspecific sexual selection.

Exploring noise mitigation strategies to minimize ecological effects
Most studies indicate that noise mitigation is a necessary step to protect wildlife affected
by vehicular noise. However, a precise, yet practical manner to reduce noise has yet to be
determined or tested. The routine road closure at Rock Creek Park, a national park in
Washington D.C., represents a long-standing form of noise mitigation to which the
species local species have become accustomed. Understanding whether the weekly 36hour road closure affects acoustic behavior is useful for determining whether similar road
closure strategies could lessen noise disturbance, or whether short-term, repetitive
absences in traffic do not make enough difference for species affected by vehicular noise.
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CHAPTER 2
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Introduction
Species recognition, mate attraction and territory defense are often communicated
through long-distance acoustic vocalizations (Catchpole & Slater 2003). Effective
acoustic communication to intended receivers is dependent on the active space of the
signal, the distance between signaler and the point at which the signal degrades and is no
longer detectable by intended receivers (Marten and Marler 1977). High amplitude
background noise, such as traffic or cicadas can reduce the active space of an acoustic
signal (Morton 1975; Lohr, Wright & Dooling 2003). Furthermore, signals in the same
frequency range as traffic noise are susceptible to acoustic masking, which leaves the
intended receiver unable to detect or discriminate the signal from traffic noise (Fleishman
& Mac Nally 2003).
Although anthropogenic noise is a relatively new component of the acoustic
environment, or soundscape, some species are known to adjust their acoustic signals in
relatively loud, continuous vehicular noise (Slabbekoorn & Peet 2003; Patricelli &
Blickley 2006). Species can adjust their signals with increased signal amplitude (Brumm
2004; Hotchkin and Parks 2013), changes in the frequency components of signals and
changes in the timing components of signals, and time of signaling (Diaz, Parra &
Gallardo 2011; Bermúdez-Cuamatzin et al. 2011; Francis, Ortega & Cruz 2011a; b;
Cardoso 2014). The way in which acoustic signals are altered depends on the amplitude,
frequency content, timing, and duration of the background noise (Nemeth & Brumm
2010, Ortega 2012).
While signal adaptations may prevent masking, the change in signal structure
could reduce the quality of the signal that is transmitted to the receiver (Warren et al.
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2006). Such adjustments could reduce the attractiveness of the signal to potential mates
(Schmidt et al 2014). Vehicular noise also influences the predator-prey dynamic among
metacommunities (Courter & Ritchison 2010) by distracting prey species (Chen and
Chen 2009) and diminishing the hunting success of predators who rely on listening to
catch prey (Siemers & Schaub 2010). The overall effect of traffic noise often leads to a
subsequent decline in species richness, contributing to the homogenization, or decreased
biodiversity, of ecological communities (Francis, Ortega, and Cruz 2009, Patón et al.
2012).
The deleterious effects of anthropogenic noise affect wild populations of animals
in protected areas as well as urban and suburban habitats (Barber et al. 2009). Therefore,
an understanding of noise mitigation can help inform management decisions and policies
to benefit to wildlife that is exposed to anthropogenic noise. However, the extent of
spatial and temporal reduction in noise level intensity required to effectively mitigate
noise changes according to conservation objectives, habitat quality, landscape and
microclimate (Barber, Crooks, & Fristrup 2010; Francis & Barber 2013). All variables
should be considered before finalizing noise mitigation plans, as close monitoring and
assessment of the vegetation and other habitat variables provide site-specific insight into
the noise condition of individual territories that may otherwise go unrecognized in larger,
general assessments of habitat. In addition, wildlife, and birds in particular, adjust their
signaling to maximize song propagation based on the surrounding terrain, vegetation and
other sources of noise (Henwood & Fabrick 1979; Boncoraglio & Saino 2007;
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Derryberry 2009), thus accounting for such variables also helps to determine if in fact the
road noise levels are great enough to affect acoustic communication.
To better understand how noise reduction can benefit wildlife, the acoustic
behavior of northern cardinals (Cardinalis cardinalis) and eastern wood-pewees
(Contopus virens) was examined across microsoundscapes. For the purpose of this study,
microsoundscapes were defined as small-scale acoustic zones characterized by acoustic
environments that differ from other areas within the larger urban soundscape. Currently,
the extent of noise reduction required to mitigate the harmful effects of traffic noise is not
known for either species. Rock Creek Park, a national park in Washington D.C. presents
an instance of noise mitigation that we used to assess two types of traffic noise
conditions. Due to weekly road closures in the park traffic noise is either relatively
consistent within a microsoundscape or it is routinely reduced in microsoundscapes
where a weekly, 36 hour road closure is enforced. Based on previous research that song
duration increases (Bermudez-Cuamatzin et al. 2010), bandwidth narrows (Warren et al.
2006; Luther, Derryberry 2012) and minimum and peak frequencies shift upward as noise
levels (dB) increase (Slabbekoorn & den Boer-Visser 2006; Potvin & Mulder 2013) we
developed the following hypotheses:

1) Song characteristics differ between noise conditions (weekly road closure
implemented or no weekly road closure), and more specifically, song adjustments
are more strongly related to temporary, but routine reduction in low-frequency
traffic noise
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2) An interaction effect of routine road closures with low-frequency traffic noise has
a significant, positive effect on peak frequency, minimum frequency, and duration
and a negative effect on bandwidth of songs
3) Low-frequency traffic noise has a significant effect on all measured bird song
characteristics regardless of noise condition, such that song bandwidth decreases
with traffic noise levels and minimum frequency, peak frequency and duration
increase with traffic noise levels
4) Unlike the lower frequency song of the Northern Cardinal, the higher frequency
song of the Eastern wood-pewee is affected by weather, vegetation and highfrequency noise in addition to noise condition and low-frequency traffic noise

Materials & Methodology
Species selection
This study focuses on the vocal adjustments of the Northern cardinal (Cardinalis
cardinalis), an oscine passerine, and the Eastern wood-pewee (Contopus virens), a
suboscine passerine. Both are relatively common among mixed woodland forests of the
eastern United States, and each occupied territories in the urban parks selected for this
study. The life history, behavioral motives, vocalizing techniques and song structure
varies considerably between each species (Borror 1961; Lemon & Chatfield 1971;
Conner, Anderson & Dickson 1986; Ritchison 1988; Leston & Rodewald 2006; Clark &
Leung 2011; Ríos-Chelén et al. 2012). Both the Northern cardinal and Eastern woodpewee are relatively common in urban parks, which makes their acoustic behavior
especially useful when attempting to assess noise disturbance. The differences between
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the species provide an ideal comparison for looking at how broadly noise and noise
mitigation affect avian communication and behavior.
Northern cardinal songs are characterized as having “eventual variety” as it
repeats certain syllables and song phrases several times before changing its song
(Slabbekoorn 2012). To transmit their song more effectively, Northern cardinals
communicate through pure-tonal songs in relatively stereotyped phrasing (Yamaguchi
1998). Northern cardinals are known to alter their song in the presence of anthropogenic
noise, especially at urban sites with high background noise (Dowling, Luther & Marra
2011, Luther & Magnotti 2014). Although changes in vocal behavior have been measured
for this species, it is unknown how to effectively mitigate noise so that the need to alter
their song is alleviated.
Eastern wood-pewees migrate north from Central and northern South America,
establishing territories in May (Kroodsma 2009). Their song repertoire consists of three
different slurred whistle motifs (Clark & Leung 2011), and the one onomatopoetically
referred to as "pee-ah-wee" was measured in this study. Their songs are higher pitched
and have a narrower bandwidth than the Northern cardinal. Their rate of singing
decreases as the morning passes, but their singing continues throughout the day. In
suboscines, song is not a learned behavior (Kroodsma 1984). This is the first study to
explore whether Eastern wood-pewees alter their song in association with anthropogenic
noise.
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Site selection
Acoustic recordings were taken among three parks within the Washington, D.C. region:
Rock Creek National Park, Wakefield Park and Scott's Run Nature Preserve (Table 1). At
each park, two transects were set up along a road, which was either Beach Drive in Rock
Creek Park or route 495 in Scott's Run Nature Preserve and Wakefield Park. The first set
of plots in each park transect were located approximately 10m-20m away from the
respective road, and the second set of plots were established 400m from the road. The
400m distance was decided based on previous research which showed road noise
affecting birds as far as 400 meters away from the road (Reijnen, Foppen & Veenbaas
1997).
Two types of noise conditions were identified for this study. Noise condition
refers to traffic noise patterns used to characterize the microsoundscape of the study plot.
The noise condition of the two plots nearest the road in Rock Creek Park was defined by
the routine reduction in vehicular noise from the weekly, 36 hour closure of Beach Drive,
from 7:00 am on Saturday to 7:00 pm on Sunday. With the exception of holidays, all
portions of Beach Drive and other park roads remain open during the week for commuter
traffic. The noise condition of the remaining plots lacked a regulated temporal change in
low-frequency noise levels. The plots in Scotts Run Nature Preserve and Wakefield Park
served as a means to integrate songs from another distinct population and incorporate a
greater variety of traffic noise level intensities (dB) into the study.

Acoustic recordings
Bird vocalizations were recorded by Wildlife Acoustics SM2+ song meters (Figure 1), or
acoustic recording devices (ARDs), at a sampling rate of 22.05 kHz and saved to internal
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memory as 16 bit. The sampling rate was chosen based on frequency range of interest and
the elimination of aliasing (Kientzle 1998), as the target bird songs contain no energy
above or near 11,025 Hz. The SM2+ recorded on mono channel and the foam
windscreen-covered SM2+ microphones used to record were weatherproof,
omnidirectional and had a frequency response of flat 20Hz - 20,000Hz and a sensitivity
of -36±4dB, with a Signal-to-Noise Ratio of > 62dB. .Sound files were saved as WAV
files on 32-gigabyte SanDisk Secure Digital High Capacity cards and all sound files were
copied onto external hard drives.
During the early morning hours, the microclimate is such that sound is transmitted
more effectively than any other time of day (Henwood & Fabrick 1979). The morning
traffic rush hour also begins around 4am, and overlaps in time with the dawn chorus
(Arroyo-Solís 2013). For these reasons, the ARDs were set to record from 4am to 10am
in attempt to limit the impact of the microclimate condition and single out the traffic
noise effects. At least two weekends and four weekdays were recorded at each study plot.
SM2s were mounted to trees about two and a half meters from the ground. One
microphone was secured into its designated input on the side of the ARD. Before leaving
the site, a global positioning system (GPS) waypoint was taken using a Garmin eTrex and
the date stamp and site identification was verbalized.
Vegetation data
Since vegetation can affect how noise attenuates and song propagates, habitat variables
were assessed (Table 11) within a thirty-meter radius sample plot centered around the
tree in which each SM2+ was mounted (Ralph et al. 1993, Polak et al. 2013). The extent

17

of cover and cover type can affect how sound scatters (Ripmeester, Mulder &
Slabbekoorn 2010; T. Van Renterghem et al. 2012), so nominal-without-order categorical
scales were used to delineate ground, shrub, subcanopy and canopy cover; ecogroup type;
and dominant canopy species and subdominant canopy species. Because the species type
affects the absorptive properties of vegetation (Bucur 2006), the thirty largest trees within
the plot were sampled. A quantitative discrete scale was used for percentage of trees that
were softwood and for the number of trees species included within the sample of thirty
trees. To account for the positive relationship between noise attenuation and trunk size,
where the rate of increase is dependent on the tree density, continuous quantitative scales
were used to measure the following: mean basal area for the thirty trees sampled; mean
canopy, mean subcanopy and mean shrub height of five of the thirty trees sampled; and
the coefficient of variation of the diameter at breast height (cm). Since ecotones can
change attenuation patterns by altering the temperature and humidity gradient found
within forests (Bucur 2006) a dichotomously ordered categorical scale was used to
identify whether an ecotone was present within each same plot (Ralph et al. 1993).
Principal component analysis was used to collapse the variables into four indices
(Table 2). Factors with an eigenvalue of one or less were excluded from the final
component groupings (Kaiser 1991) (Table 3). Each principle component represents
habitat characteristics that can affect noise attenuation and song transmission.
Weather data
The weather conditions of a microclimate, such as humidity and temperature, affect
sound attenuation rate and bird singing behavior (Wiley & Richards 1978; Henwood &
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Fabrick 1979). Such effects were accounted for during song measurement analysis by
assigning hourly relative humidity (%) and temperature (°C) measures reported by the
Regan National airport weather station to each of the analyzed songs. Wind speed, wind
direction and rain also change the microclimate condition (Wiley & Richards 1978), so
songs were not analyzed during hours where the local weather station reported rain or
wind speed above 5m/s (Natural Sounds & Night Sky 2013).
LEQ (dB) ambient sound levels
The equivalent average sound level (LEQ) metric was calculated within 20 seconds
of each analyzed bird song, since relatively minor fluctuations in background noise
level were expected to occur in both noise conditions (See Figure 5). Acoustic data
from the SM2+ was first calibrated using the coincident field calibration method
(Mennitt & Fristrup 2012). The calibration code was then run using custom software built
in MATLAB (version 2014a). The calibration coefficients were used to convert the audio
data into calibrated 1 second, 1 Hz sound pressure levels (SPLs) using a program
developed by NSNSD (nature.nps.gov/sound_night). The times of the manually detected
bird songs were used to find the corresponding calibrated SPLs 20 seconds after the call
and calculate a full band (0-11,050 Hz), low-frequency (0-1,250 Hz) and high-frequency
(≥1,600 Hz) LEQ. These LEQ values were then used to determine the statistical
difference in ambient noise between study plots through one-way analysis of variance
tests using R software (2014).
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Song Analysis
Raven Pro software version 1.4 was used to catalogue and analyze the vocalizations from
all recordings (Bioacoustics Research Program, Cornell Laboratory of Ornithology
2011). After eliminating the sound files recorded during undesirable weather conditions,
a preliminary manual survey of sound files provided a general overview of species
occurrence and song frequency. All acoustic data were transformed to the frequency
domain and data were displayed as spectrograms along a frequency range between 0 and
11,025 Hz on the y-axis and 20 seconds on the x-axis. The motif of each song phrase
selected was annotated to distinguish between species and song type (Figure 8; Figure 9),
which differed in note composition (Clark & Leung 2011). For cataloguing and analysis
purposes, a note was considered an unbroken emission of acoustic information depicted
on a spectrogram (Isler & Whitney 1998).
Four song attributes, 90% bandwidth, 90% duration, minimum frequency, and
peak frequency, were initially measured for each of 7,345 catalogued Eastern woodpewee songs recorded among six of the study plots, while three song attributes, 90%
bandwidth, 90% duration, and minimum frequency, were measured for each of 332
catalogued Northern cardinal songs recorded across nine study plots. Selections of the
songs were drawn around the target song using the cursor in the Raven window
spectrogram. The spectrogram window parameters were set to 20 second page viewing
and "bone" coloration. The “smooth view” was unselected since the unsmoothed view
has a finer grid scale resolution and provides a more accurate representation of the signal
for use during the signal measuring process. The brightness was set at 58, while the
contrast was set at 47. The window size was 680 samples (0.0308 s) per a 3 dB filter
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bandwidth at 46.6 Hz. Window overlap was 50% and Hop size was 340 samples. The
Discrete Fourier transformation (DFT) size was set to 1024 samples with Grid spacing of
21.5Hz.
To minimize subjectivity in measuring, two robust measurements were taken for
each song: 90% bandwidth (identifies frequency that splits selection into one part
containing 95% of energy and the other part containing 5% of the energy) and 90%
duration (identifies the point in time where energy is split into 95% and 5% intervals). In
doing so, change in distribution of energy can be measured in time and marked by
frequency, and then compared between vocalizations occurring in different noise
treatments and across noise levels. Robust measurements minimize subjectivity by using
the distribution of energy within the selection instead of using the selection parameters
manually drawn by the Raven software user (Fristrup & Watkins 1992). The minimum
frequency (Hz) was also measured. Although it is based on the selection box parameters,
it is an acceptable attribute to measure since the Eastern wood-pewee song occurs in the
higher frequency bands, making it easier to distinguish from low-frequency background
traffic noise in a spectrogram. Since the Northern cardinal song partially overlaps with
traffic noise, only the 90% duration, and minimum frequency of the introductory notes
were measured. The introductory notes were sung with a higher signal-to-noise ratio,
making them easier to measure.
The peak frequency (Hz) was also measured for each Eastern wood-pewee song.
The peak frequency indicates which frequency within the selection has the greatest
power. Although it is not considered robust against the subjectivity involved in drawing
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the selection boxes, there is a lower risk of noise-related artifacts causing measurement
bias in comparison to the minimum and maximum frequency measurements when
measuring between noise treatments (Slabbekoorn 2012). However, there is also the risk
that the peak frequency of incidental background noise within the selection parameters
was captured rather than the signal of interest.
In order to check the accuracy of the peak frequency measurements obtained, the
pitch-tracking feature in Raven was used on a subset of 315 Eastern wood-pewee songs
(Charif 2010). Each song was plotted on a spectrogram time axis equivalent to the length
of the selection, rather than the 20 second time frame used for the other song attribute
measurements. Since the window parameters affect the quality of the pixilated boxes
representing sound, the spectrogram window parameters were changed as well. The 256
sample DFT Size, 92 sample hop size (50% overlap) and a frequency grid spacing of 86.1
Hz was changed automatically per the specified 172 Hz 3 dB bandwidth. A Hann
window type and a 3 dB bandwidth of 172 Hz caused the Size setting to change to 8.34
ms, or 184 samples. The grid subsequently had a finer frequency resolution in
comparison, which was consequential of the larger DFT size, but a poorer time
resolution. The “NPS” color scheme was applied so that the green pitch-tracking lines
could be more easily detected in the spectrogram window. Each song selection was
divided into sub-selections of .01ms in duration, and the peak frequency within each subselection was recorded in a new selection table (Bioacoustics Research Program, Cornell
Laboratory of Ornithology 2011). The pitch tracking lines illuminated where the initial
peak frequency measurement originated from within the selection box, which visually
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confirmed that the peak frequencies were associated with frequencies comprised of bird
song rather than noise. A second confirmation was achieved through a comparison of
means between the sample (M = 4367.67, N = 7,345) and subsample (M = 4308.55, N =
315), which differed less than the error range attributable to spectrogram resolution size.

Modeling Analysis
Expected patterns of song adjustment in relation to low-frequency traffic noise levels and
noise condition of a plot were not readily discernible, so mixed-effect linear models were
used to test the effects by incorporating environmental factors known to contribute to
song propagation and noise attenuation. The mixed-effect linear model was most
appropriate since the dataset for both species consisted of repeated measures and unequal
sample sizes.
Environmental variables known to affect acoustic behavior and sound propagation
were included as covariates within each of the optimal models, and included
meteorological conditions and level of high-frequency noise occurring at the time of each
song. The principal components of the vegetation variables were also included as
covariates. Significant interactions between noise conditions and low-frequency traffic
noise, low-frequency traffic noise, and noise and temperature and relative humidity were
also included. The noise condition factor was divided into levels labeled as "no road
closure" (0,0) and "road closure" (0,1). The high-frequency LEQ measurements were
transformed so the mean was equivalent to zero to reduce multicollinearity between it
and low-frequency LEQ measurements.
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Non-significant fixed effects were removed accordingly from the initial
optimal model until the optimal fixed effect structure was obtained (Zuur 2009). Model
selection using AICc values and Maximum Likelihood revealed which of the different
combinations of significant fixed effects best explained the song attributes (Table 7;
Table 8) after the random effect structure was decided. With one exception, the random
effect structure for the top models from each of the model selection analyses included a
random slope and intercept (Table 6). The exception was a random-intercept random
effect structure used for the 90% duration mixed-effect model for the Eastern woodpewee. The random effect structure was determined based on the ANOVA results using
Restricted Maximum Likelihood required to most accurately estimate random effect
model parameters (Table 5) (Zuur 2009). The study plot factor grouping was used as the
random intercept since the ANOVA run during song analysis showed how the
relationship between each predictor variable and song measurement of interest differed
among study plots. The low-frequency traffic noise measurements were used as the
random slope and strongly correlated with the random intercept, except in the Northern
cardinal 90% duration model where the correlation was weak (+0.32).
In each model, the residual mean and plots were inspected for heteroscedasticity
and non-normality. The regression line from the maximum-likelihood estimation (MLE)
function was used to find the p-values, best fit slope and intercept coefficients and to
compare models (Table 9; Table 10). The analyses of the relationship between measures
of select bird song attributes, noise condition and traffic noise were run using R studio
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(RStudio, 2012), the lme4 package (Bates, Maechler & Bolker, 2012), nlme package
(Pinheiro 2013) and the AICcmodavg package (Mazerolle 2011).

Results
Acoustic Conditions
The low-frequency traffic noise level recorded within 20 seconds of each
analyzed Northern cardinal song ranged from 53 to 72 (dB) across all three parks, while
the pooled low-frequency background noise measurements taken within 20 seconds of
each Eastern wood-pewee song in Rock Creek Park and Scott's Run Nature Preserve
ranged from 52 to 63 (dB). The high-frequency background noise levels associated with
Northern cardinal and Eastern wood-pewee songs ranged from 33 to 53 dB, and 33 to 42
dB, respectively. The average range of noise recorded per park and noise condition is
shown in Table 4.
A one-way, two-sided ANOVA confirmed the low-frequency background noise
was not homogenous between study plots within the same noise condition (F(5, 7339) =
876.4, P = < 0.0001) where Eastern wood-pewee songs were detected. The same was
found by the one-way, two-sided ANOVA assessment of low-frequency noise levels for
Northern cardinal song (F(8,323)= 170.9), P = < 0.0001), emphasizing the need to
incorporate environmental variables into the model to control for factors other than noise
condition that comprise the microsoundscape of each study plot.
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Bird Vocalization Attributes
The targeted song motif (Figure 8) of the Northern cardinal was detected in recordings
from nine of the twelve study plots among all three parks. Eastern wood-pewee songs
were detected in six of the twelve study plots (Figure 9). Vocalizations were not detected
at the Wakefield sites. Individual plots presumably contained a unique sampling of
individual(s) who were not recorded in multiple plots due to their territory size and the
great distance between plots. In total, 332 Northern cardinal songs and over 7,000 Eastern
wood-pewee songs were analyzed.
Although there is considerable overlap in the minimum and maximum ranges of
the mean song measurements between study plots, one-way, two-sided ANOVAs showed
the mean minimum frequency (F(8,323)= 11.65, P<0.0001), 90% duration (F(8,323)= 17.98,
P<0.0001) and 90% bandwidth (F(8,323)= 62.97, P<0.0001) of Northern cardinal songs
significantly differed between individual study plots. The 90% duration (F(5,7339) = 550.7,
P < 0.0001), peak frequency (F(5,7339) = 104.3, P < 0.001), 90% bandwidth (F(5,7339) =
401.7, P < 0.0001) and minimum frequency (F(5,7339) = 1784, P < 0.0001) of Eastern
wood-pewee songs also significantly differed between plots. The statistically significant
difference in song measurements between individual plots necessitated the use of random
effects in the modeling process.

Model Selection
The Akaike weights of the best AICc models signified a high probability that each
selected model for the Northern cardinal and Eastern wood-pewee song measurements
was actually the "best-fit". Model selection uncertainty was low since all or most of the
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weight was attributed to a single model in each of the model selection sets. Model
certainty was further confirmed through the calculation of evidence ratios (Table 7; Table
8).
Northern Cardinal
The fixed effects of the top model for minimum frequency in Northern cardinal
song consisted of the interaction of noise condition with low-frequency traffic noise,
high-frequency background noise, low-frequency traffic noise, noise condition and the
interaction of temperature with humidity (along with their singular contributions) (See
Table 8). All of the explanatory variables except low-frequency traffic noise had a
significant effect (P < 0.05) (See Table 10). The effect of the road closure noise
condition was greater than that of the noise condition lacking the road closure
component. Thus, minimum frequency adjustments were more strongly related to
microclimates with temporary, but routine temporal reductions in low-frequency noise
patterns than those lacking regular and considerable temporal changes in noise level. The
interaction of noise condition with low-frequency traffic noise negatively influenced
minimum frequency, unexpectedly suggesting that Northern cardinals shifted the
minimum frequency of their song downward as traffic noise amplitudes increased.

It should be noted that the unexpected decrease in minimum frequency in
Northern cardinal song was not best explained by the noise condition and low-frequency
traffic noise interaction alone, but was also influenced by temperature, humidity and
high-frequency noise (See Table 10). The cumulative effect of each of the fixed effects
explains the unexpected downward shift in minimum frequency. More specifically,
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Northern cardinals also shifted their song downward when high-frequency noise,
temperature or humidity increased regardless of the noise condition type of each plot.
When both temperature and humidity increased together, which strengthened their
interaction, the Northern cardinals adjusted their minimum frequencies upward. Because
low-frequency traffic noise had a non-significant effect, there were no associated patterns
of change in minimum frequency.

The top model that explained bandwidth and duration in Northern cardinal songs
each had one fixed effect weighted at 100% of the AICc value that was also significant (P
< 0.05). The interaction of noise condition with low-frequency traffic noise explained
90% bandwidth, where noise condition and the interaction each had a significant effect (P
< 0.05) (See Tables 8 & 10; Figure 6 & 7). NOCA 90% duration of the song was only
affected by noise condition which had a positive and significant effect (P < 0.05) (See
Tables 8 & 10).
Eastern wood-pewee
The fixed effects of the AICc selected optimal model chosen for minimum frequency in
Eastern wood-pewees included low-frequency traffic noise, high-frequency noise, the
interaction of humidity and temperature (and each interaction component singularly), the
vegetation data, and the interaction of high-frequency traffic noise with noise condition
(See Figure 3; Table 7; Table 9). The meteorological data and their interaction, PC2 and
PC4 vegetation data components, low-frequency traffic noise, high-frequency
background noise and their respective interactions with noise condition each significantly
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affected the minimum frequency (Hz) of Eastern wood-pewee songs (P <0.05), while
PC1, PC3 and noise condition had no significant effect. PC4, temperature, humidity, and
high-frequency noise all had a positive influence on the song attribute, meaning the
minimum frequency shifted upward in plots with higher PC4 values and increased
temperature, humidity or high-frequency noise. The interaction of noise condition and
high-frequency noise also positively influenced minimum frequency. As a result, the
birds shifted their song upward as high-frequency noise levels increased in the plots
exposed to the road closure noise condition. When humidity and temperature increased
simultaneously, the stronger interaction effect was associated with a downward shift in
minimum frequency. Finally, low-frequency traffic noise negatively affected minimum
frequency, meaning increased traffic noise had a downward shifting influence to
minimum frequency. The optimal candidate model for minimum frequency in the Eastern
wood-pewee song was nine times more likely to explain the minimum frequency than the
model that excludes low-frequency traffic noise as a predictor variable.
The fixed effects included in the optimal model for the 90% duration
measurement included all but the vegetation covariate parameters (see Table 7). 100% of
the AICc weight was assigned to the optimal model for 90% duration. High-frequency
noise and low-frequency traffic noise did not significantly affect the 90% duration,
though the interaction of noise condition with low-frequency traffic noise and the
interaction of relative humidity and temperature did significantly affect duration (See
Table 9). The interaction of noise condition with low-frequency traffic noise had a
positive effect, while the interaction of noise condition and high-frequency noise had a
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negative effect. Therefore, as low-frequency noise increased amid the study plots
exposed to weekly road closures, the Eastern wood-pewees sang longer songs, while the
increased high-frequency noise within the same plots led the Eastern wood-pewees to
shorten their songs (Figure 2). The song duration increased as humidity or temperature
increased, but decreased when the interaction effect between humidity with temperature
was greater due to a concurrent increase in each measure.
The optimal model for peak frequency also carried 100% of the AICc weight. The
fixed effect structure was comprised of the meteorological variables and their interaction,
the vegetation variables, high-frequency noise and the interaction of noise condition with
high-frequency noise. The peak frequency of songs recorded in the study plots affected
by road closure increased as high-frequency noise increased. The increase in temperature,
relative humidity or the interaction of temperature and relative humidity was associated
with an upward shift in peak frequency regardless of the noise condition type. Plots with
greater values of PC3 and PC4 were associated with song having a higher peak
frequency.
In the best fixed effect structure for the 90% bandwidth measures, neither noise
condition, low-frequency traffic noise, or the interaction of the two had a significant
effect on the 90% bandwidth of Eastern wood-pewee songs. The optimal model was not
pursued further since the fixed effects of interest, noise condition and low-frequency
traffic noise and their interactions were not significant.
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Discussion
Weekly, 36 hour road closures altered the acoustic environment enough to elicit
changes in acoustic behavior of multiple species though the specific effect on
vocalizations was species-dependent. Road closures and low-frequency traffic noise had
a significant, interactive effect on minimum frequency and bandwidth for the Northern
cardinal songs and the duration measures of Eastern wood-pewee songs. The effects on
the song characteristics could be due to the fact that the range of low-frequency traffic
noise was greatest within sites affected by road closures, especially in comparison to the
more consistent pressure of low-frequency noise found in sites not exposed to road
closures.
Results that noise levels were significantly different between noise condition
types and study plots within each noise condition underscore the importance of taking
repeated background noise level measurements at multiple points before attempting to
characterize an acoustic environment. The findings also reinforce the importance of
knowing the low-frequency background noise level at the time of a vocalization, instead
of just an average condition at a given location. A greater understanding about the
selective pressure that background noise exerts on individuals and populations on a
microsoundscape-scale should help to prevent researchers from grouping study
populations into overly-simplified rural and urban populations or soundscapes. In
addition, noise management policies should take into consideration that individuals
within a rural or urban population are not subjected to the same noise levels and multiple
factors can influence the acoustic environment.
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For Northern cardinals, the interaction of noise condition and low-frequency
background noise had a negative effect on bandwidth, such that song bandwidth was
adjusted to contrast with the background noise and optimize song propagation (Warren et
al. 2006). Since noise disturbance is observed by deviation in behavior between animals
exposed to different noise conditions (Frid & Dill 2002) we can interpret when noise
disturbs a species by examining behavioral differences, in this case the decrease and
increase in Northern cardinal song bandwidth. Wider bandwidths associated with lower
low-frequency traffic noise levels represent a sufficient level of noise reduction to alter
the behavior of the Northern cardinal in the road closure noise condition. Potentially, the
linear relationship between bandwidth and low-frequency traffic noise can be used to
pinpoint at what change in decibel level traffic noise causes the Northern cardinals to
adjust their song.
Qualities of Northern cardinal acoustic behavior, such as singing at a
comparatively lower frequency than that of the higher-pitched Eastern wood-pewee songs
(Richards & Wiley 1980), most likely contributed to the irrelevance of vegetation,
weather and high frequency noise as predictor variables for Northern cardinal song
bandwidth and duration. The Northern cardinal results support previous studies that
indicated noisy environments affected the acoustic behavior of Northern cardinals
(Dowling, Luther & Marra 2011; Luther and Magnotti 2014). Since the acoustic behavior
of Northern cardinals was never significantly affected by low-frequency traffic levels
alone, it appears that a certain amount of variation in low-frequency traffic noise levels is
required before they resort to signal adjustment. The birds recorded in areas unaffected
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by a road closure were exposed to comparatively consistent noise levels, though the noise
levels between plots varied. Therefore, the less consistent noise levels associated with the
weekly road closure, rather than the noise level itself elicited adjustment in Northern
cardinal song. Although precise thresholds that delineate noise disturbance have yet to be
determined for either species, there is much evidence that acoustic behavior of many
species is affected differently depending on the decibel level of the background noise
(Halfwerk & Slabbekoorn 2009; Halfwerk et al. 2011; Goodwin & Podos 2013; McClure
et al. 2013; McLaughlin & Kunc 2013; Potvin & Mulder 2013).
The results are one of only a few studies to show that a suboscine passerine
changes its song in relation to anthropogenic noise (Ríos-Chelén et al. 2013, Francis,
Ortega & Cruz 2011). The Eastern wood-pewee changed its song according to the
conditions of the soundscape, where low-frequency noise as well as high-frequency noise
have a significant effect on its minimum frequency and the duration of the song. Noise
levels affect the minimum frequency of their song regardless of the noise condition.
However, the duration of the Eastern wood-pewee song was only influenced by the
interaction of noise condition with low-frequency noise which indicates that Eastern
wood-pewee songs were affected by the variation in severity and consistency of noise in
their soundscape.
In this study, only the high-frequency background noise positively influenced
minimum and peak frequency in Eastern wood-pewee song, while the low-frequency
noise had a downward shifting effect on minimum frequency and no significant effect on
peak frequency. Therefore, only amplitude measurements of noise separated into high
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and low frequencies should be used to understand the overall effect of background noise
on birds with a higher frequency song, like that of the Eastern wood-pewee. Otherwise, it
is not clear whether low-frequency noise, such as traffic, or high-frequency background
noise resulted in a change in song.
This is the first study, that we know of, to investigate how weekly road closures
affect acoustic behavior of species in the vicinity to the anthropogenic noise. In Rock
Creek Park, birds further from the road did not adjust their vocalizations in response to
the changes in road closure status, as they were beyond the distance where the road
closures affected their immediate soundscape. Birds recorded in other parks, who were
also unaffected by road closure, did not adjust their song in relation to low-frequency
traffic noise levels alone. It was the Northern cardinals closest to Beach Drive in Rock
Creek Park that adjusted their signals solely in direct accordance with low-frequency
traffic noise levels.
Overall, the results suggest that the motivation for song adjustment in Northern
cardinals is highly attributable to their acoustic environment, while background noise as
well as other environmental factors influenced song adjustment by the Eastern woodpewee. Vocal adjustments in relation to anthropogenic noise could have costs for
signalers in terms of territory defense and mate attraction. However, more studies are
needed to determine how intended receivers respond to the adjusted signals before we
can determine if the vocal adjustments are adaptive or maladaptive. A better alternative to
the weekly road closures would be a non-temporary reduction in noise that would provide
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an opportunity for animals to avoid adjusting their signals and exposing themselves to the
potential costs of vocalizing with altered signals.

Conclusion
The extent of traffic noise reduction necessary to effectively mitigate noise is
dependent on the species of concern. A greater understanding of how animals respond to
noise and noise reduction is useful for constructing conservation plans (Proppe Sturdy,
Claire 2013). Although urban parks are found to have more species than those of
unprotected urban lands (Goodwin & Shriver 2014), the animals within parks are not
immune to noise disturbance. Species-specific conservation strategies are especially
pertinent for Neotropical migrants, such as the Eastern wood-pewee, who have reportedly
declined in Rock Creek National Park and the Washington, D.C. area by over 50 percent
in less than 70 years (Wauer 1997).
In species whose acoustic behavior is directly affected by low-frequency traffic
noise, acoustic measurements could be useful for recognizing the effectiveness of a
mitigation strategy. If managers desire to compare and contrast mitigation effects within
a park, they could make a uniform scale for the noise condition types, run general linear
mixed-effect model selection, and compare the beta weights of the noise mitigation
methods or noise conditions shown to have a significant effect on the acoustic measure.
Preferably, the species should be common within their range and found in urban,
suburban and rural landscapes, making them a readily available proxy measure of
mitigation success. This suggested alternative approach enables managers to recognize
which noise mitigation strategies are most effective to a common, well-adapted and year-
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round resident species, with the assumption that other animals also benefit even when
less directly affected by noise or the effects are not as easily discernible due to the nature
of the communicative behaviors.
Noise management decisions should only rely on statistical results derived from
acoustic communicators who clearly adjust song in relation to anthropogenic noise.
Overgeneralizations about noise within different areas of a park may not effectively
address noise disturbance due to the change in physical landscape and behavior of the
species of interest. Songs from several study plots within close proximity to one another
were measured in order to demonstrate how overgeneralization of a soundscape can
misguide management priorities. The species whose acoustic behaviors were directly
affected by traffic noise may often vocalize within the frequency range of anthropogenic
noise. This limits which song attributes should be measured and used as an indication of
noise mitigation effectiveness. Otherwise, an analyst could mistakenly draw conclusions
based on less precise measurements clouded by background noise. Steps, such as using
robust methods of spectrogram measurements, should be taken to ensure nonbiased
measurements.
The methods used in this study were noninvasive and enable managers to get a
sense of the anthropogenic noise levels that comprise the soundscape. Employing
acoustic recording devices should become common practice in natural resource
management, as they provide real acoustic data in a non-intrusive and overall financially
conservative manner. As was shown with the Eastern wood-pewee, vegetation surveys
should not be excluded during the monitoring process as the acoustic behavior of a target
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species may be as closely related to its physical environment as anthropogenic noise
pollution. In addition, caution should be taken when mitigating noise by way of
additional attenuation rather than noise reduction. For instance, a highway sound barrier
introduces a new structure into the environment that may be reflective or absorptive
depending on its purpose (“Sound Barriers Guidelines - Highway Traffic Noise” 2012).
Future research should test how acoustic behavior changes in response to a barrier in
comparison to noise reduction. Although, depending on the species of concern, the
barriers may not reduce noise enough to mitigate noise disturbance.
Road closures are often the least feasible noise mitigation method to implement
(Slabbekoorn and Ripmeester 2008). The National Park Service has begun to enforce
mass transit in the form of shuttle buses in select parks as a comparable alternative to
road closures (Barber, Crooks, & Fristrup 2010). In comparison to the shuttle buses, the
partial weekend road closures along certain roads in Rock Creek National Park,
Washington, D.C. may be less effective since the roads remain open to other forms of
recreational transit and activities, such as roller blading and bicycling. Furthermore,
temporary and frequent road closures may not be the best form of noise mitigation for
improving conditions for the ecological community. Studies that examined roadavoidance behavior found a complete absence in vehicular traffic was the best solution to
preserving populations and limiting ecological homogenization (Jaeger et al. 2005;
Slabbekoorn & Ripmeester 2008; Francis, Ortega & Cruz. 2011). More research
regarding noise mitigation and an effort to characterize noise pollution on a
microsoundscape scale is necessary in order to gain a better understanding of how to
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conserve the natural soundscape. Furthermore, the methodology employed in this study
could prove helpful in asserting the effectiveness of other alternative forms of noise
mitigation, such as quiet pavement, based on the changes in acoustic communication
before and after the re-pavement of roads.
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TABLES & FIGURES

Table 1. SM2 automated, acoustic recording devices were mounted in twelve study plots across three
parks.
*Songs could not be analyzed from the recordings taken near the road at Scott's Run Nature Preserve due
to clipping caused by exceedingly high noise-levels.
**Eastern wood-pewees songs were not detected in recordings from Wakefield park study plots. The
Northern cardinal song motif chosen for analysis was not detected in the Wakefield Park Transect 1, plot
1
SM2 Acoustic Recorder Locations
Approxi
Rock Creek National
Scotts Run
Transect
mate
Park
Nature Preserve
Wakefield Park
& recorder Distanc
(borders Beach Dr, which
(borders highway
(borders highway 495)
ID
e From
closes Saturday 7am495)
Road
Sunday 7pm)
Transect
(Not used)
(Not used)**
1: plot 1
20m
38°58.661', -77°02.604'
38°57.557', 38°48.950', -77°13.310'
77°11.876'*
Transect
38°57.440', 400m
38°58.485', -77°02.744'
38°48.981', -77°13.588'
1: plot 3
77°11.595'
Transect
(Not used)
2: plot 1
20m
38°58.746', -77°02.688'
38°57.537' 38°49.170', -77°13.379'
77°11.547'*
Transect
38°57.639' 400m
38°58.57', -77°02.849'
38°49.058', -77°13.644'
2: plot 3
77°11.781'
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Figure 1: Wildlife Acoustics song meter (SM2) indirectly mounted to tree trunk using a Python
Adjustable Locking Cable and wood mounts at Scott's Run Nature Preserve Transect 1, plot 1.
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Table 2. Variable factor loadings for the principal component analysis based on vegetation variables from study
plots for each species. Bolded values are greater than 0.30, and were retained for that factor.
Eigenvector Variables
Prin1

Ecogroup
type

Herb cover

Eastern wood-pewee
Prin2
Prin3
Coefficient
of variation
for
Dominant
diameter at
subcanopy
breast
species
height
measureme
nts (%)
Coefficient of
variation for
Shrub
diameter at
cover
breast height
measurements
(%)

Prin4

Prin1

Dominant
canopy
species

Dominant
canopy
species

Dominant
subcanopy
species

Shrub cover

Mean
Subcanopy
height (m)

Mean basal
area of trees
per plot (cm2)

Mean
canopy
height (m)

Ecotone
presence or
absence

Number of
soft wood
trees (%)

Mean shrub
height (m)

Number
tree
species in
sample

Mean
canopy
height (m)

Dominant
subcanopy
species
Coefficient
of variation
for
diameter at
breast
height
measureme
nts (%)
Mean basal
area of
trees per
plot (cm2)
Shrub
cover
Canopy
cover
Number of
soft wood
trees (%)
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Northern cardinal
Prin2
Prin3

Prin4

Herb
cover

Ecogro
up type

Dominant
subcanopy
species

Shrub
cover

Mean
canopy
height
(m)

Coefficient of
variation for
diameter at
breast height
measurements
(%)

Ecotone
presence
or
absence

Mean
shrub
height
(m)

Mean basal
area of trees
per plot (cm2)

Mean
canopy
height
(m)
Number
tree
species
in
sample

Subcanopy
cover

Table 3.
Eigenvalues greater than 1 from the principal component analysis used to condense study
plot vegetation variables for general linear mixed-effect modeling
Eastern wood-pewee song measurements

Northern cardinal song measurements

Prin

Eigenvalue

Percent

Cumulative
Percent

Prin

Eigenvalue

Percent

Cumulative
Percent

1

5.4895

36.597

36.597

1

4.9012

35.009

35.009

2

3.1476

20.984

57.581

2

2.9217

20.869

55.878

3

2.8106

18.738

76.319

3

2.3354

16.681

72.559

4

1.8575

12.384

88.702

4

1.7959

12.828

85.387
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Northern cardinal

Eastern wood-pewee

Table 4.
Background noise levels (dB) recorded within 20 second of each analyzed Eastern wood-pewee and
Northern cardinal song
S
High-frequency noise
Low-frequency noise levels
p
levels (1,250-11,050
(0-1,250 Hz)
e
Hz)
c
Noise condition
i
Mean ± S.E. Range
Mean ± S.E.
Range
e
s
Rock Creek "no road closure"

33.7 ± 0.05

16.9

53.3 ± 0.05

15.2

Scott's Run "no road closure"

38.7 ± 0.08

9.9

59.9 ± 0.08.

8.5

Weekday (road open)

44.0 ± 0.14

27.0

60.9 ± 0.11

19.2

Saturday (road closed)

37.3 ± 0.09

20.1

56.0 ± 0.04

13.7

Sunday (road closed)

34.9 ± 0.05

20.4

54.0 ± 0.06

10.5

Rock Creek "no road closure"

33.9 ± 0.30

20

54.2 ± 0.13

6.8

Scott's' Run "no road closure"
Wakefield "no road closure"

38.5 ± 0.17
49.5 ± 0.52

3.3
11.9

59.5 ± 0.19
66.8 ± 0.56

4
11.4

Weekday (road open)

43 ± 0.78

12.3

60.2 ± 0.69

10.0

Saturday (road closed)

35.8 ± 0.98

11.9

56.3 ± 0.54

7.1

Sunday (road closed)

32.8 ± 0.62

12.7

53.0 ± 0.48

8.4

Rock Creek "road closure"

ROCR "road closure"
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Table 5.
The following parameters represent the fixed effect structures initially used as overly optimal
model formulas, which include all possible explanatory variables and interactions:
Parameters of overly optimal fixed effect
Low-frequency traffic noise
High-frequency noise
Temperature
Relative humidity
PC1
PC2
PC3
PC4
Noise condition (with road closure, without road closure)
Noise condition*low-frequency traffic noise
Noise condition*high-frequency noise
Temperature*relative humidity
Random effect structures initially tested for best fit
General linear structure without random effect
Linear mixed-effect random intercept structure of ~1 │ individual plot
Linear mixed-effect random slope and intercept structure of ~1+ low-frequency traffic
noise│individual plot
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Interaction of
noise condition
with highfrequency noise

Non-significant
Fixed Effects of
Optimal Model
based on 95%
CI

Significant
relationship
with lowfrequency
traffic noise,
road closure
noise condition
or related
interaction

Interaction of
noise condition
with lowfrequency traffic
noise

Low-frequency
traffic noise

noise condition

Fixed Effect
Structure of
Optimal Model

---

---

Main effects
of interest
nonsignificant,
so optimal
model not
pursued

Low-frequency
traffic noise

Noise condition,
PC1, PC3

Low-frequency
traffic noise +
temperature*relat
ive humidity
+temperature +
relative humidity
+ PC1 + PC2 +
PC3 + PC4 +
noise

Low-frequency
traffic noise*noise
condition + lowfrequency traffic
noise +
temperature*relati
ve humidity +
temperature +
relative humidity +
noise
condition*highfrequency noise +
noise condition +
high-frequency
noise

Temperature*relati
ve humidity +
temperature +
relative humidity +
PC1 + PC2 + PC3
+ PC4 + noise
condition*highfrequency noise +
noise condition +
high-frequency
noise

Random slope
and intercept

Random
slope and
intercept

Random intercept

Random slope and
intercept

Random Effect
Structure

Minimum
Frequency (Hz)

90%
Bandwidth
(Hz)

90% Duration (s)

Peak Frequency
(Hz)

Response
Variables

Eastern woodpewee

Eastern
wood-pewee

Eastern woodpewee

Eastern woodpewee

Species

Table 6
Summary table of top models derived from model selection analyses results for each model

Noise
condition

---

noise
condition

Random
slope and
intercept

90%
Duration

Northern
cardinal

Noise
condition, and
interaction of
noise
condition with
low-frequency
traffic noise

Lowfrequency
traffic noise

Lowfrequency
traffic
noise*noise
condition +
low-frequency
traffic noise +
noise
condition

Random slope
and intercept

90%
Bandwidth
(Hz)

Northern
cardinal

Noise condition

Low-frequency traffic
noise

Low-frequency traffic
noise +
temperature*relative
humidity +
temperature + relative
humidity + noise
condition*lowfrequency traffic noise
+ noise condition +
high-frequency noise

Random slope and
intercept

Minimum Frequency
(Hz)

Northern cardinal

Table 7.
Eastern wood-pewee song AICc weight for each response variable modeled.
All models include individual plot as a random intercept and all but the 90% duration model also include
low-frequency traffic noise as a random slope.
AICc
Evidence
Log
Parameters of each Candidate model
K ∆AICc
weight
ratio
likelihood
Minimum frequency
Low-frequency traffic noise + temperature*relative
humidity + temperature + relative humidity + PC1 +
PC2 + PC3 + PC4 + noise condition*high-frequency 16
0
0.9
1
-44649.01
noise + noise condition + high-frequency noise
Temperature*relative humidity + temperature +
relative humidity + PC1 + PC2 + PC3 + PC4 + noise
condition*high-frequency noise + noise condition +
high-frequency noise
Low-frequency traffic noise + temperature*relative
humidity +temperature + relative humidity + PC1 +
PC2 + PC3 + PC4 + noise condition + highfrequency noise
Low-frequency traffic noise + temperature*relative
humidity +temperature + relative humidity +PC1 +
PC2 + PC3 + PC4
Temperature*relative humidity +temperature +
relative humidity + PC1 + PC2 + PC3 + PC4
90% Duration
Low-frequency traffic noise*noise condition + lowfrequency traffic noise + temperature*relative
humidity + temperature + relative humidity + noise
condition*high-frequency noise + noise condition +
high-frequency noise
Temperature*relative humidity + temperature +
relative humidity + noise condition*high-frequency
noise + noise condition + high-frequency noise
Low-frequency traffic noise*noise condition + lowfrequency traffic noise + temperature*relative
humidity + temperature + relative humidity + noise
condition
Peak Frequency
Temperature*relative humidity + temperature +
relative humidity + PC1 + PC2 + PC3 + PC4 + noise
condition*high-frequency noise + noise condition +
high-frequency noise
Temperature*relative humidity + temperature +
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15

4.34

0.1

9

-44652.18

14

26.02

0

0

-44664.02

13

554.75

0

0

-44929.4

12

556.36

0

0

-44931.2

11

0

1

1

-44628.48

9

62.09

0

0

-44661.53

9

113.55

0

0

-44687.26

15

0

1

1

-53999.50

13

12.11

0

0

-54007.56

relative humidity + PC1 + PC2 + PC3 + PC4 + highfrequency noise
Temperature*relative humidity + temperature +
relative humidity + PC1 + PC2 + PC3 + PC4
Temperature*relative humidity + temperature +
relative humidity + PC1 + PC2 + PC3 + PC4 + noise
condition

12

46.65

0

0

-54025.84

13

48.48

0

0

-54025.75

Table 8.

Northern cardinal song AICc weight for each response variable modeled.
All models include individual plot as a random intercept and low-frequency traffic noise as a random
slope.
Parameters of each Candidate model K ∆AICc
AICc
Evidence
Log likelihood
weight
ratio
Minimum frequency
Low-frequency traffic noise +
temperature*relative humidity +
temperature + relative humidity +
12
0
0.91
1
-1913.92
noise condition*low-frequency
traffic noise + noise condition +
high-frequency noise
noise condition +
temperature*relative humidity
+temperature + relative humidity +
high-frequency noise

10

4.94

0.08

11.38

-1918.53

Low-frequency traffic noise +
temperature*relative humidity
+temperature + relative humidity +
high-frequency noise

10

9.14

0.01

91

-1920.64

temperature*relative humidity
+temperature + relative humidity +
high-frequency noise

9

9.96

0.01

91

-1922.11

8

0

1

1

-2334.88

6
6

13.29
13.52

0
0

0
0

-2343.62
-2343.73

NA

NA

1

1

NA

90% Bandwidth
Low-frequency traffic noise*noise
condition + low-frequency traffic
noise + noise condition
noise condition
Low-frequency traffic noise
90% Duration
noise condition
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Table 9.
Eastern wood-pewee song
The observed ( estimate
) relationship between each response variable and the model-averaged
parameters from the models. Bolded parameters had significant effect on response variable ( estimate did
not overlap with zero in 95% confidence intervals)
95% CI
Parameter
estimate
Lower
Upper
3504.68
2837.37
4172.0
Intercept
Low-frequency traffic
-15.90
-25.28
-6.53
noise
Temperature*relative
-0.769
-0.93
-0.62
humidity
39.90
29.07
50.73
Temperature
17.088
13.50
20.67
Relative humidity
Minimum
-1.11
-2.47
0.25
PC1
frequency
-3.18
-4.68
-1.67
PC2
-0.41
-2.00
1.19
PC3
5.16
3.023
7.27
PC4
Noise condition*high8.4
5.4
11.4
frequency noise
1.20
-322.58
324.98
Noise condition
13.89
11.79
15.99
High-frequency noise
205.62
-70.61
481.85
Intercept
Low-frequency traffic
11.85
8.13
15.57
noise*noise condition

90%
Duration

Low-frequency traffic noise

-0.90

-3.65

1.85

Temperature*relative
humidity

-0.46

-0.60

-0.31

Temperature

32.27

21.94

42.60

Relative humidity

10.13

6.79

13.47

-13.0

-16.0

-10.0

-661.69

-1020.05

-303.32

Noise condition*highfrequency noise
Noise condition
High-frequency noise
Intercept
Temperature*relative
humidity
Temperature
Relative humidity
PC1
Peak
Frequency

PC2

1.33

-0.71

3.37

1736.0

819.59

2652.41

-1.98

-2.53

-1.43

106.91

68.21

145.62

47.22
-12.1

34.41
-16.96

60.035
-7.23

-15.27

-20.64

-9.91

7.75

2.05

13.45

7.88

0.30

15.46

PC3
PC4
Noise condition*highfrequency noise
Noise condition

21.9

11.0

32.7

-239.11

-701.58

223.36

High-frequency noise

5.88

-1.64

13.40

All models include individual plot as a random intercept and all but the 90% duration model also include
low-frequency traffic noise as a random slope.
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Table 10.
Northern cardinal song The observed ( estimate
) relationship between each response variable
and the model-averaged parameters from the models.
Bolded parameters had significant effect on response variable ( estimate did not overlap with zero in 95%
confidence intervals)
estimate

Parameter

Lower

Upper

3457.771069

2534.285967

4381.256171

Low-frequency traffic noise

7.250289

-.5202308

15.020808

Temperature*relative humidity

1.245995

.7067862

1.785204

Temperature

-91.862989

-128.9482985

-54.77768

Relative humidity

-30.0865003

-42.4665738

-18.817043

Noise condition

687.609698

250.2414296

1124.977967

High-frequency noise

-5.092937

-8.9055371

-1.280337

Noise condition*low-frequency noise
interaction
Intercept
Low-frequency traffic noise*noise
condition
Low-frequency traffic noise

-13.086503

-21.0285678

-5.144438

-710.36777

-5578.704

4157.96845

-58.74424

-86.06735

-31.42113

37.55956

-37.59768

112.71679

Noise condition

3207.78953

1699.40494

4716.17412

Intercept

1.3202355

1.2236878

1.4167832

Noise condition

.1435279

.0394935

.2475623

Intercept

Minimum
frequency

90%
Bandwidth

90%
Duration

95% CI

All models include individual plot as a random intercept and low-frequency traffic noise as a random slope.
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No road closure

Road closure
Noise condition

Figure 2. Each of the Eastern wood-pewee song measures was affected by a conglomeration of
environmental factors. The effect of noise condition to duration of Eastern wood-pewee song was
statistically significant. Low-band traffic noise had a significant effect to 90% duration measure of
songs derived only from the road closure noise condition.
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Figure 3. Unlike the 90% duration measures, minimum frequency of Eastern wood-pewee songs was
significantly affected by low-frequency traffic noise regardless of noise condition. However, results cannot
be extrapolated to other soundscapes, since vegetation, weather, high-frequency noise and their respective
interactions also significantly affected minimum frequency. Since this was a random slope and random
intercept model, each line represents the negative trend of unique slope of songs reordered per study plot.
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Figure 4. Only noise condition had a significant effect to 90% duration in Northern cardinal songs. The
songs tended to be shorter when derived from the road closure noise condition.
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Range of low-band traffic noise (dBA) during Northern Cardinal song
90
80

Rock Creek Park
(Road closure
condition)

60
Leq (dB)

Wakefield park(no
road closure
condition)

70

50
40

Rock Creek Park
(no road closure
condition)

30

Scott's Run Nature
Preserve (no road
closure condition)

10

20

0
Minimum low-band noise (dBA)

Maximum low-band noise (dBA)

Lowest and highest low-band noise levels measured during Northern cardinal song per
noise condition across parks

Figure 5. As expected, the variation of low-frequency noise levels was greatest in the road closure noise
condition at Rock Creek Park. In Northern cardinal songs, bandwidth and minimum frequency was
adjusted according to low-frequency noise levels, but only within the road closure noise condition. Thus,
the variation in low-frequency noise levels, rather than a particular noise level, elicited adjustment in
Northern cardinal song. Minimum frequency was influenced by weather and high-frequency noise in
addition to the noise condition and low-frequency noise interaction.
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Figure 6. By itself, low-frequency traffic noise (Leq dB) did not significantly influence bandwidth in
Northern cardinal songs.

.
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Relationship of centered 90% bandwidth (Hz) of Northern cardinal song and
centered low-band traffic noise (Leq dBA) derived from the road closure noise
condition
800

Centered 90% bandwidth (Hz)

600

-10

400

200

0
-5

0

5

10

15

y = -3.9649x
-200

-400

-600
Centered low-band traffic noise values (Leq dBA)

Figure 7. Only noise condition and the interaction of noise condition with low-frequency
traffic noise significantly affected 90% bandwidth in Northern cardinal songs. With the exception of
WAPAT13, mean 90% bandwidth measures varied most in the ROCRT11 and ROCRT21 recording plots,
which were affected by road closures. The traffic noise levels varied most within those recording plots
affected by road closure, which elicited adjustments in song bandwidth. The large variation in bandwidth
measures may be attributable to measured songs that were sung in differing local acoustic environments,
but still in proximal to recorder.
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Table 11. Description of measurement scales used in data collection.

I. Continuous Predictor Variables ("")
A. Meteorological Covariates
1. "TemperatureC"
Hourly readings obtained from Regan National Airport weather station

unit
°C

2. "HumidityrH"
Hourly readings obtained from Regan National Airport weather station

rH%

B. Background Noise Covariates
1. " X0to1500HzLeqdBA"
2. "X1501to22500HzLeqdBA"

unit

(2) equivalent continuous A-weighted sound pressure level noise
measurements (LAeq) of sound taken within 20 seconds of song: one
of noise levels in the 1,501-22,050 Hz frequency range and one from
noise levels in 0-1,500 Hz frequency range

dBA

C. Vegetation Covariates
1. "numberofsoftwoodtrees"
Scattering effect of leaf type considered
n=30

unit
%

2. "cv.dbh"
Coefficient of variation calculated for diameter at breast height
measurements measured between different plots
n=30
3. "meanbasalareacm2"
Average size of trees immediately surrounding SM2
n=30

%

cm2

4. "Numbertreespeciesinsample"
Species richness
n=30
5. "canopyheight"
6. "meansubcanopyheightm"
7. "meanshrubheightm"
n=5

m
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II. Discrete, Coded Predictor Variables ("")

A. Vegetation Covariates
1. "ecogroup"
River Birch - Sycamore Small River Floodplain Forest
Transitional
Forest coastal plain/outer piedmont basic mesic forest
Forest inner piedmont/lower blue ride basic mesic forest

code
0
1
2
3

2. "canopy"
3. "subcanopy"
4. "shrub"
5. "herb"
nonexistent layer (0%)
sparce to patchy layer presence (1-49%)
Interrupted layer presence (50-99%)
continuous layer presence (100%)

0
1
2
3

6. "dominant.canopy"
7. "dominant.subcanopy"
n=30
red maple
Pine
Poplar
white oak
Beech
river birch
mockernut hickory
beech-poplar
poplar-white oak

1
2
3
4
5
6
7
8
9

8. "Ecotone.Present"
No
Yes

0
1
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II. Discrete, Coded Predictor Variables ("") continued.
B. Spatial/Temporal/Methodological Experimental Design factors
1. "Parkrocris1srnpis2wapais0 "
Wakefield Park
Rock Creek Park
Scott's Run Nature Preserve

code
0
1
2

2. "Transect"
First
Second

0
1

3. "Point"
SM2 location near road
SM2 location 200m from road
SM2 location 400m from road

1
2
3

4. "Methodsm2is0directionalis1 "
SM2
Directional mic

0
1

5. "DayofWeeksundayis1satis7"
Sunday
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday

1
2
3
4
5
6
7

6. "noisemitigationyesis1nois0"

Reduced noise treatment
Unreduced noise treatment

0
1

7."NoisemitigationTreatmenttypeclosureis1barrieris2noneis0"
Not applicable (no noise reduction treatment)
0
Road-closure
1
Highway noise barrier wall
2
8. "noisemitigationstatusNAis01isclosed2isopen" - sub-group?
Not applicable (no road closure treatment)
0
Road closure status: closed
1
Road closure status: open
2
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st

Figure 8. Northern Cardinal (Cardinalis cardinalis) “downslur, superfast” song pattern recorded at Rock reek National Park
recording site T11 on June 1 , 2013
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nd

Figure 9. Eastern wood-pewee (Contopus virens) “pee-ah-wee” song pattern recorded at Rock reek National Park recording site T11 on
June 2 , 2013
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