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Abstract
There is increasing evidence that individuals in many species avoid areas exposed to chronic anthropogenic noise, but the
impact of noise on those who remain in these habitats is unclear. One potential impact is chronic physiological stress, which
can affect disease resistance, survival and reproductive success. Previous studies have found evidence of elevated stressrelated hormones (glucocorticoids) in wildlife exposed to human activities, but the impacts of noise alone are difficult to
separate from confounding factors. Here we used an experimental playback study to isolate the impacts of noise from
industrial activity (natural gas drilling and road noise) on glucocorticoid levels in greater sage-grouse (Centrocercus
urophasianus), a species of conservation concern. We non-invasively measured immunoreactive corticosterone metabolites
from fecal samples (FCMs) of males on both noise-treated and control leks (display grounds) in two breeding seasons. We
found strong support for an impact of noise playback on stress levels, with 16.7% higher mean FCM levels in samples from
noise leks compared with samples from paired control leks. Taken together with results from a previous study finding
declines in male lek attendance in response to noise playbacks, these results suggest that chronic noise pollution can cause
greater sage-grouse to avoid otherwise suitable habitat, and can cause elevated stress levels in the birds who remain in
noisy areas.
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exposure affects the stress response of animals exposed to it [12].
Exposure to a brief but loud noise event, such as a single sonic
boom, will result in an acute stress response. An acute stress
response is characterized by a rapid release of epinephrine and
norepinephrine (the ‘‘fight or flight’’ response) followed by a
hypothalamic-pituitary-adrenal (HPA) cascade. The HPA cascade
results in increased secretion of glucocorticoid hormones, cortisol
or corticosterone, in the blood. Long-term exposure to a chronic
noise stressor, such as a high-traffic freeway, can lead to chronic
stress, defined as long-term overstimulation of coping mechanisms.
This in turn can lead to less predictable changes in the HPA axis.
Acclimation or exhaustion may result in reduced glucocorticoid
release to the same or novel stressors; facilitation, conversely, can
lead to elevated glucocorticoid release in response to novel
stressors, and even in cases of reduced peak glucocorticoid
response, deficits in negative feedback may develop that result in
greater overall exposure to glucocorticoids due to prolonged
elevation [12,13].
Glucocorticoid hormones and their metabolites are commonly
used to measure a stress response [14–16]. Glucocorticoid
hormones can be measured from blood samples or their
metabolites may be measured non-invasively from fecal samples

Introduction
Anthropogenic noise is becoming ubiquitous as natural landscapes are increasingly dominated by humans, but we still have
much to learn about the impacts of chronic noise exposure on
wildlife [1–3]. Recent studies have shown that some species avoid
developed areas with high noise levels, reducing available habitat
and potentially leading to reduced populations [4–6]. However,
there is variation among species and individuals in the tendency to
avoid noise [4,5,7], which raises the question of whether animals
that remain suffer detrimental effects, or if these individuals are
better able to habituate to noise or are less susceptible to its effects.
It has been suggested that animals remaining in (or unable to
leave) noisy areas may have lower survival and reproductive
success [8–10]; indeed, recent studies have demonstrated complex
effects of noise on community structure and on breeding and
pairing success [4–6,11]. Given the ubiquity of noise in the
environment, it is critical that we understand noise impacts on
animals whether they remain in or avoid disturbed areas.
One possible impact of introduced noise on animals is the
induction of stress, which may be defined broadly as nonspecific
adverse effects in vertebrates but is most often characterized by its
influence on neuroendocrine physiology. The duration of noise
PLOS ONE | www.plosone.org
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as an index of the relative physiological stress of animals [17–19].
Glucocorticoid hormones play a major role in allocating energy,
and prolonged exposure due to chronic stress can affect fitness by
inhibiting resource allocation to reproductive or immune activities,
a condition known as allostatic overload [12,20–24].
Studies in captive animals have found that noise can increase
HPA activity and glucocorticoid levels [25,26]; indeed studies of
stress physiology often use noise exposure as a method to induce a
stress response [27,28]. Previous observational and experimental
studies on the impacts of anthropogenic noise on glucocorticoid
levels in wild animals have yielded mixed results. Snowmobile and
wheeled-vehicle traffic was associated with elevated fecal glucocorticoid metabolites in wolves and elk [14]. Noise is one potential
mechanism of this impact, but visual and other types of
disturbance may also contribute to these responses; indeed, the
quieter activity of Nordic skiing also correlates with FCMs in
capercaillie (Tetrao urogallus) [29]. Delaney et al. [30] found
behavioral responses in spotted owls to loud noise from visually
hidden chainsaws and helicopters, but subsequent studies found no
evidence of change in FCMs with exposure to quieter chainsaw
noise (below behavioral response threshold) or road proximity to
nesting sites [31]. Results from chronic noise studies on humans
have also been mixed [32]. Studies of children in areas with high
road noise have found increased overnight glucocorticoid levels in
urine, as well as impaired circadian rhythms, sleep, memory and
concentration, [33] and increased heart-rate responsiveness to
acute stressors [34]. However, a study in children living in
communities near airports found increases in some measures of
stress (blood pressure, epinephrine and norepinephrine) but no
similar elevation in overnight urinary cortisol [35]. These results
indicate that noise may have a significant effect on glucocorticoids
and other stress-related variables in many species, but that further
study is needed to determine the degree and extent of these effects
and how the effects may vary with different types of noise.
In this study, we test the hypothesis that chronic noise causes an
increase in stress levels of lekking greater sage-grouse. We used
fecal levels of immunoreactive corticosteroid metabolites (FCMs)
as an index of physiological stress and compared FCMs for
breeding males on display grounds (leks) with and without
experimentally introduced noise. The greater sage-grouse, an
iconic species once widespread in western North America, is now
declining throughout its range, leading to its listing as an
endangered species in Canada and its recent designation as
‘‘warranted but precluded’’ for listing under the Endangered
Species Act in the USA [36,37]. Over the last decade, natural gas
development has expanded rapidly across much of the sage-grouse
range and has been implicated in reduced lek attendance and
abandonment of long-occupied (often for decades) lek sites by
males [e.g. 38,39–41]. Males typically gather on lekking grounds
for several hours in the early morning when conditions are quiet
and still, a time when they may be particularly vulnerable to
disturbance from noise pollution from natural gas development
and other sources [42]. To investigate whether noise exposure may
have contributed to declines in lek attendance, Blickley et al. [43]
experimentally introduced noise from natural gas development
activities (drilling and road noise) on leks over three breeding
seasons (2006–2008). This noise playback caused immediate and
sustained declines in sage-grouse lek attendance. Further, different
types of noise had different degrees of impact, with drilling noise
and road noise causing an average 29% and 73% decline in lek
attendance, respectively, compared to their paired controls. That
study provides evidence that anthropogenic noise from energy
development causes some males to avoid attending leks with
introduced noise, but we do not yet know whether noise also has a
PLOS ONE | www.plosone.org

negative impact on the individuals that remain on noisy leks. The
lekking season is a time of high metabolic demand [44] and stress
[45] for males, so exposure to noise during this period may have a
greater fitness cost.
Here we compare the FCM levels of male sage-grouse on
control leks and leks with experimentally introduced noise in the
second and third seasons of experimental noise playback (2007
and 2008) [43]. We predict that if noise exposure leads to chronic
stress, male sage-grouse on experimental leks will have higher
FCMs than males on control leks. Such differences in observed
FCM levels may also be observed if males with low glucocorticoid
levels are more likely to disperse from noise-treated leks, so we
compared the variance in FCM levels on noise and control leks.
We also investigated whether elevated FCM levels were associated
with declines in peak male attendance on leks to determine the
value of this metric as a tool for predicting lek declines.

Materials and Methods
Study Area & Experimental Design
Study sites were located on federal land relatively undisturbed
by human development in Fremont County, Wyoming (42u 509,
108u 29930). We monitored a total of 16 leks that were divided into
8 pairs, with the leks of a pair matched according to size and
location (6 pairs near the town of Hudson and 2 pairs near the
town of Riverton) (Figure 1). Of the 8 lek pairs, 4 pairs were
randomly assigned to each noise type, such that there were 4
‘‘drilling pairs’’, each including one lek exposed to drilling noise
and a similar lek as its control, and 4 ‘‘road pairs,’’ each with one
road noise and a matched control. For 3 of the pairs, one lek
within a pair was randomly assigned to the treatment (noise) group
and the other assigned as control. For the fourth pair, the
treatment and control leks were deliberately assigned due to
another study that was in progress. During sample collection
periods, both leks in a pair were normally visited on the same day.
Noise and playback methods have been previously described
[43] and are summarized here. Noise was played beginning in
mid-February to early March and continuing through the end of
April of each year. Noise was recorded from drilling and main
road sites at the Pinedale Anticline natural gas fields and played
back using a commercial car amplifier and 3–4 rock-shaped
outdoor speakers placed along one edge of the lek. On leks with
road-noise playback, recordings of semi-trailer trucks and pickup
trucks were combined with 30- and 60-second files of silence at a
ratio reflecting the average number of each truck type found on a
main energy field access road; these files were then played using
the ‘‘random shuffle’’ feature on an MP3 player. Most shift
changes occur at 8 am, so our playback may underestimate actual
traffic levels during the lekking time. On leks with drilling noise, a
14-minute recording of a drilling rig was played on continuous
loop. Natural gas development activities occur 24 hours a day, so
noise was broadcast continuously day and night at playback levels
that approximate the noise level at 0.25 mile (402 m) from a
typical drilling site (JLB and GLP unpublished data). Drilling-noise
recordings were broadcast on experimental leks at an equivalent
sound level (Leq) of 71.461.7 dBF (unweighted decibels) SPL re
20 mPa (56.160.5 dBA [A-weighted decibels]) as measured at
16 meters; on road-noise leks, where the amplitude of the noise
varied with the simulated passing of vehicles, noise was broadcast
at an Lmax (maximum RMS amplitude) of 67.662.0 dBF SPL
(51.760.8 dBA) (see Blickley, et al. [43], for detailed noiseexposure measurements). Noise from playback was localized to
each lek due to the small size of our speakers. To control for visual
disturbance of the speaker system and researcher presence, control
2
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were more than 1–2 females on the lek on a potential collection
day, sampling for that lek pair was postponed until the next day.
Time to collect samples varied among leks from 20–80 minutes.
Samples were frozen at 220uC within a few hours of collection
until processing. Jankowski et al. [45] found no difference in FCM
levels for greater sage-grouse samples held for variable times up to
16 hours prior to freezing.

Extraction & Radioimmunoassay of Cort
We used extraction and assay procedures, with minor modifications, that were previously validated for application to greater
sage-grouse by Jankowski et al. [46]. Individual fecal pellets were
kept on ice while uric acid (often present in a discrete cap on the
pellet) was removed and discarded. Samples were then lyophilized
and returned to storage at 220uC. On the day of extraction,
individual fecal pellets were weighed to the nearest 0.0001 g, then
manually homogenized, vortexed, and shaken in 5 mL of 80%
methanol for at least 30 minutes. Longer incubation in methanol
often occurred due to the large number of tubes in each assay, but
experimentation with overnight extraction produced no substantial change in detected metabolites. Samples were centrifuged at
5000 rpm for 30 minutes, then 1.5mL of supernatant was drawn
off, placed in a separate tube, dried under streaming air in a 70uC
water bath and reconstituted in 1.0 mL of steroid diluent provided
in the RIA kit (see below). For some very large samples, it was not
possible to remove 1.5 mL; in these cases, 500 mL of supernatant
was drawn off and reconstitution volume was adjusted accordingly
after drying. Extracts were covered with Parafilm and stored at
4uC until assayed.
A pooled sample was made by homogenizing a collection of
multiple samples from one control lek (Monument lek) in a blender
prior to lyophilization. From this pooled sample, 0.5 g was assayed
initially to determine parallelism with the RIA standard curve, and
one or more pooled samples were included in each extraction and
assay.
Radioimmunoassays were conducted according to the manufacturer’s instructions (catalog # 07-120103, MP Biomedicals,
Costa Mesa, CA) using 1:16 dilution of reconstituted extract. This
RIA kit utilizes a rabbit-produced BSA IgG polyclonal antibody
against corticosterone-3-carboxymethyloxime. This antibody has
been widely used for fecal assays due to its ability to bind a broad
spectrum of corticosteroid metabolites [47]. Samples were
randomly distributed among assays with respect to year and
treatment to minimize any impacts of inter-assay variation.
FCM measures were adjusted for the mass of the fecal sample
(ng ICM/g sample) to account for differences among leks in fecal
pellet mass. In dividing ICM by sample mass, we effectively
assume that the relationship between sample mass and fecal transit
time (during which corticosteroid metabolites are secreted into the
lumen of the gut) is positive and linear. To guard against faults in
this assumption, we ran the same statistical analyses using ‘‘per
sample’’ FCM data and found no difference in the main effects as
reported.

Figure 1. Noise playback study area in Fremont County,
Wyoming, USA, 2006–2009. Experimental and control leks were
paired on the basis of size and geographic location (the four leks in the
upper right are part of the Riverton region, whereas the rest of the leks
are in the Lander region).
doi:10.1371/journal.pone.0050462.g001

leks had dummy speakers placed in the same arrangement and
were also visited to simulate the periodic battery changes on noise
leks. This experimental protocol was reviewed and approved by
the Animal Care and Use Committee at UC Davis (Protocol #
16435) and the Wyoming Game and Fish Department (Permit #
33–405).
In the first year of the experiment (2006), we played noise on
only 4 of the 8 lek pairs (2 experimental leks with introduced
drilling noise, 2 with introduced road noise). Therefore, some leks
had been exposed to noise the breeding season prior to the first
year of FCM measurement; however, we detected no significant
impact of duration of noise exposure on lek attendance [43], so
years of noise exposure was not included as a potential explanatory
variable in candidate model sets.

Collection of Fecal Samples
Fecal samples were collected from leks soon after all sage-grouse
had left the lek for the morning. Samples were collected twice per
year from each lek (once during the mid season [April 4–6 in 2007,
April 6–8 in 2008] and once during the late season [April 23–26 in
2007, April 22–24 in 2008]) and were collected from paired leks
on the same day. Samples were collected using a sweep-search
method in which the entire lek was systematically searched and
fresh fecal samples were collected individually in Whirl-Pak bags
and labeled with a location on the lek relative to the speakers (or
dummy speakers). To minimize the chance of collecting multiple
fecal samples from the same individual, we collected samples that
were a minimum of 5 meters apart, roughly the minimum
territory size of a male sage-grouse. Jankowski [45] found lower
FCM levels in female sage-grouse than in breeding male sagegrouse. Therefore to avoid collecting samples from females, we
collected samples on dates when female visitation is rare; if there
PLOS ONE | www.plosone.org

Statistical Analysis
Fecal glucocorticoid metabolites levels were natural log-transformed to meet assumptions of normality and homoscedasticity
prior to analysis. We used an information theoretic approach to
evaluate the support for alternative candidate models using
Akaike’s Information Criterion for small sample sizes (AICc)
[48]. Candidate models for the overall effect of noise (Noise effect
models) were linear mixed-effect models that assessed the
relationship between explanatory variables and the concentration
of FCMs collected from experimental and control leks. Potential
3
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for breeding male greater sage-grouse in Nevada, from which fecal
samples were collected after capture [45].
Males on leks exposed to noise had higher (16.7% on average)
FCM levels compared with controls (wi = 0.96, Table 1, 2;
Figure 2). While models that included the effect of Treatment
(noise versus control) were highly supported by the data, there was
little support for an interaction of Treatment with NoiseType
variable (wi = 0.01, Table 1), indicating that while noise exposure
was associated with increased cort, there was little difference in
FCM levels between leks with drilling versus road-noise playback.
Candidate models containing other possible explanatory variables,
including distance from the nearest speaker (SpeakerDist),
maximum size of the lek (MaxSize), the regional location of the
lek in the Hudson area or Riverton area (Location) and time of the
season (Season), received little support relative to the null model
(Table 1, Figure 2B), indicating that none of these factors had a
strong influence on FCM levels.
To determine whether noise-playback leks with a higher stress
response were associated with larger declines in lek attendance, we
compared candidate models for the relationship between FCM
level and change in lek attendance from the previous year. Only
the null model received support (Table 3), indicating that fecal
FCM level was not associated with the magnitude of changes in lek
attendance on noise leks.
Finally, we examined whether there was a difference in variance
among samples on noise leks and control leks. We found no
significant differences in variance between treatment types in 2007
(variance on noise leks = 7729.94, control leks = 6168.28, Levene’s

explanatory variables included pair type (NoiseType, drilling or
road noise), control status (Treatment, noise or control), pellet/
collection distance from speakers (SpeakerDist), maximum lek size
for that year (MaxSize), location (Hudson or Riverton), season
(early or late April), and relevant interactions (see Table 1 for full
set of candidate models). All models contained lek pair ID, and
year (2007 or 2008) as random effects.
We also evaluated a set of candidate models that assessed the
relationship between the concentration of FCMs on experimental
leks and the declines in peak male attendance from the previous
year (attendance models). Models contained lek ID and year (2007
or 2008) as random effects. Models were ranked on the basis of
differences in AICc scores (DAICc) and were assigned Akaike
weights (wi) corresponding to the degree of support. We calculated
model-averaged coefficients and variable importance (sum of
variable weights for all models in which the variable was included)
for variables contained in all models that received strong support
(DAICc ,2). We also compared the variance in FCM concentrations measured on noise and control leks using a Levene’s test. All
statistical analyses were performed in R (version 2.12.1, R
Development Team 2010).

Results
We measured baseline fecal immunoreactive corticosterone
metabolites of 103.2 and 119.9 ng/g for control and treatment
groups, respectively (Table 2). These values are lower than
baseline measures of approximately 149 ng/g obtained previously

Table 1. Mixed-effect candidate models for the effect of noise playback on mass-dependent FCM concentrations (natural logtransformed).
Modela,b

Kc

DAICc

d

wi

e

Treatmentf

5

0

0.66

Treatment + Location

6

2.4

0.20

Treatment + Location + Treatment:Location

7

4.7

0.06

Null- random effects only

4

5.5

0.04

Treatment + Season

6

6.5

0.03
,0.01

Treatment + Season + Treatment:Season

7

10.0

Treatment + NoiseType + Treatment:NoiseType

7

10.8

,0.01

Treatment + Location + NoiseType + Treatment:Location + Treatment:NoiseType

9

11.2

,0.01

Treatment + NoiseType + Season + Treatment:Season + Treatment:NoiseType

9

20.7

,0.01

Treatment + MaxSize + Treatment:MaxSize

7

25.3

,0.01

Treatment + NoiseType + Season + Treatment:NoiseType + Treatment:Season +
Treatment:NoiseType:Season

11

27.3

,0.01

Treatment + SpeakerDistance + Treatment:SpeakerDistance

7

27.5

,0.01

Treatment + NoiseType + MaxSize + Treatment:NoiseType + Treatment:MaxSize

10

35.4

,0.01

Treatment + NoiseType + SpeakerDistance + Treatment:NoiseType +
Treatment:SpeakerDistance

9

38.2

,0.01

Treatment + NoiseType + MaxSize + Treatment:NoiseType + Treatment:MaxSize +
Treatment:NoiseType:MaxSize

12

45.1

,0.01

Treatment + NoiseType + SpeakerDistance + Treatment:NoiseType +
Treatment:SpeakerDistance + Treatment:NoiseType:SpeakerDistance

11

60.4

,0.01

a

Abbreviations of predictor variables in methods.
All models contain lek pairing and year as a random effect.
c
Number of parameters in the model.
d
Difference in AICc (Akaike’s Information criteria for small sample size) values from the top ranking model.
e
Akaike weight (Probability that the model is the best fit model giving the data and model candidate set).
f
Model with substantial support (DAICc ,2).
doi:10.1371/journal.pone.0050462.t001
b
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Table 2. Parameter estimates (6 SE) and relative variable importance for variables in highly supported models (DAICc ,3).

Variable

Parameter estimatesa

Parameter estimates (backtransformed)b

Relative variable importancec

Intercept

4.63 (.06)

103.2d

-

Treatment:Noise

.15 (.04)

16.7d

0.96

Location: Hudson

0.02(.01)

2.9d

0.26

a

Parameter estimates are natural-log transformed.
SE not included due to back-transformation.
c
Relative variable importance is the summed total of the model weights for models containing that variable.
d
Intercept value was added to parameter estimates prior to back-transformation and then subtracted.
doi:10.1371/journal.pone.0050462.t002
b

that the FCM level measured on a lek is not diagnostic of an effect
of noise on peak male attendance (Table 3). Further, we did not
find support for an effect of distance from the speakers on FCM
levels. Male sage-grouse typically maintain a fixed territory on a
lek throughout the season. Within a noise-treated lek, each
individual’s exposure to noise varied, depending on the location of
their territory relative to the speakers. Since noise levels decline
exponentially with distance from the speakers, the lack of a
distance effect suggests that stress is not exclusively dependent on
the noise exposure of individuals. Instead, noise impacted FCM
levels on a lek-wide basis.
Blickley et al. [43] found a decline in lek attendance on roadnoise leks more than twofold larger than the decline in lek
attendance on drilling-noise leks, yet we found no difference in
FCM levels between noise-playback types (Table 1, Figure 1). Both
noise sources have most of their sound energy #2 kHz, but road
noise is less predictable than drilling noise and more intermittent,

W = 0.6327, p = 0.427). Variance on noise leks was significantly
higher than on control leks in 2008 (variance on noise
leks = 4462.28, control leks = 2758.69, Levene’s W = 6.6064,
p = 0.01).

Discussion
We found higher (16.7%) FCM levels on noise-treated leks
compared to controls, supporting the hypothesis that chronic noise
pollution increases stress levels in male greater sage-grouse.
Combined with results from monitoring of lek attendance in the
same experiment [43], these results suggest that noise from natural
gas development activities can dramatically decrease male
attendance on leks and cause physiological impacts on males that
remain on noisy leks. The mean level of FCMs in remaining birds
was not a good predictor of the degree of decline in peak male
attendance on a lek compared with the previous year, indicating

Figure 2. FCM concentrations from control and noise-treated groups. Data shown (A) pooled by season and (B) for mid and late season
samples. Horizontal line represents the median value, box ends represent upper and lower quartiles, whiskers represent maximum and minimum
values and open circles represent outliers. Plots present measured FCM values, not model output, which is presented in Table 2.
doi:10.1371/journal.pone.0050462.g002
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social-status-dependent dispersal in response to noise contributed
to the observed results.
Unlike noise sources in most energy development sites, our
noise introduction in this study was localized to the immediate lek
area, so birds were exposed to noise for only a few hours a day,
and only during the breeding season. Therefore, we cannot
quantify the effects of noise on FCMs for wintering, nesting or
foraging males. Noise at energy development sites is less seasonal
and more widespread and may thus affect birds at all life stages,
with a potentially greater impact on stress levels. In addition, we
looked only at male stress levels in this study, but males and
females may respond differently to stress. For example, Jankowski
et al. [45] measured FCM levels in sage-grouse in habitats with
and without cattle grazing; they found no difference in male FCM
levels in response to grazing regime, however, breeding females
showed elevated stress response in grazed areas. This suggests that
females may be more vulnerable to some types of disturbance;
further studies are needed to assess whether female stress levels are
influenced by noise.

Table 3. Mixed-effect candidate models assessing the
relationship of FCM concentrations and changes in lek
attendance from the previous year on noise-playback leks.
Modela,b

Kc

DAICc

d

wi

e

Null- random effects onlyf

5

0

0.90

Fecal cort

6

4.6

0.10

a

Abbreviations of predictor variables in methods.
All models contain lek pairing and year as a random effect.
c
Number of parameters in the model.
d
Difference in AICc (Akaike’s Information criteria for small sample size) values
from the top ranking model.
e
Akaike weight.
f
Model with substantial support (DAICc ,3).
doi:10.1371/journal.pone.0050462.t003
b

leading to a lower average noise exposure across road-noise leks
(43.260.89 dBA Leq) than drilling-noise leks (56.160.45 dBA Leq)
[43]. Studies on physiological stress in rodents indicate that
stressors administered at unpredictable intervals result in greater
elevations in plasma corticosterone [49]. Since cort levels may also
be implicated in decisions to escape from deleterious conditions
[50], we cannot say with certainty that noise type has no
differential impact on FCM levels, only that there was no
difference observed among males that chose to remain. If road
noise did result in a greater cort response in some birds, but the
most susceptible birds were also the most likely to disperse,
differences would not necessarily be expected among remaining
birds. In this scenario, it is likely that variance would be reduced in
leks with high losses, reflecting disappearance of individuals with
higher FCM levels. Levene’s tests did not identify any such
difference in variance (indeed, there was a significant difference in
one year of the study, but in the opposite direction to predictions).
However, the possibility that dispersal is linked to FCM levels
cannot be ruled out. Regardless of whether the stress levels of birds
on noise leks increased, or whether only high-stress-level
individuals remained on noisy leks, these results indicate that
chronic noise at leks creates less desirable habitat for greater sagegrouse.
The unknown status of dispersed grouse – and their unknown
destinations – leaves several other possible scenarios that should be
considered. It is possible that the individuals most likely to disperse
could have had different cort profiles at the outset compared with
those more prone to remain. If noise playback caused individuals
with lower integrated cort to disperse away from noisy leks, that
coupled with the possible addition of those birds to control leks
could cause trends similar to those observed here. Two possible
sources of variation in pre-experiment cort levels among
individuals are age and social status [51–53]. Reduced juvenile
recruitment may have contributed to the observed declines in lek
attendance on noise leks, potentially leading to a difference in age
structure on noise and control leks [43]; however, this is unlikely to
explain the results of this study. Studies of altricial and semialtricial birds have found lower stress responsiveness shortly after
hatching, but responses resemble those of adults by the age of
fledging or first molt [54–57]. Since young male sage-grouse
attending leks are likely to be at least 10 months old and after their
first molt, it is unlikely that they would have lower stress response
than adults. Social status can also be related to corticosteroid levels
[58], therefore social upheaval caused by dispersal between noise
and control leks may have contributed to observed FCM levels.
Further studies are needed determine whether age-class- and

PLOS ONE | www.plosone.org

Why might noise be stressful?
Increased adrenocortical activity occurs in response to circumstances perceived as threatening by an animal. Although we
cannot determine from this study the extent to which noise itself is
a threat to sage-grouse, noise may affect social dynamics and
increase the perception of threat. Noise may have social impacts
on sage-grouse by masking acoustic communication on the lekking
grounds [42]. Masking occurs when the perception of a sound is
decreased by the presence of background noise, which may reduce
the efficacy of acoustic communication. Acoustic signals play an
important role in many social interactions, including mate
attraction and assessment, territorial interactions, recognition of
conspecifics and alarm calling in response to environmental threats
[9,10,59]. Masking of these acoustic signals may alter or interfere
with social interactions and mate choice behaviors [60,61].
For prey species such as sage-grouse, noise may also increase
stress levels by masking the sounds of approaching predators and
increasing the perception of risk from predation [62,63]. The
degree to which noise directly affects mortality through changes in
predation is largely unknown, as few studies have compared
predation rates or hunting success in noisy and quiet areas while
controlling for other confounding factors. Francis et al. [4] did so
and found that nest predation rates in some songbirds decline in
noise-impacted areas, as the dominant nest predator avoided
noise. This suggests that noise may cause complicated changes in
predator-prey dynamics. Noise may also cause stress due to shortterm disruptions in behavior, such as startling or frightening
animals away from food or other resources [2,64]. Further, if
individuals associate a particular type of noise, such as road noise,
with a danger, such as vehicular traffic, this may provoke a stress
response [43].

The impacts of chronic stress
Glucocorticoid release under challenging conditions is an
adaptation to life in an unpredictable and threatening world
[20]; individuals benefit from curtailing reproduction, altering
behavioral patterns, and redirecting metabolic substrates to
maximize glucose availability for action in response to genuine
threats. Glucocorticoid levels alone are not directly or inversely
correlated with fitness measures under all conditions [65],
however, chronic adrenal activation has many known trade-offs
that result in vulnerability to disease and death [22]. Unlike threats
from predators, food shortages and inclement weather, noise
typically does not directly threaten the survival of an individual or
6
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its offspring (though there may be exceptions, as discussed below).
Therefore, the cost of chronic adrenal activation in response to
noise pollution is unlikely to be outweighed by the benefits in most
cases, and thus the net result may be adverse.
One important trade-off is the effect of corticosterone on
immune response. Chickens infected with West Nile Virus (WNV)
and administered corticosterone had increased oral shedding and
lengthened duration of viremia compared to those without
elevated cort [66]. For sage-grouse, which are highly susceptible
to WNV [67,68], reduced immune response due to elevated
glucocorticoid levels could have a significant effect on survival in
areas where they are exposed to WNV. Therefore, despite the
adaptive nature of the stress response under natural conditions,
elevated glucocorticoid levels due to human disturbance may have
detrimental long-term impacts on welfare and survival of sagegrouse and other wildlife.

Conclusions
Taken together, results from Blickley et al. [43] and this study
suggest that noise alone can cause greater sage-grouse to avoid
otherwise suitable habitat and increase the stress responses of birds
that remain in noisy areas. Thus, noise mitigation may be a fruitful
conservation measure for this species of concern. In this study, we
focused on the effects of noise from roads and drilling rigs in
natural gas development areas; other natural gas development
infrastructure, including compressor stations and generators,
produces noise similar to drilling rigs, with the potential for
similar effects on FCM levels. Likewise, other types of energy
development produce noise similar in frequency, timing, and
amplitude to the noise sources used here, including shale gas, coalbed methane, oil, and geothermal development. The noise sources
used in this study also share some characteristics with other
anthropogenic noise sources that are increasing across the
landscape, like wind turbines, off-road vehicles, highways and
urban development; this suggests that the impacts on greater sagegrouse observed here may be widespread. More generally,
populations of many species of birds [4,70–74] and mammals
[75–78] decline with proximity to noisy human activities, such as
roads, urban and industrial developments. While further study is
needed to determine whether chronic noise exposure contributes
to the impacts of these human activities by activating the chronic
stress response, this study adds to a growing body of evidence that
such noise pollution is a threat to wildlife [1,2], significantly
increasing our estimates of the footprint of human development
beyond the boundaries of visible disturbance.

Stress as an indicator of human impacts on sage-grouse
Measurement of FCMs may provide a non-invasive monitoring
tool to assess the impact of human development (e.g. oil and gas
drilling, wind farms, highways, off-road vehicle traffic) on stress
levels of greater sage-grouse and other species. However comparisons between disturbed and undisturbed areas would need to
account for differences in age, sex, and breeding condition of
individuals sampled as well as for differences in the environmental
conditions between sites in order to isolate stress as the likely cause
of change [15,18,69]. We controlled for such differences by using
an experimental presentation of noise that minimized effect on
other habitat variables, limiting our collection to lekking birds,
collecting only on days with limited female attendance and
collecting samples from all leks within a short 2–3 day window.
We did not find support for differences in FCM levels from
samples collected in early versus late April within each season
(,20 days apart in a 2–3 month breeding season), and only
limited evidence for an effect of location (Hudson vs. Riverton,
,32 kilometers apart), suggesting that these temporal and spatial
differences did not affect FCM levels in our study. However with a
larger sample of leks or in another region or time period, it is
possible that such differences might emerge.
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