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ABSTRACT

Anthropogenic noise has become widespread across all biomes, resulting in significant concern
about its potentially detrimental impacts on wildlife and natural systems. Due to the increasing
demand for crude oil in prairie habitats, grassland songbirds may be particularly vulnerable to
projected increases in associated acoustic footprints. To isolate effects of different oil
infrastructures from physical disturbances associated with the noise sources, | designed and
implemented a novel large-scale, spatially and temporally replicated experimental playback
study. By implementing this study design, | found that anthropogenic noise constrains animal
communication across a much larger surface area when considering interferences with
attentional processes in addition to energetic masking of signals. Further, I showed that oil
infrastructure noise and infrastructure can decouple habitat use from habitat quality for three of
my four focal grassland songbird species. Overall, intermittent drilling noise proved to be more
detrimental to grassland songbirds than predictable, chronic noise, and both noise and above-
ground infrastructure reduced habitat quality for specialist and threatened species, emphasising
the importance of constructing studies that are able to disentangle effects of noise from physical
infrastructure. Current noise mitigation recommendations to reduce impact of oil activities on
migratory grassland songbirds are too broad, inaccurate, and can be easily circumvented.
However, my results show that noise presents a threat to several species, and thus mitigation of

noise produced by oil development would be beneficial to grassland songbirds.
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CHAPTER 1. INTRODUCTION

BACKGROUND
Anthropogenic noise has become widespread across all biomes. Noise affects wildlife occupying
urban areas (e.g., Warren et al. 2006), habitats surrounding roads and energy development (e.g.,
McClure et al. 2013), and even protected areas (Buxton et al. 2017). With the intensification of
acoustic pollution, researchers are increasingly concerned about detrimental impacts on wildlife
and natural habitats (McGregor et al. 2013), and a growing body of scientific findings
demonstrate that anthropogenic noise can be harmful to species residing in these disturbed
habitats (Dooling and Popper 2007, Barber et al. 2010, Shannon et al. 2016). However, studies
report varying and sometimes even conflicting results regarding behavioural and ecological
responses of animals to noise. This inconsistency may be because anthropogenic noise is usually
accompanied by a suite of other disturbances (e.g., above-ground structures, linear features such
as roads and powerlines, chemical pollution), which makes it difficult to assess whether noise, or
correlated human disturbances such as structures and roads, account for responses observed in
wild populations (Summer et al. 2011). Experimental playback studies where noise is broadcast
at sites without other forms of anthropogenic disturbances are an essential approach to
disentangle impacts of noise on wildlife from effects associated with these other confounding
factors.

Controlled playback studies show that noise can decrease habitat quality (Ware et al.
2015), alter predator-prey dynamics (Francis et al. 2009), and induce a physiological stress
response (Blickley et al. 2012) in birds. However, most playback studies are not conducted at a
landscape scale or have been replicated across study sites and years, making it difficult to

determine whether responses found are representative of lasting effects at the population and



community levels (Shannon et al. 2016). Large-scale, multi-species studies replicated in space
and time can allow researchers to better assess complex interacting effects of noise alone on
animal behaviour and ecology (Shannon et al. 2016). Further, research that characterises noise
from a range of different anthropogenic noise sources can help in identifying which noise
sources should be prioritized and what amount of noise reduction is required for effective
mitigation (Francis and Barber 2013). Additionally, integrating knowledge from multiple
disciplines to understand effects of anthropogenic noise would allow us to better evaluate
responses to anthropogenic noise, and enable us to implement more appropriate management
practices (Shannon et al. 2016).

Oil development provides a compelling system in which to conduct a large-scale, multi-
year, controlled playback experiment on effects of different noise sources on bird communities.
Different types of oil infrastructure produce different noise stimuli that vary in frequency
composition, amplitude, and duration (i.e., chronic and intermittent) and, therefore, may have
different effects on birds present in surrounding habitats (Francis and Barber 2013). In Western
Canada, the demand for drilling new oil wells is estimated to have increased 70% in 2017
compared to the previous year and the supply of crude oil is predicted to increase 39% by 2030
(Canadian Association of Petroleum Producers 2017). This addition of new oil infrastructure
results in an increased acoustic footprint due to anthropogenic noise on the prairie landscape, and
therefore, studies investigating oil infrastructure noise are particularly timely.

Grassland songbirds have endured the most extensive declines compared to birds of any
another ecosystem in North America (Knopf 1992, Murphy 2003), and are highly dependent on
acoustic communication (Rendall et al. 2009), which could be hindered in noisy habitats (Lohr et

al. 2003). Grassland songbirds are protected under the Migratory Birds Convention Act, which



prohibits the disruption and damage to nests and eggs of migratory birds (Migratory Birds
Convention Act 1994) and has significant implications for the management of the oil and gas
industry. Since noise can be mitigated relatively easily using commercially available equipment
(e.g., Bayne et al. 2008), a manipulative experiment that successfully isolates noise impacts from
other potential confounding factors related to oil extraction activities (e.g., access roads, traffic,
powerlines, above-ground structure) can help industry and conservation management make

appropriate, effective and immediate management decisions.

PURPOSE AND OBJECTIVES

The purpose of this study was to directly assess the effects of noise alone on the behaviour and
ecology of grassland songbirds. If noise was found to have a negative effect, my goal was to also
determine which noise sources associated with oil extraction activities are most detrimental, and

therefore, most necessary to mitigate. Specifically, the objectives of this study were to:

1. Develop an experimental playback design that allows researchers to disentangle effects of
noise from confounding factors associated with the presence of infrastructure. Ensure that
the soundscape produced by different chronic oil well noise and acute drilling activities is
reproduced accurately (Rosa et al. 2015, Chapter 2).

2. Propose a theoretical framework for understanding and evaluating species’ responses to
noise by integrating multiple disciplines to assess impacts on animal communication
(Rosa and Koper 2018, Chapter 3).

3. Compare relative abundance and nesting success among acute and chronic oil
development playback noise treatments to assess effects of noise on the ability of several

grassland songbird species to select high quality habitats. For the two most abundant



species, evaluate whether noise affects reproductive output measured by clutch size and
nestling body condition (Chapter 4).
4. Suggest feasible and appropriate mitigation measures to industry based on effects caused

by oil infrastructure noise on grassland songbirds (Chapter 5).
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CHAPTER 2. DISENTANGLING EFFECTS OF NOISE FROM PRESENCE OF
ANTHROPOGENIC INFRASTRUCTURE: DESIGN AND TESTING OF SYSTEM FOR
LARGE-SCALE PLAYBACK EXPERIMENTS

ABSTRACT

Anthropogenic noise may be detrimental to many bird species, and manipulative experiments
would help us understand these effects. | present the design and validation of a self-sustaining
solar-powered broadcasting system that will allow researchers to disentangle acute or chronic
effects of noise from effects of the presence of infrastructure, even in remote areas. | tested the
broadcasting system using a case study on noise from oil well infrastructure in southern Alberta,
Canada. Recordings from two types of oil wells were obtained and then broadcasted through six
independent playback units continuously for a period of three months in 2013, at sites
undisturbed by oil development. Sound measurements at real oil wells and at sites with
broadcasting systems simulating the noise from these oil wells demonstrated that real and
projected noise had very similar sound pressure levels, attenuation trends, and spectral
composition. Throughout this long-term playback experiment, the system produced power and
noise reliably and consistently. In conjunction with bird surveys, this experimental design and
infrastructure can be used to allow researchers to dissociate the presence of anthropogenic
development from associated noise, providing us with information that will help decrease the

environmental impacts of human activities.



INTRODUCTION

Many ecological soundscapes are influenced by noise produced by human activities and this
novel selection pressure may negatively affect some wildlife populations (Barber et al. 2010).
Anthropogenic noise may be particularly detrimental to species that rely on acoustic signals to
communicate and may contribute to bird population declines (Patricelli and Blickley 2006,
Bayne et al. 2008, Slabbekoorn and Ripmeester 2008) by masking communication signals,
although some species may alter their songs in noisy urban landscapes (Slabbekoorn and Peet
2003). Anthropogenic noise is also frequently louder and occurs over longer time periods than
natural noises, and can be a source of physiological stress for many organisms, affecting their
metabolism and cardiovascular health (Kight and Swaddle 2011). However, it can be difficult to
distinguish between effects of anthropogenic noise from the effects of anthropogenic
infrastructure, given that the two factors usually co-occur. For example, the degree to which
noise has contributed to the rapid population declines of many species of birds (Sauer et al.
2008) is not well-understood (Kight et al. 2012) because of the difficulty of isolating effects of
noise from potential confounding factors associated with infrastructure (e.g., chemical pollution,
visual stimuli, habitat alterations; Reijnen et al. 1995, Warren et al. 2006, Bayne et al. 2008).
Manipulative experimentation may be an important tool for allowing researchers to dissociate the
effects of noise from the presence of infrastructure.

A valuable method that allows researchers to understand effects on birds of
anthropogenic noise, natural noise, and conspecific and heterospecific communication involves
the use of playbacks, in which recordings of sounds are broadcasted, followed by observations of
avian responses to the projected noise. For example, Arroyo-Solis et al. (2013) shifted the time at

which urban bird species were exposed to street noises to see if it would affect the time at which



they sang at dawn, and a recent study in road ecology simulated a road by broadcasting traffic
noise through speakers distributed along a transect (McClure et al. 2013). However, previous
playback experiments have typically disregarded the importance of obtaining and broadcasting
high-quality audio recordings and measuring appropriate acoustic metrics to ensure that
projected noise is qualitatively similar to original recordings (Francis and Barber 2013), and thus
the magnitude of previous estimates of effects of anthropogenic noise may be unreliable. For
example, studies have reported instantaneous rather than time-averaged amplitudes (Francis and
Barber 2013). Many studies use low-quality recordings and playback files (e.g., Arroyo-Solis et
al. 2013, McClure et al. 2013) and low-fidelity speakers (e.g., Rabin et al. 2006, Zanette et al.
2011, Cunnington and Fahrig 2012), which can have the effect of broadcasting a sound that is
significantly different from the sound originally recorded. In addition, most playback
experiments have not reported on the fidelity of the playback system, or the ability of the system
to accurately and representatively reproduce anthropogenic noise. Furthermore, broadcast stimuli
in most studies have been intermittent or are emitted for short periods of time (e.g., Zanette et al.
2011, Cunnington and Fahrig 2012, Lackey et al. 2012, Arroyo-Solis et al. 2013, McClure et al.
2013), and thus cannot be used to assess chronic effects of noise. Therefore, there is a need for
guidelines for reporting requirements for playback experiments, and for the development and
evaluation of infrastructure that accurately reproduces anthropogenic noise and can withstand
field conditions for long periods (e.g., continuous broadcast throughout the breeding season of
focal species).

Although high-fidelity playback systems may be costly in time and resources, a need for
experimental designs that accurately measure, characterise, and reproduce sound has been

emphasised in noise impact studies (e.g., Pater et al. 2009, Francis and Barber 2013). Particularly



during the investigation of more subtle effects of noise disturbance on wildlife populations, high-
fidelity playback designs are expected to provide a more representative overview of
consequences resulting from noise exposure (Francis and Barber 2013). These include fitness-
related consequences that have the potential to impact a species at the population level, not just
the more apparent indices of noise impacts such as site occupancy, abundance, or signal
modifications (Francis and Barber 2013). Variations of sound source amplitude by a few decibels
have the potential to lead to considerably different outcomes in observed behavioural responses
(Grubb et al. 1998, Delaney et al. 2011). Further, masking of acoustic signals used by animals
and physiological consequences of chronic noise largely depend on the frequency composition of
the sound source (Dooling and Popper 2007, Francis and Barber 2013). Therefore, the accurate
reproduction of the sound source in playback studies via high-fidelity systems will ensure a
better estimation of the full range of threats that noise can pose for species exposed to
anthropogenic noise.

My objectives were to design, validate, and demonstrate an experimental setup that
accurately reproduces sound and thus contributes to the improvement of playback experimental
design. I also provide recommendations for informative evaluation and reporting of sound
quality and amplitude for playback studies. | used noise from oil-extraction infrastructure as a
case study for assessing this experimental setup. This study is the first to combine (1) high-
quality playback equipment, recordings, and sound files; (2) a verification of system fidelity to
the original noise source; (3) the use of equivalent continuous sound level (Leq) to characterise
sound; (4) an entirely self-sustaining and self-powered system; and (5) the continuous
broadcasting of sound for a long period of time (i.e., the duration of the breeding season) to

allow evaluation of chronic effects of noise. This experiment was conducted within the context
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of a broader study in which bird response to the broadcasted noise was measured throughout the

breeding season.

STUDY AREA

This study took place in nine 64-ha mixed-grass prairie sites owned by the Eastern Irrigation
District in south-central Alberta, within 40 km of Brooks, Alberta, Canada (49°0'0.004"N to
50°53'56.475"N; 110°0"2.757"W to 112°28'44.473"W). Sites were predominately mixed-grass
prairie plants (e.g., blue grama [Bouteloua gracilis], needle-and-thread [Hesperostipa comata],
and western wheatgrass [Pascopyrum smithii], and were topographically flat or gently rolling.
Typical avian species here included Baird’s Sparrow (Ammodramus bairdii), Chestnut-collared
Longspur (Calcarius ornatus), and Sprague’s Pipit (Anthus spragueii). Sites with playback
infrastructure were free of oil wells and associated development to ensure that all anthropogenic
noise originated from playback equipment. Pumpjacks are a common and widespread type of
well pumping system used for oil extraction in grasslands across North America. Pumping
systems can be either connected to the power-grid (power-grid pumpjacks) or powered by a
generator fueled by an adjacent propane tank (generator pumpjacks; Fig. 2.1A). Amplitudes of
the infrastructure averaged 73 dB(C) (57 dB(A)) at 10 m for generator pumpjacks and 62 dB(C)
(53 dB(A)) at 10 m for power-grid pumpjacks. Pumpjack noise encompasses a wide frequency
range (0 Hz—21 kHz) and therefore is likely to overlap with the range pertinent to avian
vocalization and hearing, which is generally best between 1 kHz and 5 kHz (Dooling 1980, 1982,

1992) and achieves a maximum threshold of approximately 10 kHz (Necker 2000, Beason 2004).
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METHODS

Recording noise from infrastructure

| recorded noise from three generator pumpjacks and three power-grid pumpjacks, and
broadcasted this sound at sites without any oil-related infrastructure present (Fig. 2.1A, B). Sites
were chosen for recording based on isolation from other noise sources (e.g., other oil wells and
roads) to ensure that recorded noise was that of the target infrastructure. Recordings were taken
from 6-17 April 2013. | recorded each pumpjack for a minimum of 65 min between 0600 and
1130 hr to minimise disturbance from wind, which generally increased later in the day. |
acquired all recordings in winds <7 km/hr. At each well, I took recordings with three Zoom H4N
handheld recorders (Zoom, Tokyo, Japan; 48-kHz sample rate, 24-bit Waveform Audio File
Format [WAV] files) placed just outside of the technical fence for safety reasons, 1.5-6 m from
the loudest part of the pumpjack, typically near the crank and counter weight or the exhaust pipe.
| spaced the microphones in an effort to capture the full range of sounds emanating from the
pumpjacks and to maximise the signal-to-noise ratio (the amount of noise due to the pumpjack
relative to ambient noise sources such as wind). I then compared the recordings from the three
microphones using Cubase LE Al Elements 6 software (Steinberg Media Technologies,
Hamburg, Germany), and chose the highest quality recording (best signal-to-noise ratio, least
amount of other noise sources) for editing into a stimulus for broadcasting. | edited out other
noise sources (i.e., bird songs and calls, wind, traffic) by listening to the recordings and deleting
the segments in which they occurred. I then amplified the WAYV files and loaded them onto 8-GB
iPod Nanos (Apple Inc., Cupertino, CA) for use in the sound broadcasting systems. The end

result was six different broadcast stimuli made from recordings of six different pumpjacks.
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Figure 2.1 Noise of active pumpjacks (A) was recorded and broadcasted at sites without oil
infrastructure using solar-powered broadcasting systems (B), in southern Alberta, Canada, 2013.
Infrastructure-only units (C) were installed at other locations as a control for the presence of the
broadcasting units.

Sound broadcasting system design

I projected playbacks continuously from early May until the beginning of August 2013,
which was the duration of the breeding season for most grassland songbirds in this region (e.qg.,
Robbins and Dale 1999). Six solar-powered playback systems (Figs. 2.1B, 2.2; “playback

units”), each in an independent research site, reproduced the sound from generator pumpjacks
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and power-grid pumpjacks. Treatments consisted of (1) three sites with playback units emitting
generator pumpjack noise, (2) three sites with playback units emitting power-grid pumpjack
noise, and (3) three sites with infrastructure-only units, including nonfunctional solar panels, as a
control to ensure there was no effect of the presence of the experimental apparatus on grassland
birds (Fig. 2.1C). All six active broadcasting units played a recording of a different pumpjack, to
avoid pseudoreplication.

Each playback unit was powered by an array of five 150-W (8.7-A) solar panels
(SunForce Products, Montreal, QC, Canada) for a potential maximum of 750 W (43.5 A)/unit.
These panels charged an array of four deep-cycle golf cart batteries, regulated by a TriStar 45
charge controller (Morningstar, Newtown, PA) to prevent overheating, overcharging, and reverse
current. Current from the batteries flowed through a 410-W power inverter (Schumacher
Electric, Mount Prospect, IL), which supplied two Mackie SRM350v2 loudspeakers (LOUD
Technologies, Woodinville, WA) and an iPod with alternating-current power (Fig. 2.2). The
batteries, speakers, iPod, charge controller, and inverter were housed together in a 1.2-m (l) x
0.9-m (w) x 0.7-m (h) plywood box adjacent to the solar panel array. Two screened holes (36 cm
x 56 cm) in the boxes allowed sound to project from the speakers and an additional horizontal
screened slot (75 cm x 3 cm) assisted in ventilation to prevent overheating. The system was
grounded from the charge controller to a metal plate buried beneath the plywood box (see
Appendix S2.1 for further technical details of the broadcasting system). The total dimensions of
this infrastructure (solar array and box) were approximately 5 m (I) x 1.5 m (w) x 1.5 m (h). A 1-
m-high, 7.3-m-long x 4.9-m-wide metal technical fence (Boomers Services, Brooks, AB,
Canada) was installed around the apparatus to prevent damage from cattle. I broadcasted

pumpjack noise through the sound system at a level consistent with real infrastructure. The noise
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was broadcasted continuously, 24 hour/day, throughout the breeding season, from 28 April to 10
August 2013. I monitored system function by visiting the sites every 4-6 days and recording DC
voltage, which indicates charge and power consumption. | recorded environmental factors likely
to impact the performance of the system, including time of day, cloud cover, and number of bird
droppings on the solar panels. Each of the three silent playback units, used to control for the
presence of broadcast systems, included all of the structural components of the operational
playback units, with the exception of the wiring and electronics, which were not visible in
operational systems. This included a wooden frame, nonfunctional solar panels, a plywood box,

and a technical fence.

Figure 2.2 Solar-powered broadcasting systems used to record and broadcast noise of active
pumpjacks at sites without oil infrastructure in southern Alberta, Canada, 2013, included (1)
solar panels array, (2) kill switch, (3) charge controller, (4) grounding plate, (5) batteries, (6)
inverter, (7) iPod, and (8) speakers.
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Comparing sound characteristics of broadcast stimuli and real pumpjack noise

| tested the fidelity of the broadcasting system by comparing spatial attenuation trends
and spectral composition (i.e., the distribution of component frequencies) to actual pumpjack
noise. To measure the system’s ability to accurately reproduce the noise from the original source,
| compared sound pressure level (SPL) measurements between pumpjacks and broadcasting
systems. Measurements of SPL are essential for characterising and comparing noise sources
because SPL is the physical acoustic pressure in air, and hence translates directly into amplitude
or loudness level (Huber and Runstein 2005). Sound pressure level can be measured across all
frequencies (broadband) or for individual frequency bands to characterise spectral composition. |
used a Briiel and Kjeer 2250 SPL metre/frequency analyser (Bruel and Kjeer, Neerum, Denmark)
to take SPL measurements along transects radiating from four generator and four power-grid
pumpjacks, including some that were previously used for recordings (one generator and three
power-grid pumpjacks). | surveyed four transects/pumpjack, in cardinal directions.
Measurements were taken at 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, and 100 m from
generator and power-grid pumpjacks. I recorded Leq, a time-averaged value of SPL in decibels,
along each transect, with both C weighting for broadband sound (LCeq) and Z weighting for
individual one-third-octave frequency bands (LZeq). The measurement period ranged from 10
seconds to 50 seconds depending on the time each pumpjack took to complete a cycle, and thus
included the entire range of sounds produced by the pumpjack. I also took background SPL
measurements immediately following transects, at a sufficient distance from the pumpjack that
no infrastructure or playback noise could be heard. These measurements allowed me to control
for variation in ambient noise due to wind, birdsong, and other factors. All SPL measurements

were taken in wind <7 km/hour. | then used the average SPL at 10 m for generator and power-
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grid pumpjacks to calibrate the corresponding playback units. | conducted 100-m SPL transects
at a playback unit broadcasting generator pumpjack noise, according to the methods described
for transects at real pumpjacks. I then compared the attenuation of sound from real pumpjacks to
the attenuation of sound from the broadcasting system.

| used a generalised nonlinear mixed model (PROC NLMIXED; SAS Institute, Inc. 2011)
to determine whether attenuation measured using LCeq (the time-averaged SPL value for
broadband) differed between a real generator pumpjack and the playback unit broadcasting that
pumpjack’s noise. Mixed models enabled me to control for taking multiple observations per
transect or site; | obtained similar results using transect or site as the random variable, and thus
only show results for models including transect as the random variable. LCeq Values were
continuously and normally distributed after log-transformation (PROC UNIVARIATE; SAS
Institute, Inc. 2011); thus, after centring distance values to minimise collinearity with interaction
terms, | log-transformed and modeled LCeq with a Gaussian distribution as a quadratic function
of distance from the noise source (km), and included an interaction term between distance,
distance?, and type of noise source (pumpjack or broadcast structure). If topography or other
noise sources interrupted pumpjack noise further away from the pumpjack (e.g., 100 m), a
portion of the transect was omitted from analyses (occurred for 9 of 32 transects), because this
effect was location-specific.

In addition to overall broadband measurements, the adequate characterisation of a sound
source also involves spectra that depict how amplitude varies with frequency (Pater et al. 2009).
Thus, as another indicator of system fidelity, | compared the spectral composition of noise from
real pumpjacks and playback systems, using power spectra generated by two different methods.

First, I rerecorded the sound broadcasting from the playback system using a Zoom H4N
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handheld recorder, and then compared this recording to the recording of the original pumpjack.
Power spectra of these recordings were created from WAV files by fast Fourier transformation
and compared using Raven Pro 1.4 (Bioacoustics Research Program 2011). Next, | generated
spectra from one-third-octave SPL data, taken with the Briel and Kjaer 2250 SPL
metre/frequency analyser, for both real pumpjacks and playback units. | compared the spectra of
four pumpjacks (one generator, three power-grid) to spectra of the broadcast structures playing
noise from those pumpjacks, measured at 10 m from infrastructure. There were 2—4
measurements at 10 m from each structure and, hence, 2—4 spectra/structure. For each spectrum,
I measured SPL values at 19 frequencies (specifically, LZeq, the time-averaged SPL values of the
midpoint frequency for 19 one-third-octave frequency bands between 315 Hz and 20 kHz to
encompass the range of hearing of birds (Dooling 1980, 1982, 1992). LZ¢q values were
continuously and normally distributed. For the generator pumpjack, | had four
measurements/frequency. | compared the difference in SPL values at each frequency band
between real and projected sound using t-tests (PROC T-TEST; SAS Institute, Inc. 2011). For
the three power-grid pumpjacks and their broadcast structures, there were 2—4 spectra/structure
(n =19 SPL measurements/frequency across all structures). | ran nonlinear mixed models
separately by frequency (Gaussian distribution) to determine whether SPL measurements
differed between pumpjack and broadcast sites (PROC NLMIXED; SAS Institute, Inc. 2011). |
compared models with either pumpjack ID or SITE included as a random variable; results were

similar, so I show only those results with random variable = SITE.

Modeling effects of environmental factors on playback unit performance
| used a generalised nonlinear mixed model (PROC NLMIXED; SAS Institute, Inc. 2011)
to identify environmental factors that significantly influenced DC voltage, including the random
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variable SITE. Voltage values were continuously and normally distributed after log-
transformation. I modelled log (DC voltage) with a Gaussian distribution as a function of time of
day (with a quadratic term), time of season (no. of days since 31 May), cloud cover (percentage
of sky from horizon to horizon), and fecal cover (number of fecal droppings) on the solar panel

arrays, using a frequentist approach (Mundry 2011).

RESULTS

Comparing sound characteristics of broadcast stimuli and real pumpjack noise
Log-transformed LCeq decreased with increasing distance (km) from noise sources (Bdistance =
—3.08 £ 0.26 [SE], P < 0.001; Baistance> = 21.95 + 10.08, P = 0.070), but did not differ between
playback infrastructure and real pumpjacks (Btype = 0.00 £ 0.02, P = 0.870; Btypexdistance = —0.00 £

017, P= 0990, Btyl;)exdistance2 = 1232 + 660, P= 0100, Flg 23)
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Figure 2.3 Actual and predicted sound pressure levels (C-weighted time-averaged value of
sound pressure level [SPL], in decibels; LCeq) and 95% confidence intervals with increasing
distance (m) from a generator pumpjack and the corresponding playback unit (of recorded noise
of active pumpjacks at sites without oil infrastructure) in southern Alberta, Canada, 2013.
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Generator pumpjacks tended to emit low-frequency sound with more intensity than high-

frequency sound (Fig. 2.4). The spectral composition was similar between the original and

reproduced sound (Fig. 2.4A, B). There were few significant differences in SPLs of the one-

third-octave frequency bands between the pumpjacks and their corresponding broadcast

structures (Fig. 2.5A, B).

10 i4 16 18 20
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Figure 2.4 Power spectra illustrating spectral composition of (A) generator pumpjack noise and
(B) rerecorded broadcasted pumpjack noise (recorded at active pumpjacks and broadcasted at
sites without oil infrastructure) in southern Alberta, Canada, 2013. Relative power (dB) values
were produced by fast Fourier transformation of WAV recordings and therefore are not
analogous to absolute sound pressure level (SPL) values measured with an SPL metre/frequency

analyser.
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Figure 2.5 Predicted sound pressure levels (SPL; Z-weighted time-averaged value of SPL, in
decibels; LZeq) of midpoint frequencies of one-third-octave frequency bands from 315 Hz to 20
kHz, measured at a generator pumpjack (black bars) and its corresponding broadcast system
(white bars), as recorded in southern Alberta, Canada, 2013: (A), and at three power-grid
pumpjacks (black bars) and their corresponding broadcast systems (white bars; B). Asterisks
indicate statistically significant differences in SPLs: * = P < 0.050.

Effects of environmental factors

Direct-current voltage increased as a quadratic function of time of day (Bhours(centered) =
0.20 + 0.02, P < 0.001; Bhours(centered)”> = —0.04 £ 0.01, P < 0.001), and was predicted to peak at
14.2 V (actual) around 1300 hours (Fig. 2.6). Voltage declined slightly with increasing number
of days since 1 May (Bdays since 1 May = —0.006 = 0.003, P = 0.049), but not with cloud cover (Bcioud
cover = 0.01 £ 0.01, P = 0.600) or the number of fecal droppings on solar panels (Bfecal pats = —0.002

+0.002, P =0.170).
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Figure 2.6 Real and predicted power output with 95% confidence limits of broadcast systems (n
= 6; used to record) as a function of time of day in southern Alberta, Canada, 2013, after
accounting for effects of time of season, cloud cover, and fecal droppings on solar panels.

DISCUSSION
The solar-powered broadcasting system I designed was effective at reproducing noise from the
original source. To my knowledge, no previous studies have demonstrated that the recreated
soundscape was comparable to the original soundscape. A recent study qualitatively compared
the spectral composition of playback stimuli to typical traffic noise, although they did not
evaluate fidelity of attenuation trends (McClure et al. 2013). Validating fidelity to the original
source is essential, because not replicating the sound quality and amplitude accurately across the
range of frequencies detectable by the focal species could lead to behavioural responses to
projected noise that differ from behavioural responses to real noise.

The capacity of this system to reproduce anthropogenic noise with a high degree of
fidelity can be attributed primarily to two factors: the quality of the audio files projected and the
quality of the speakers used. Although 48-kHz sample rate, 24-bit WAV files are much larger
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than the lower quality or compressed audio files employed in most previous studies (e.g., MPEG
Audio Layer Il [MP3] or WAV files with lower sample rate and bit depth; e.g., Zanette et al.
2011, Blickley et al. 2012, Arroyo-Solis et al. 2013, McClure et al. 2013), they are advantageous
because they retain more of the acoustic characteristics and resolution of the original recorded
noise. Compressed file formats such as MP3 have data removed to achieve a small file size. This
loss of data translates into a reduction in audio quality that can manifest itself in multiple ways,
including reduced frequency and dynamic range and introduced noise artifacts (Huber and
Runstein 2005, Sterne 2006).

Accurate reproduction of the original noise is also strongly influenced by speaker quality.
Mackie SRM350v2 speakers were used because of their relatively flat frequency response (i.e.,
equal reproduction of sound across the entire frequency spectrum) and because they have low
total harmonic distortion (i.e., negligible difference in harmonic content of the signal before and
after the amplifier). These speakers are also loud, with a reported long-term SPL maximum of
118 dB at 1 m (LOUD Technologies, Inc. 2011). Their capacity allowed me to attain the SPLs
necessary to reproduce real pumpjack noise, and can accommodate the levels required for the
reproduction of other typical anthropogenic and natural noises, such as traffic or waves. The
speakers’ internal amplifiers are beneficial because they eliminate the need for another
component to the system, which would further modify the sound, decreasing fidelity to the
original sound source (Huber and Runstein 2005). These speakers are also durable and suitable
for outside or field conditions if adequately protected. In this experiment, they endured three
months of continuous play under variable weather conditions, with minimal protection from a
wooden box, without overheating or succumbing to humidity or water damage. These

characteristics of the speakers allowed the systems to broadcast sound continuously throughout
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the breeding season, recreating the long-term sound projected by real anthropogenic
infrastructure. Most previous noise playback studies have used relatively low-fidelity outdoor
(e.g., Blickley et al. 2012), marine (e.g., Cunnington and Fahrig 2012), or desktop computer
(e.g., Zanette et al. 2011) speakers, which are unlikely to reproduce sound with high fidelity
(Huber and Runstein 2005).

Appropriate acoustic metrics are necessary to characterise sound and thus demonstrate a
broadcasting system’s ability to accurately reproduce a source of anthropogenic noise (Francis
and Barber 2013). | used Leq because in the case of chronic anthropogenic noise, a time-averaged
value is more informative than an instantaneous measurement (Francis and Barber 2013). I also
characterised pumpjack and playback stimuli noise with both C- and Z-weighted Leq values, for
broadband and one-third-octave analyses respectively. The use of A-weighted measurements in
bird studies is widespread because it is thought to adequately estimate avian ranges of hearing
(Dooling and Popper 2007). However, because A-weighting puts more emphasis on frequencies
detectable to humans, which can differ significantly from frequencies detected by other species
(Pater et al. 2009), a flatter, less weighted frequency filter may be more generalizable among
many species, and it also avoids difficulties with trying to quantify what frequencies are
detectable by free-living individuals of a range of species. Hence, when comparing sounds
produced by real noise sources and broadcasted stimuli, | suggest use of the flatter LCeq Or the
unweighted LZeq.

The playback systems designed were also robust. The voltage produced by solar panels
never dropped below 12.1 V, which is above the minimum voltage of 10.5 V required to
maintain system function (Schumacher Electric 2012). Although I detected a significant drop in

voltage levels from broadcasting nonstop both day and night, there was more than enough
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sunlight in prairie conditions for these systems to recharge themselves sufficiently. This
robustness and consistency in power production is essential for the experimental study of chronic
noise in an ecological field setting. However, because access to sunlight may be a limiting factor,
the solar-powered component of this design may not be appropriate for studies conducted in
densely forested areas. In habitats with adequate sunlight, self-powered systems such as the one |
tested here are not only more sustainable, but decrease the frequency at which a site must be
visited to change batteries, thus minimising disturbance to wildlife populations by the presence
of humans and allowing its use in remote or relatively inaccessible areas.

Although this infrastructure was designed to assess effects of chronic noise, short-term
studies that monitor impacts of acute noise disturbances would also benefit from the quality and
robustness of the equipment, and its ability to reproduce noise accurately. This playback design
presents opportunities for further ecologically important experimental designs, because effects of
chronic noise may differ from effects of acute noise (e.g., Romero 2004, Wright and Kuczaj
2007, Lackey et al. 2012). Playback studies may be particularly useful for evaluating acute
effects of noise under controlled conditions, because the sound emitted from playback units can
be readily turned off and the amplitude can be adjusted along a continuum.

| recognise that there is a trade-off between the cost and portability of a playback system
and its capability to reproduce noise accurately. However, when the purpose of a study is to
determine whether the implementation of costly noise mitigation measures are appropriate and
would help conservation efforts, broadcasting highly accurate sound stimuli may enable
researchers to not only identify the more general behavioural response trends (i.e., site
occupancy and abundance) but also more indirect costs to species inhabiting noisy areas, such as

consequences on individual fitness and complex interspecific interactions. Despite its high
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monetary cost and lower portability, this type of experimental design can empowers researchers
to investigate effects of noise at a finer scale than what previous studies have been able to
achieve. Until now, it seemed unlikely that a sound broadcasting system would be capable of
reproducing the whole suite of acoustic characteristics of an actual sound source, and it was
anticipated that species would respond differently because of acoustical differences between
original and broadcasted sound (Pater et al. 2009). However, the system design presented here,
although more expensive, is a solution to the problems previously associated with the use of
sound broadcasting systems.

| recommend that future playback studies implement certain key components and
procedures. High-quality recordings and sound files coupled with high-fidelity playback
equipment are essential to accurately reproduce sound. Speakers that are weather-resistant and
have a flat frequency response, low total harmonic distortion, and preferably an internal
amplifier can ensure a robust and high-fidelity system. Fidelity to the original noise source, and
attenuation, should be verified by analyses of SPL attenuation trends and spectral composition.
This can be accomplished by measuring appropriate sound metrics that cater to the type of noise
source under investigation (e.g., time-averaged SPL values with a flatter [C] or unweighted [Z]
frequency filter). If researchers opt for lower quality, less expensive playback systems, |
recommend thoroughly characterising the playback stimulus with multiple appropriate sound
metrics so that species’ responses can be attributed to specific acoustic properties of the stimulus,
particularly if those properties differ from those found in the original sound source. 1 also
recommend exploiting self-powered and self-sustaining options to conduct playback studies in
lieu of ineffective, high-maintenance, and wasteful power sources (e.g., disposable battery

systems requiring frequent replacement). Although short-term and intermittent playback
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experiments have been the norm in noise impact studies, technology has advanced sufficiently
such that long-term, continuous playbacks can now be conducted with robust, high-fidelity

equipment.
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CHAPTER 3. INTEGRATING MULTIPLE DISCIPLINES TO UNDERSTAND
EFFECTS OF ANTHROPOGENIC NOISE ON ANIMAL COMMUNICATION

ABSTRACT

Anthropogenic noise is pervasive and may affect wildlife in many ways. Anthropogenic noise
also adds to the acoustic environment's complexity, making it more difficult for animals to detect
and discriminate among important signals. By integrating knowledge gained from research in
experimental psychoacoustics, psychophysics, and neurophysiology into applied ecology, we can
refine our understanding of the impacts of anthropogenic noise on wild populations. A
multidisciplinary approach is particularly important for understanding signal perception,
masking, auditory scene analysis, multimodal communication, and cross-modal interference. I
demonstrate the benefits of using knowledge gained from a variety of different disciplines to
understand masking effects of anthropogenic noise using my research on effects of petroleum
infrastructure on grassland songbirds. Incorporating knowledge from diverse disciplines and
involving several taxa, including humans, can help inform ecological conservation and
management practices, and has the potential to help researchers generate novel and effective

mitigation measures to counter negative effects of noise.
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INTRODUCTION

Anthropogenic noise is becoming more prevalent across all habitats. It is typically characterised
by higher amplitudes and occurs more frequently, compared to ambient noise found in natural
environments (Patricelli and Blickley 2006, Slabbekoorn and Ripmeester 2007, Barber et al.
2010). Ecological soundscapes altered by human activity thus have the potential to provoke
diverse responses from biological systems, and these responses by individuals to noise may
dramatically aggravate effects of habitat loss, degradation, and fragmentation on populations
(Barber et al. 2010).

Although assessing impacts of noise on wildlife is challenging, researchers have long
been aware of the potential repercussions of noise disturbances on communication events and
research on the subject has experienced a significant upsurge since 2010 (see Shannon et al.
2016a). Anthropogenic noise can impose constraints on animal communication by reducing the
distance at which a signal can be detected (Slabbekoorn and Peet 2003), limiting the ability of
the signal to reach its intended receiver, and decreasing the amount of information that can be
extracted from a signal (Read et al. 2014). These effects can either reduce accuracy in
communication among animals or result in an inaccurate assessment of the environment, leading
to sub-optimal decisions (see Chan and Blumstein 2011). There have been several
comprehensive reviews assessing effects of noise on wildlife (Dooling and Popper 2007, Barber
et al. 2010, Shannon et al. 2016a) and proposed frameworks for understanding and evaluating
species’ responses to noise (Francis and Barber 2013, Swaddle et al. 2015). However, the
underlying mechanisms that explain these behavioural responses are less well understood. In
general, ecologists seem much more likely to attribute effects of noise to signal masking than to

other mechanisms, as illustrated by Fig. 3.1, which shows that studies considered effects of
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energetic masking more than all other potential mechanisms (e.g., informational masking,
auditory scene analysis, multimodal communication, and cross-modal effects; see Table 3.1 for
concept descriptions) combined. Although other mechanisms have more recently been

considered, an interdisciplinary overview of these concepts is necessary to understand how to

better mitigate effects related to anthropogenic noise.
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Figure 3.1 Publications including research studies, reviews, and perspectives focused on
potential effects of noise on animal communication that reference energetic and informational
masking, auditory scene analysis, multimodal communication, and cross-modal effects since
2010 (see Appendix S3.1). Most studies consider only one perspective on effects of noise on

communication, with more ecologists considering effects of energetic masking than all other
impacts combined.
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Table 3.1 Key concepts pertaining to the understanding of noise impacts on communication.

Concept Description

Energetic masking Noise overlap in frequency and timing prevents detection or
discrimination of entire signal (i.e., frequency masking), part of
the signal (i.e., partial masking), or noise interferes a few
milliseconds before or after the signal (i.e., temporal masking),
due to a lack of physiological response at the auditory periphery.

Informational masking Despite the ability to physiologically detect the signal from the
noise, signal detection, discrimination and/or identification does
not occur due to a distracting stimulus. Thought to occur in any
of the many cognitive processing stages and is interconnected
with scene analysis, attention, memory, and other cognitive
abilities.

Distraction Redirected attention (i.e., attentional shift) and/or attentional
overload where irrelevant stimuli outcompete for limited
attentional resources. Consequence of informational masking.
Occurs within and across sensory modalities.

Auditory scene analysis Cognitive process by which organisms group and segregate
acoustic cues into auditory streams. Consists of a perceptual
organisation of the soundscape allowing for the isolation of
relevant acoustic streams from multiple irrelevant ones.

Multimodal signals Occurs simultaneously in more than one sensory modality (e.g.,
visual and auditory) to convey multiple, emergent, or redundant
messages depending on employed communication strategy.

Cross-modal interference  Irrelevant stimulus in one sensory modality (e.g., acoustic)
hampers perceptual sensitivity of signals occurring in another
modality (e.g., visual) due to distraction across sensory
modalities.

There is extensive knowledge in the experimental psychoacoustics, psychophysics, and
neurophysiology literature about effects of ambient noise on the ability to process information
and complete important tasks. Laboratory studies conducted in these fields have long been
incorporated to assess effects of noise, particularly on birds (Dooling 1980, 1982, 1992, Dooling
et al. 2000). In recent years, there has been a noticeable effort to integrate knowledge from these
disciplines into ecological research to improve assessment of complex interactions affecting

animal communication systems across several taxa (e.g., see Kight and Swaddle 2011, Blumstein
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and Berger-Tal 2015, Halfwerk and Slabbekoorn 2015, Bee and Miller 2016), and knowledge
gained from these efforts has made it clear that most past assessments of noise impacts on animal
behaviour have probably underestimated the true ecological costs (McGregor et al. 2013). In this
paper, | emphasise the necessity and benefits of integrating theories from multiple disciplines to
understand effects of anthropogenic noise to help us refine ecological knowledge, better estimate
the biological consequences of anthropogenic noise, and increase the effectiveness of
conservation and management efforts.

Here, | review selected literature from a range of disciplines to highlight theories and
empirical studies that can help us understand the extent to which noise disturbances can affect
wildlife by impeding communication. | primarily use birds as a biological model because they
are highly dependent on complex acoustic communication (Rendall et al. 2009) and have been
the subject of many psychoacoustic experiments (Dooling et al. 2000); however, I also
demonstrate the benefits of this approach to understanding effects of noise on other taxa. | focus
my discussion on five concepts in applied bioacoustics that can be better understood by
considering relevant cognitive and physiological mechanisms, including energetic and
informational masking, auditory scene analysis, multimodal communication, and cross-modal
interference (Table 3.1). I discuss the progress realised by ecological research by incorporating
these concepts to improve assessment efforts, and highlight areas where further research is
needed. To illustrate how these efforts can help us interpret effects of noise on species in natural
environments, | present an example of potential masking effects of energy development noise on
grassland songbirds. Overall, this approach helps us understand underlying mechanisms
regulating signal perception, which is now increasingly recognised as necessary for developing

effective mitigation measures (Luo et al. 2015).
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BACKGROUND

Characteristics of background noise can significantly reduce a signal's active space (i.e., the
maximum distance where it can be perceived by the receiver; e.g., Klump 1996), thus affecting
communication by interfering during signal transmission and reception (Fig. 3.2a). Active space
can be influenced by many physical and environmental factors related to the spectra-temporal
properties of the signal and interfering noise, the sender and receiver, and the environment in
which the signal is being transmitted (Fig. 3.2b). Communicating in noisy environments can lead
to physiological and neurological implications affecting the sender (i.e., source) and its ability to
convert information into signals (i.e., transmitter), as well as the receiver's sensory receptors,
sensory threshold or criteria to initiate a response (i.e., criterion), and consequently, the response
itself (Fig. 3.2c). Although not as extensively studied, effective communication in noisy
environments can also be hindered by psychological mechanisms that predominately affect the
receiver's ability to determine whether the signal warrants a response, and the probability of
committing responding errors, that is, missed opportunities or predation (Fig. 3.2d). Thus,
incorporating findings from multiple and varied disciplines to assess noise impacts can highlight
effects on specific communication components that may not be apparent when approached

within the context of a single discipline.
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neurons that are necessary to + Auditory noise causes distractions in
segregate signal source other modalities or noise in other
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Communication errors such as Responding erroneously (e.g.,non-

erroneously responding to noise or reliant sender) or falling to respond
not responding to the relevant signal  (e.g., mate} due to distraction or
interference from other modalities

Figure 3.2 Effects of noise on animal communication from the perspective of multiple
disciplines. Communication components (a) are based on Wiley's (2015) adaptation of
communication in the presence of noise, where noise affects each component instead of only
interfering during signal transmission as previously proposed (see Shannon 1948). Examples of
physical and environmental properties affecting signal transmission in noise (b), and potential
negative noise impacts at the physiological and neurological levels (c), and psychological level
(d) are compared to highlight contributions from these different fields to ecological noise
assessment studies. Physical and environmental properties (b) likely do not directly affect signal
transmitter, receiver criterion, or response. Negative physiological and neurological
consequences on communication in noisy environments (c) influence all components related to
the sender and receiver, while psychological consequences (d) have a greater impact on the
receiver compared to the sender and do not target signal receptors. (Shannon 1948, Shannon and
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Weaver 1963, Wiley 2013, 2015). ?(e.g., Embleton 1996, Wiley 2015, Erbe et al. 2016). 3(e.g.,

Johnstone 1996, Kastner and Ungerleider 2000, Lentz and Leek 2001, Lohr et al. 2003, Moore

2007, Luther and Gentry 2013). 4(e.g., Dukas 2004, Appeltants et al. 2005, Beaman 2005, Kidd
et al. 2008, Blumstein 2014, Halfwerk and Slabbekoorn 2015).

MASKING

Energetic masking

One of the ways that noise reduces animal’s abilities to perceive signals is by masking. The
concept of energetic masking has been embraced by many ecologists working in terrestrial
(Barber et al. 2010, Luther and Gentry 2013) and marine (Popper and Hawkins 2012, 2016, Erbe
et al. 2016) environments, and it has been applied to explain effects of noise in far more
ecological studies than any other concept discussed in this paper (Fig. 3.1). It is, therefore, a
useful concept with which to demonstrate the underlying physiological and psychoacoustic
mechanisms that explain its ecological impacts. In its simplest description, energetic masking
occurs when there is overlap between the frequency distribution of the background noise and the
signal, such that the signal becomes undetectable or not discriminable to the receiver (Bradbury
and Vehrencamp 2011). When the signal and noise of higher amplitude occur simultaneously
(i.e., energetic masking in the frequency domain or frequency masking), the threshold at which a
signal can be detected is increased (Moore 2007); that is, signals must be louder to be detected.
As the ratio of signal power compared to the power of the irrelevant noise increases (i.e., signal-
to-noise ratio, or SNR; Forrest 1994, Fig. 3.3a), individuals are more likely to detect and extract
information from signals (Lohr et al. 2003, Freyaldenhoven et al. 2006, Fig. 3.3b). In birds,
frequency masking can increase the detection threshold by 25 dB or more, decreasing the
distance at which a signal can be detected and thus the likelihood of effective communication
(Klump 1996, Lohr et al. 2003, Moore 2007). Further, the ability to discriminate among two or
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more relevant signals demands a higher SNR than signal detection (Lohr et al. 2003,
Freyaldenhoven et al. 2006, Fig. 3.3b). In an experiment on budgerigars (Melopsittacus
undulatus) and zebra finches (Taeniopygia guttata), discriminating between two signals required
a threshold 3.29 dB(A) greater than necessary to merely detect a contact call (Lohr et al. 2003).
Physiologically, frequency masking has been shown to originate in the mechanical response of
the basilar membrane in mammals or papilla in birds and reptiles (Dooling et al. 2000), both
located in the cochlea, which are responsible for the transduction of sound vibrations into nerve
impulses (Lentz and Leek 2001, Lauer et al. 2006, Recio-Spinoso and Cooper 2013). Therefore,
the signal, which acts as a mechanical stimulus, is unable to trigger the sequence of events
necessary for detection: the opening of the ion channels, depolarisation of cells, and finally the

conversion of the mechanical signal into a neural signal.
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Figure 3.3 Relationship between the power of a signal (Psignai) and the power of background
noise (Pnoise; @). Corresponding signal-to-noise ratio (SNR = Psignal/Pnoise; b). Area between
dashed lines indicates active space of signal where it can be perceived by a receiver. Extent of
signal perception (i.e., detection, discrimination, and identification) is highly reliant on SNR.

Understanding the physiological mechanisms responsible for masking has allowed
researchers to find better indicators to predict the circumstances in which energetic masking is
expected. At the auditory periphery, filters located on the basilar membrane or papilla of the
cochlea act as sensors designed to enhance or diminish response to specific frequencies (i.e.,
critical bandwidth; Fletcher 1940, Dooling et al. 2000, Moore 2007). In the presence of noise, the
receiver attends to the auditory filter with the greatest SNR, or the one that best represents the
frequency of the signal (Fletcher 1940, Moore 2007). A response by the receiver can only occur
if the SNR is above a certain threshold in the sensory receptor and the signal meets the criterion
threshold (Fig. 3.2a). For example, vocal and best hearing capacity of birds ranges from

approximately 2-5 kHz (Dooling and Popper 2016); hence, detection thresholds will be lower for
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signals within this frequency range and higher for signals of equal amplitude that fall outside of
this range. Interestingly, in a laboratory study of bird detection and discrimination thresholds in
noises with different spectral profiles (i.e., sound components’ frequencies, amplitudes and
phases), the SNR of the peak signal energy of the vocalisation (i.e., SNR within the frequency
band with most signal power) was found to be more indicative of different masking effects in
chronic noise conditions compared to the spectral profile of the noise (Lohr et al. 2003). Based
on these findings, | present a field study of three grassland bird species with different song
profiles exposed to noise emanating from two different oil well pumps (i.e., pumpjack and
screwpump) powered by two different sources (i.e., generator or quieter power-grid; Appendix
S3.2). For Baird's Sparrow (Ammodramus bairdii), Chestnut-collared Longspur (Calcarius
ornatus), and Savannah Sparrow (Passerculus sandwichensis), | estimated energetic masking
footprints of the different noise profiles by conducting spectral analyses to determine the
distance at which SNR within peak song frequency band was greater than ambient noise for each
focal species (Fig. 3.4). | found that the species with the lowest peak frequency (i.e., 3150 Hz),
federally threatened Chestnut-collared Longspur (Government of Canada 2017), was confronted
with a greater energetic masking footprint in most treatments when compared to other focal
species (see Appendix S3.2: Tables S3.2.2, S3.2.3). Because anthropogenic noise typically has
more energy in the lower frequencies, previous studies found that bird species with lower
frequency songs tend to be less abundant in areas exposed to anthropogenic noise compared to
species with higher frequency songs (Rheindt 2003, Francis et al. 2011a). Hence, psychoacoustic
studies of bird hearing in noisy conditions and a more in-depth grasp of the physiological
mechanisms responsible for energetic masking have led to better assessments of noise

characteristics affecting animal communication.
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Figure 3.4 Spatial propagation of noise from four different oil infrastructure types and their
estimated acoustic footprint for Baird’s Sparrow (Ammodramus bairdii; a), Chestnut-collared
Longspur (Calcarius ornatus; b), and Savannah Sparrow (Passerculus sandwichensis; c).
Informational masking (i.e., lighter circles) generally covers a greater surface area than energetic
masking (i.e., darker circles) and thus has the potential to result in greater functional habitat loss
due to energy development. Masking threshold values were estimated by conducting spectral
analyses of one-third octave bands using ISO standard calculation methods (Appendix S3.2).
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As a result of these physiological characteristics, energetic masking can interfere with
signal detection and discrimination to varying degrees at the species and community levels.
Depending on the different acoustic components of the signals and the nature of the information
being encoded, partial masking can result in different consequences based on the communication
strategies employed. If each signal component encodes distinct information (i.e., multiple
message) or grouping of components forms the content (i.e., emergent message; Johnstone 1996,
Bro-Jergensen 2010), partial energetic masking may lead to reduced information transfer.
Conversely, if signal components convey redundant information to offset the risk of coding
errors (Johnstone 1996, Bro-Jergensen 2010), signal transmission will be much more resilient to
anthropogenic noise interference. For example, a Tree Swallow (Tachycineta bicolor) nestling
begging signal providing both hunger and thermal condition indices (Leonard and Horn 2001)
may be disproportionally disadvantaged when compared to a Common Chaffinch's (Fringilla
coelebs) serial redundancy of a specific song type (Brumm and Slater 2006) in noisy
environments. Hence, partial masking by anthropogenic noise may act as a novel selection
pressure with the potential of filtering communities not only based on vocalization frequencies
(see Francis et al. 2011a), but also based on communication strategies. Understanding both the
physiological basis for energetic masking and the differences in communication strategies can
help us understand variable responses observed among species and among different types of
anthropogenic noise (Francis and Blickley 2012).

Typically, ecologists studying masking consider only frequency masking (but see Chan
and Blumstein 2011, Fig. 3.1), but other types of masking may also alter perception of sounds.
For example, energetic masking can interfere with signal detection and discrimination when the

noise and signal do not occur simultaneously (i.e., temporal masking; Moore 2007). Temporal
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masking occurs when a sudden or acute interfering acoustic stimulus conceals an acoustic signal
occurring a few milliseconds before (i.e., backward masking) or after (i.e., forward masking) the
masking sound (Moore 2007). The mechanisms responsible for the occurrence of non-
simultaneous masking are still not well understood (Moore 2007, 2012). Several mechanisms
have been proposed to account for forward masking (Moore 2007); for example, the presence of
the masking noise prior to the signal may diminish the ability of the neurons to respond to the
signal (Meddis and O'Mard 2005), resulting in the inability to detect a signal (Plomp 1964). With
backward masking, the masking noise may obstruct the ability to detect the signal because the
signal response is still accumulating when the masking noise occurs (Moore 1995, 2012). Hence,
consideration of these neurological mechanisms can help understand observed effects that seem

driven by noise, but not by frequency masking.

Informational masking

Compared to energetic masking, which is thought to be limited to the auditory periphery
(but see Durlach et al. 2003), informational masking is a much more nuanced and complicated
concept as it seems to result from reduced signal perception due to interference in cognitive
processing leading to distraction (Kidd et al. 2008). Essentially, an individual's attention is
limited by competing stimuli provoked by the presence of a distracting noise (Pollack 1976,
Durlach et al. 2003, Kidd et al. 2008). Effects of informational masking can be even more
extensive than effects of energetic masking, as it can occur well beyond the spatial extent at
which noise amplitude is strong enough to energetically mask signal frequencies (Banbury et al.
2001). Nonetheless, this concept has been applied to understand effects of noise in far fewer
ecological studies than has energetic masking (Fig. 3.1). Recent ecological studies have

addressed the importance of informational masking on animal communication, particularly
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resulting from anthropogenic noise, leading to a series of studies attempting to isolate its effects
from those driven by energetic masking (Chan et al. 2010a, b, Hubbard et al. 2015, Grade and
Sieving 2016). However, our understanding of its potential impacts on ecological systems lags
behind our understanding of effects of energetic masking, perhaps because the complexity of its
psychological impacts results in greater variability among species in their responses to
distraction.

Understanding the mechanisms that explain effects of informational and energetic
masking is necessary to anticipate the different circumstances in which each type of masking
might be influential. Informational masking in the auditory channel takes place when the signal
and background noise are both energetically distinguishable, but the receiver is still unable to
discern the acoustic signal from the irrelevant information (Brungart 2001, 2005). Similar to
energetic masking, informational masking can provoke decreased detection and discrimination of
signals (Leek et al. 1991); however, it is not due to frequency overlap or low SNR within the
auditory filters (Neff 1995). Instead, informational masking interferes with a receiver's ability to
recognise or identify a signal. In animal communication systems, identification increases
efficiency by allowing the receiver to adjust their response in relation to sender (e.g., sex, age,
species) and signal (e.g., alarm, mating) class, recognised individuals (Tibbetts and Dale 2007),
previous interactions (Caldwell 1992), or sender reliability (Hare and Atkins 2001).
Informational masking may occur because the brain's processing rate of information is limited
compared to the amount of information the peripheral organs can perceive (i.e., reduced
information processing; Dukas 2004), and/or because irrelevant stimuli are involuntarily
processed to the detriment of stimuli relevant to the completion of a task (i.e., attentional shift;

Beaman 2005). Therefore, a triage needs to occur to determine what information is relevant and
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what information is not (Hockey 1997, Beaman 2005), at which point the addition of
anthropogenic noise can interfere with this process and lead to sub-optimal decisions affecting
communication (Szalma and Hancock 2011).

The reallocation of limited attention to irrelevant stimuli has been considered in the
distracted prey hypothesis (Chan et al. 2010a). According to this hypothesis, irrelevant stimuli
within an animal's perceptual range have the potential to distract the individual, hindering the
receiver's ability to respond appropriately to a potential predator (Chan et al. 2010a). This effect
can occur across sensory modalities (Blumstein 2014) and in any animal with attentional
capabilities (Chan and Blumstein 2011). Although increased amplitude and duration of white
noise resulted in greater distraction in a study of Caribbean hermit crabs (Coenobita clypeatus;
Chan et al. 2010b), informational masking can occur in low-amplitude noise conditions provided
it is still detectable by the auditory periphery (Banbury et al. 2001, Beaman 2005, Chan et al.
2010a). Consistent with this, human psychological studies assessing effects of irrelevant sounds
have demonstrated that reduced performance in short-term memory tasks caused by the
involuntary attentional shift to a distracting stimuli is not directly dependent on noise amplitude
(Jones et al. 1990, Jones 1993, Ellermeier and Hellbriick 1998). Instead, informational masking
is context-dependent, varying with the characteristics of interfering background noise (i.e.,
intermittent noise more distracting than chronic; e.g., Loeb 1986, Leek et al. 1991) and vigilance
demands of the task (i.e., low perceptual loads more prone to interruption from distractor; e.g.,
Beaman and Jones 1997, 1998, Lavie et al. 2014). Although exposure to a distracting noise prior
to performing a task may lead to habituation in human listeners, these reported temporary
reductions in masking were dependent on length of exposure period and number of repetitions,

on the vigilance demands of the task, and were highly variable among studies (Cowan 1995,
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Roer et al. 2011, Bell et al. 2012). Hence, the extent to which anthropogenic noise might lead to
informational masking in free-living animals is unclear.

The differences among the mechanisms that result in energetic and informational
masking explain why informational masking may have a more extensive ecological impact than
energetic masking (Table 3.2). To demonstrate the extent to which informational masking can
influence communication, | compared energetic and informational masking acoustic footprints of
noise produced by the different oil well pumps on three grassland songbird species (Appendix
S3.2). Since informational masking can occur in conditions where noise is just perceivable
(Dooling and Blumenrath 2013), its acoustic footprint was estimated by conducting spectral
analyses of the different noise profiles and determining the distance at which SNR across the
song frequency range was greater than ambient noise for each focal species. | found that
informational masking had the potential to interfere with communication events across a greater
spatial area than energetic masking (Fig. 3.4; see Appendix S3.2: Table S3.2.3). For Baird's
Sparrow, there was a 20-266.7% increase in acoustic footprint due to informational masking
(Fig. 3.4a; see Appendix S3.2: Table S3.2.3a). Chestnut-collared Longspur was equally
influenced by informational and energetic masking in power-grid pumpjack sites, but
informational masking had a 106.8-127.3% greater acoustic footprint than energetic masking for
both generator and power-grid powered screwpumps (Fig. 3.4b; see Appendix S3.2: Table
S3.2.3b). Savannah Sparrows were also more exposed to informational than energetic masking
by most types of infrastructure (Fig. 3.4c; Appendix S3.2: Table S3.2.3c). Because sound
amplitude drops off quickly and exponentially as distance to the source increases, only animals
within a relatively small radius of the noise source are affected by energetic masking. However,

informational masking occurs well beyond the point at which noise power is no longer strong
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enough to physiologically mask a signal. Integrating this background on psychoacoustic

mechanisms into noise impact studies of wild populations can enable ecologists to better

estimate potential acoustic footprint of different noise sources for different species.

Table 3.2 Comparison of attributes between energetic and informational masking.

Attribute

Energetic masking

Informational masking

Point of origin

Cause

Circumstance

Outcome

Consequences of
reducing noise at
the source

auditory periphery

lack of mechanical response of the
basilar membrane in the cochlea

spectra-temporal overlap between
signal and background noise

frequencies of noise falling within
auditory filters’ critical bandwidth
contribute most to signal masking

receiver unable to detect a signal
or discriminate among signals

reduced probability of masking

reduced probability of
communication errors

central cognitive processes

irrelevant stimuli causing involuntary
redistribution of attention due to
reduced information processing or
attentional shift

content and properties of stimuli
leading signal to be undiscernible from
noise although energetically
distinguishable due to uncertainty or
similarity

distraction impedes signal detection,
discrimination and/or identification

reduced working memory or increased
mental work load, and reduced
performance accuracy

difficult to assess due to dependency
on context but will reduce acoustic
footprint

potentially little to no effect on
communication error since distraction
can occur at low noise amplitudes and
can result from attentional shifts not
directly amplitude-dependent
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Although implementing noise reduction measures would reduce the footprint of both
energetic and informational masking, effects of informational masking will still cover a greater
area. As distractions interfere with the ability to recognise subtle differences among signals
necessary for identification (Wiley 2015), anthropogenic noise may have widespread effects on
communication events that require, for example, offspring, mate, or neighbour recognition.
Further, informational masking may help explain the effects of noise that are not a direct
function of noise amplitude, namely effects that do not decline as distance to the noise source
increases and cannot be explained by the conventional signal detection theory model (Akre and
Johnsen 2016). Hence, if informational masking is occurring, reducing the amplitude of the noise
without manipulating its content may not decrease the intensity of the distraction (Jones et al.
1990, Ellermeier and Hellbriick 1998). Therefore, | argue that effects of informational masking
should be considered when evaluating effects of anthropogenic noise, and that consequences of
noise exposure on animal communication may be undetected if knowledge from a range of

disciplines is not integrated.

Release from masking

Despite the prevalence of noise in natural environments, animals exposed to
anthropogenic noise can experience release from energetic and informational masking. The
potential for and effectiveness of this strategy depends on spatial location, properties of
interfering noise, and behavioural plasticity of the organism, and offers a partial release from
masking (Langemann and Klump 2005). Psychoacoustic studies have found that signal
perception can be improved by changing the orientation of the head to increase differences in
amplitude and phase of frequency components arriving to each ear (e.g., binaural cues), or if the

signal is spatially separated from the masking noise (e.g., humans, Ebata et al. 1968, anurans,
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Schwartz and Gerhardt 1989, birds, Klump 2000). For example, in a laboratory study of
budgerigars, signal detection thresholds were lower when binaural listening was possible and
when the signal was separated by 90° from the noise source (Dent et al. 1997). Further,
anthropogenic noise sources are often amplitude-modulated (Richards and Wiley 1980, Singh
and Theunissen 2003), meaning they fluctuate in amplitude over time and across different
frequency ranges (Klump 1996, Nelken et al. 1999, Schnupp et al. 2011). When a broadband
noise has a predictable pattern of amplitude modulation (i.e., coherently modulated), signal
perception is improved compared to detection in the presence of a noise with constant amplitude
(i.e., comodulation masking release; humans, Hall et al. 1984, anurans, see Vélez et al. 2013,
birds, see Dooling and Blumenrath 2013, non-human mammals, e.g., Pressnitzer et al. 2001). In
female Cope's gray tree frog (Hyla chrysoscelis), detection thresholds of a signal decreased
approximately 3-5 dB in the amplitude-modulated treatment compared to noise with constant
amplitude (Bee and Vélez 2008). Finally, since spatially mediated and comodulation masking
release allows for better sound segregation between signal and noise, these mechanisms are also
expected to provide release from informational masking in humans and potentially to a greater
degree than when confronted with energetic masking (Best et al. 2005, Kidd et al. 2005, Watson
2005). Although ecological studies have addressed how these masking release processes of
receivers can reduce effects of energetic masking (Parris and McCarthy 2013), integrating
knowledge from psychoacoustics and a more in-depth understanding of sound physics allows for
a better assessment of informational masking impacts on wild populations.

Because informational masking is regulated by cognitive mechanisms rather than
physical ones, strategies that animals adopt to enhance signals or decrease noise when faced with

energetic masking may not resolve the problem of informational masking. For example,
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increasing SNR can reduce the risk of energetic masking, and animals can achieve this by
changing their location (Bayne et al. 2008) or the timing of signal production (Fuller et al. 2007,
Brumm and Zollinger 2013). However, increasing SNR may not reduce effects of informational
masking, in which the signal and background noise are already energetically distinguishable
(Brungart 2001, 2005). Similarly, signal enhancement strategies used to counter energetic
masking such as increasing amplitude (Brumm and Zollinger 2011), redundancy (Brumm and
Slater 2006), or modifying duration (Pohl et al. 2013) and frequency of the signal (Slabbekoorn
and Peet 2003) may be inefficient in resolving communication issues caused by informational
masking. Hence, applying neuropsychological and psychoacoustical concepts to behavioural
ecology may help to properly understand effects of and differences between informational and

energetic masking.

AUDITORY SCENE ANALYSIS

Anthropogenic noise may also add to the complexity of the acoustic environment, and noise
contributions from multiple sources may make it more difficult for animals to detect and
discriminate among important signals. The attentional process involved in isolating one acoustic
stimulus from an acoustic background composed of multiple acoustic stimuli is called auditory
scene analysis. Auditory scene analysis is the process of assembling and isolating different
auditory streams to interpret them as a whole or independently, and is dependent on selective
attention (Bregman 1990). From a neurophysiological perspective, selective attention is when the
affinity for one stimulus is heightened by means of the stimulation of some neurons and the
inhibition of other neurons (Kastner and Ungerleider 2000, Treue 2001). To segregate irrelevant

acoustic stimuli from relevant ones into different auditory streams (i.e., auditory stream
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segregation; Bregman 1990), neurons tuned to a set of physical acoustic properties of the
relevant signal are thought to be favoured at the detriment of the neurons associated with features
of irrelevant stimuli (see Klump 2016, Itatani and Klump 2017). When acoustic scene analysis is
not possible, individuals may not be able to react appropriately to environmental stimuli,
consequently leading to fitness-related costs (Fay 2008).

In humans, this phenomenon has been extensively explored, especially in the context of
the “cocktail party problem”, which implies that an individual in a cocktail party setting is
challenged to isolate the voice of one individual from an assortment of other voices (Cherry
1953, Wood and Cowan 1995, Conway et al. 2001). Since many animals communicate in groups
and are subject to interfering noise, evidence of acoustic scene analyses has been found in many
taxa such as non-human mammals, birds, frogs, and fish (reviewed in Lewicki et al. 2014, Itatani
and Klump 2017). For example, tree frogs in the genus Hyla are able to discriminate among
conspecifics and heterospecifics in choruses (see Bee 2015) and European Starlings (Sturnus
vulgaris) can identify songs of known individuals among a chorus of multiple conspecifics
(Wisniewski and Hulse 1997). In a playback experiment where conspecific songs and white
noise was broadcasted, male canaries (Serinus canaria) were able to isolate and appropriately
respond to a song, but performance decreased with increasing amplitude of white noise and with
number of added distracting stimuli (Appeltants et al. 2005), suggesting negative effects of
ambient noise on accuracy in auditory scene analysis. Hence, it is clear that discrimination and
identification capacities are dependent on the ability to analyse the acoustic scene in complex
natural environments (Bregman 1990, Griffiths and Warren 2004), and this process is influenced
by attention (Bregman 2007), which is susceptible to informational masking. Auditory scene

analysis is influenced by both neurophysiological processes of the individual and the acoustic
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environment created by the surrounding population and community, as well as the presence of
anthropogenic noise sources.

Auditory scene analysis varies significantly among species and across the anthropogenic
landscape, depending on distribution and density of industrial and urban developments. For
example, certain species need to isolate the signal of a specific individual from a chorus of
conspecific and heterospecific signals (e.g., birds, frogs). If several anthropogenic noise sources
result in multiple auditory inputs coming from different locations, this could increase the
potential for distraction compared with a single noise source (Jones and Macken 1995). This
problem could be reduced by centralising noise sources (e.g., multiple horizontal oil wells from
centralised well pads), ensuring that noise is emitted from a single location instead of multiple
locations distributed across the landscape. A study modelling the acoustic footprint of gas well
compressors in a 16 km? investigated various noise reduction scenario and their potential
influence on surrounding bird habitat (Francis et al. 2011b). They found that installing sound
barrier walls around the present infrastructure distribution or around a centralised noise source
composed of multiple compressors resulted in a 70% decrease in acoustic footprint (Francis et al.
2011b).

Properties of background noise strongly influence whether irrelevant sound is likely to
impact communication. Different types of anthropogenic noise are expected to have different
ecological effects; however, predicting these differences is not always straightforward, as effects
of some features of background noise are not intuitive. In experimental psychological studies,
background noise characterised by multiple relatively similar proximate sound sources was
found to mask each other (Jones and Macken 1995). Conversely, in the case of less predictable

intermittent noise sources, if the amplitude of an acoustic distraction causing involuntary
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attention shifts is decreased, this will decrease the probability of energetic masking, but may not
decrease the intensity of informational masking (Jones et al. 1990, Ellermeier and Hellbriick
1998). Auditory scene analysis, and the differences between mechanisms that result in energetic
vs. informational masking, suggests that mitigation measures for wild populations that simply
reduce the amplitude of anthropogenic noise without manipulating its content (i.e., frequency
range and variations) may not be successful in reducing acoustic distractions in exposed animal
populations. As a greater spatial extent is subject to informational masking than frequency

masking, this has wide-ranging conservation implications.

MULTIMODAL COMMUNICATION

While acoustic masking prevents the detection of auditory signals, animal communication often
occurs in more than one sensory modality (see Halfwerk and Slabbekoorn 2015), and thus,
impacts of anthropogenic noise on behaviour can be complex. The presence of added noise in
one sensory channel (e.g., acoustic) can result in the recruitment of inputs in different sensory
channels by the sensory system (Gazzaniga et al. 2009). This “integration effect” occurs when an
input in one modality is not strong enough to elicit a behavioural response; thus, other sensory
inputs need to be engaged for an individual to perceive a multimodal signal and extract the
essential information that is likely to influence the decision-making process (Gazzaniga et al.
2009). Multimodal signals allow receivers to rely on other modalities less prone to masking to
interpret a signal, and allow senders to enhance other signal components (e.g., visual) when the
primary sensory channel is compromised (i.e., redundant signalling), and thus could potentially
reduce the impacts of acoustic masking (Mgller and Pomiankowski 1993, Brumm and

Slabbekoorn 2005, Hebets and Papaj 2005).
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Although multimodal signals may increase signal detectability and help counter some of
the risks associated with communicating in anthropogenic noise (Wiley 2013), they can also
increase the probability of detection by a predator or parasite, or eavesdropping by competing
conspecifics (Partan and Marler 2005). A recent review of multimodal shifts due to
anthropogenic interference across several taxa (i.e., mammals, birds, amphibians, fish, insects,
arachnids) showed that most multimodal signals investigated communicated non-redundant
messages (Partan 2017), where the grouping of signals in different modalities forms the content,
or the distinct components provide separate indices (Narins et al. 2003), and thus, obstruction in
one modality can lead to a lack of response from the receiver. In male tingara frogs
(Physalaemus pustulosus), the difference in arrival time between signals from different
modalities (e.g., sound and odour) serves as an estimate of distance from the source of the signal
(e.g., sender; Halfwerk et al. 2014). In Red-winged Blackbirds (Agelaius phoeniceus), the vocal
components of nestling begging signals influenced feeding rate, while the visual signals were
associated with gaining access to food while competing with siblings (Glassey and Forbes 2002).
Hence, signals may be particularly sensitive to environmental noise when the appropriate
response is dependent on multiple modalities (Halfwerk and Slabbekoorn 2015).
Neurophysiological studies and physiological evidence help us understand why communication

may be disrupted in noisy habitats even when signals are multimodal.

CROSS-MODAL INTERFERENCE
Although historically considered to be modality-specific, it is now widely accepted that
informational masking can occur not just within one sensory modality (e.g., distraction from

sound stimulus by another sound source) but also among different sensory modalities (e.g.,
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distraction from visual stimulus by sound source; Driver and Spence 1998a, b). During the
processing of signals, attention requires prioritisation of certain information at the detriment of
less relevant information (Smith et al. 2007). Therefore, attentional processing of a primary
signal can be affected by signals presented in other sensory modalities (Driver and Spence
1998a, Chan and Blumstein 2011). Studies in brain imaging have demonstrated that the areas
historically assumed responsible for the treatment of information coming from a single sensory
modality may also be stimulated or controlled by stimuli originating from other sensory
modalities (Calvert et al. 1997, Macaluso et al. 2000). Therefore, signal processing in these
modality-specific areas of the brain is also influenced by signals, or noise, presented in other
sensory modalities (Driver and Spence 2000, Klemen et al. 2009).

Distractions occurring across sensory modalities have been studied extensively in humans
in the fields of cognitive psychology and neuroscience, particularly in the completion of
auditory-visual tasks (Parmentier et al. 2008, SanMiguel et al. 2010, Ljungberg et al. 2012) and
in the execution of tactile-visual tasks (Parmentier et al. 2011, Ljungberg and Parmentier 2012).
For example, detecting the location of an acoustic stimulus can be affected and falsely altered by
means of a distracting visual stimulus (i.e., ventriloquist effect; Howard and Templeton 1966,
Jack and Thurlow 1973, Bertelson and Radeau 1981). Acoustic distractions have also been
shown to alter perception of duration (Walker and Scott 1981), rate (Welch et al. 1986), and
intensity (Stein et al. 1996) of a visual signal, and to affect temporal visual acuity (i.e., enhanced
or impaired; Scheier et al. 1999) in humans. In a psychological experiment, acoustic stimuli
proved to be a powerful distraction, causing an increased reaction time in the detection of both
visual and acoustic signals (Leiva et al. 2015). Effects of cross-modal distractions may also be

pervasive across free-living animal populations. For example, different oil pumps produce

57



different multimodal stimuli and some structures may be more conducive to cross-modal
interference than others. Screwpumps have a low vertical profile (typically 2.7 m tall) and their
only observable movement is the continuous rapid rotation of the screw's axis atop the well head,
while pumpjacks are taller (approximately 4.5 m) and comprise many moving parts (i.e., vertical
nodding and simultaneously circular motions) which may lead to greater cross-modal
interference to acoustic communication. Hence, knowledge of these cross-modal impacts found
in psychological studies can aid ecological studies in interpreting patterns in response to
anthropogenic noise that may have previously been considered spurious or irrelevant.
Distractions clearly influence communication; however, the extent to which distractions
in another modality interfere with communication processes is much less well known in non-
human animals. Norway rats (Rattus norvegicus) completing a visual discrimination task
performed significantly worse when background noise was being broadcasted compared to the
control condition (Maes and de Groot 2003). In a playback experiment of anthropogenic noise,
researchers proposed that the decrease in predator vigilance behaviour in Caribbean hermit crabs
was induced by the reallocation of attentional efforts to the noise disturbance (Chan et al.
2010b). This hypothesis was reinforced by the fact that adding a flashing light, or visual
distraction, further decreased their response time to the presence of an apparent predator (Chan et
al. 2010b). Kunc et al. (2014) examined the impacts of anthropogenic noise on the common
cuttlefish (Sepia officinalis), a species that does not primarily use acoustic cues as a means of
communication. Following exposure to an anthropogenic sound stimulus, cuttlefish modified
behaviours in the visual channel and the tactile channel, suggesting increased vigilance (Kunc et

al. 2014). In a recent playback study of road noise, dwarf mongoose (Helogale parvula) took
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longer to detect the presence of predators in noise treatments compared to ambient treatments
(Morris-Drake et al. 2016).

Although cross-modal distractions due to noise provoke decreased efficiency in the
performance of anti-predator behaviours in several species (Chan et al. 2010b, Kunc et al. 2014,
Morris-Drake et al. 2016), exposure to unfamiliar noise can also result in the opposite effect;
exposed animals can benefit from greater vigilance and better predator detection (i.e., risk
disturbance hypothesis; Frid and Dill 2002). For example, in noisy conditions black-tailed prairie
dogs (Cynomys ludovicianus) exhibited anti-predator behaviours in response to the presence of
humans sooner than under control conditions (Shannon et al. 2016b). In the psychology
literature, the potential for distraction is thought to be related to vigilance demands (i.e.,
perceptual load) of the task (Jones 1993, Beaman and Jones 1997, 1998) which may be
sufficiently great enough in this context (i.e., predator detection by a prey species) to prevent
interference from a distracting noise (Lavie et al. 2014). However, since response to an
approaching human was greater in noisy conditions, these results may be better explained by
impaired selective attention in noisy conditions resulting in hyper-arousal and reduced selectivity
(Belmonte and Yurgelun-Todd 2003). Although noise may seem to increase alertness for this
species, the integration of mechanisms from another discipline offers an alternative explanation
revealing potential negative noise impacts. | suggest that approaching behavioural ecology
studies with a psychological perspective, such as those shown here, can allow for the exploration

of alternative explanations for effects of noise.
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CONCLUSIONS AND FUTURE DIRECTIONS

An approach to signal perception that integrates psychology, physiology, and neurophysiology
with ecological knowledge can significantly increase our ability to understand the complexities
involved in perception. Our understanding of the perception of sound (i.e., psychoacoustics), and
how it is treated by central cognitive processes (i.e., cognitive psychology) and regulated by the
nervous system (i.e., neurophysiology), ideally leading to a fitness-enhancing behavioural
response (i.e., behavioural ecology and psychology), all enhance our understanding of how
different species might respond to anthropogenic noise. Interpreting ecological impacts in light
of these disciplines gives rise to a wealth of additional applicable and relevant information, and
can contribute to a much deeper understanding of the underlying mechanisms regulating
ecological processes.

Despite this tremendous amount of knowledge available in other disciplines, it is not
currently being efficiently applied to ecological studies. Researchers should attempt to
incorporate multiple concepts discussed in this paper instead of only presenting one of these
mechanisms as a potential explanation for detrimental effects of noise on animal communication.
Since anthropogenic noise has the potential to negatively affect a greater amount of species than
can be estimated by effects of energetic masking alone (Luo et al. 2015), future ecological
studies should aim to apply this knowledge from other disciplines to develop hypotheses, and
subsequently, investigate them in wild populations. Further, retroactively interpreting existing
ecological literature through the lens of hypotheses and frameworks developed by these
disciplines would also benefit environmental impact assessments. Overall, | argue that an

approach that integrates knowledge gained from research across many taxa can help direct
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ecological research efforts, enable a more refined analysis of effects of anthropogenic activities,

and lead to novel alternative solutions to mitigate noise impacts on wild populations.
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CHAPTER 4. ANTHROPOGENIC NOISE AND INFRASTRUCTURE DECOUPLE
HABITAT USE FROM HABITAT QUALITY IN GRASSLAND SONGBIRDS

ABSTRACT

Anthropogenic disturbances can hinder the ability of birds to assess and choose habitats that
allow them to optimise their reproductive output. To estimate habitat quality, birds rely on
environmental cues historically associated with greater productivity, but these cues may no
longer be reliable in human-altered habitats. To test whether both noise and above-ground
infrastructure could decouple apparent from realised habitat quality in grassland songbirds, |
designed and implemented a novel large-scale, spatially and temporally replicated playback
experiment that recreated soundscapes produced by acute (drilling) and chronic (active well) oil
infrastructure noise, and compared impacts of noise-producing and quiet playback infrastructure.
Three out of four focal species showed a mismatch between relative habitat use and habitat
quality. Noise resulted in a perceptual trap for Chestnut-collared Longspurs (i.e., avoided noisy
yet otherwise suitable habitats for reproduction) and infrastructure resulted in an ecological traps
for Vesper Sparrows (i.e., select habitats that are detrimental for reproduction). Unpredictable,
acute drilling noise had a greater impact on habitat use and quality than rhythmic, chronic oil-
well noise, although both types of noise resulted in some ecological impacts. While this study
demonstrates that noise alone can negatively impact habitat use, nesting success, and nestling
quality, it is also clear that effective mitigation strategies depend on determining whether noise
or infrastructure leads to negative ecological impacts, and that both must be managed to mitigate

impacts on wildlife.
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INTRODUCTION

The steady encroachment of anthropogenic noise into natural environments is a source of
significant concern for wildlife conservation (Shannon et al. 2016a). Increased levels of
anthropogenic noise may reduce the abundance of certain species (Francis et al. 2011), affect
predator-prey dynamics (Francis et al. 2009, Shannon et al. 2016b), interfere with acoustic
communication (Warren et al. 2006), and act as a physiological stressor (Blickley et al. 201243,
b), all of which can lead to fitness consequences at impacted sites (Barber et al. 2010). Hence,
noise pollution results in functional habitat loss and degradation (Francis 2015), and has a
particularly large footprint due to the propogation of noise far beyond the perimeter of the built
environment. The remarkable rise in noise associated with oil and gas extraction (Bayne et al.
2008) is likely to worsen conditions for species reliant on acoustic communication that are
already experiencing extensive and abrupt population declines (Barber et al. 2010), such as
North American grassland birds (Sauer et al. 2017).

Anthropogenic disturbances, including noise, might also hinder the ability of birds to
assess and choose habitats in which they can optimise their fitness (Bock and Jones 2004). To
estimate the relative quality of different breeding sites, birds rely on environmental cues that
were historically associated with greater reproductive output (Martin 1995). However, in
environments altered by human disturbances, these cues may no longer be effective in predicting
habitat quality (e.g., Robertson and Hutto 2006). Hence, noise could potentially decouple
proximate (i.e., attractive habitat features) from ultimate (i.e., fitness optimization) factors
(Block and Brennan 1993), resulting in species avoiding noisy yet otherwise suitable habitats for
reproduction (i.e., perceptual trap or undervalued resource; Patten and Kelly 2010, Robertson

and Chalfoun 2016) or selecting impacted habitats that are detrimental to reproduction (i.e.,
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ecological trap; Schlaepfer et al. 2002). Perceptual and ecological traps occur when abundance or
occurrence of species are no longer indicative of reproductive probabilities (e.g., Gillespie and
Dinsmore 2014). For example, noise may alter the behaviour of nest predators, and thus nest
predation rates, but not modify the physical habitat features birds use as cues to assess habitat
quality (e.g., Kokko and Sutherland 2001). Therefore, it is necessary to compare both relative
abundance and reproductive output between noisy and quiet habitats to determine whether noise
results in maladaptive habitat selection behaviours that can accelerate population declines (e.qg.,
Schlaepfer et al. 2002, Gillespie and Dinsmore 2014, Robertson and Chalfoun 2016).

To date, studies on wild populations have found variable responses to noise, and
concluded that noise may have negative, positive, or neutral ecological effects (reviewed in
Shannon et al. 2016a). This inconsistency might result in part from difficulties in isolating effects
of noise from effects driven by other factors associated with the presence of the anthropogenic
source (e.g., physical infrastructure, roads and other linear features, chemical pollution; see
Shannon et al. 2016a). Surprisingly, even noiseless and diminutive (1 m in height) shallow-gas
wells impact abundances of grassland songbirds (Fig. 4.1a; Rodgers and Koper 2017),
demonstrating that even minimal structural disturbances might explain some effects of energy
infrastructure that have previously been attributed to noise. Controlled playback experiments that
isolate the effects of noise and physical infrastructure from one another and from other
confounding factors are thus pivotal to understand responses to anthropogenic noise, and
underlying behavioural and ecological mechanisms that explain these patterns (Shannon et al.
2016a). Recent playback studies simulating traffic noise at migratory stopover sites demonstrate
that noise alone can affect abundance and weight gain (McClure et al. 2013, 2017; Ware et al.

2015), and noise per se also negatively impacts lek attendance by Greater Sage-Grouse
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(Centrocercus urophasianus, Blickley et al. 2012a). However, no studies have used a landscape-
scale noise playback experiment to assess effects of noise on productivity, or determine whether
environmental cues that birds use to assess habitat quality are consistent with high reproductive

output in landscapes impacted by anthropogenic noise.

Figure 4.1 Shallow gas well pads (a), which are abundant across this region, have a very similar
footprint (average 23.1 m?) and height (1.44 m; Rodger and Koper 2017) to playback units (b)
designed for the present study (footprint: 35.8 m?, height: 1.25 m; Rosa et al. 2015), and are
composed of some of the same materials (i.e., identical technical fencing). Both are diminutive in
comparison with oil well drilling rigs (height: 24 m; c) and pumpjacks (height: 4.5 m; d).

One reason that noise may decouple perceived from actual habitat quality is that noise
may impact songbirds and their predators at different spatial scales (e.g., Chalfoun et al. 2002,

Stephens et al. 2003). At a local scale, territorial male songbirds may avoid selecting noisy sites
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because it hinders their ability to hear neighbours’ songs, resulting in more aggressive
encounters, increased susceptibility to intrusion, and greater energetic costs associated with
territory defence (e.g., Molle and Vehrencamp 2001, Mazerolle and Hobson 2002, Mockford and
Marshall 2009, Curry et al. 2018). Studies on territorial songbirds showed that energy
development noise could hinder territorial defence, potentially due to masking of communication
events (Zwart et al. 2015, Kleist et al. 2016). However, physical habitat fragmentation caused by
energy development influences nest predators at broader spatial extents than songbirds (Chalfoun
et al. 2002), suggesting that other anthropogenic disturbances, such as noise, might also affect
songbirds and their predators at different spatial scales. Hence, if grassland songbirds, which are
subject to high nest predation rates (Martin 1993, 1995; Davis 2003), select breeding habitats
based on local characteristics, but their nest predators are affected by anthropogenic disturbances
at a broader scale, this may further disrupt the ability of songbirds to rely on habitat cues that
have historically helped them to predict habitat quality for nesting.

Compared to adults, altricial grassland songbird nestlings may be more vulnerable to
noise disturbances since they are restricted to the nest and less likely to habituate during their
short exposure period (e.g., Crino et al. 2011). If exposure to anthropogenic noise occurs during
early developmental stages, nestlings may endure effects on survival and future reproductive
success (e.g., Crino et al. 2011, Injaian et al. 2018). Noise can interefere with nestling feeding
efficiency (e.g., fail to detect arrival of parents at nest more often; Leonard and Horn 2012), and
with anti-predator behaviours in nestlings (e.g., fail to cease vocalising and crouch down in nest
following alarm call; Mclintyre et al. 2014) and parents (e.g., fail to delay nest visit in response to
conspecific alarm call; Antze and Koper 2018). Further, anthropogenic noise has been linked to

changes in parent foraging-vigilance time budgets (Frid and Dill 2002, Shannon et al. 2014,
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Ware et al. 2015). This might result in a decrease in nestling body condition in noisy sites.
Further, parents of greater quality typically produce more offspring and increase parental
investment in current broods (Huet des Aunay et al. 2017). In presence of urban and traffic
noises, female decrease investment by producing smaller clutches compared to quieter
environments, potentially due to noise hindering their ability to assess and choose a high-quality
mate (Halfwerk et al. 2011, Huet des Aunay et al. 2017). Therefore, clutch size might also be
affected by anthropogenic noise.

Despite increasing restrictions and consumption efficiency, the oil industry accounts for
approximately 2.5% of the global gross domestic product (GDP; Arezki et al. 2017) with world
oil demand estimated at nearly 100 million barrels per day (International Energy Agency 2018).
Noise produced by oil development in natural areas has a much greater ecological footprint when
compared to loss of habitat (Rosa and Koper 2018). Oil extraction activities also produce noise
stimuli that vary widely in amplitude, frequency, and predictability, and thus different types of
oil infrastructure are expected to have different impacts (Francis and Barber 2013). Oil
development thus provides the opportunity for an experimental design of both practical and
theoretical interest. From a theoretical perspective, different oil infrastructure activities produce
noise with different intensities, frequencies and patterns, and thus the effects of different types of
oil infrastructure noise can be compared across otherwise similar ecosystems. For example, noise
produced by drilling rigs (Fig. 4.1c) is intermittent and inconsistent, with frequent and irregular
changes in frequency, amplitude and content, which may be perceived by wildlife as an
immediate threat resulting in avoidance (Francis and Barber 2013). In contrast, active oil wells
produce chronic, predictable noise (i.e., pumpjacks, Fig. 4.1d; Koper et al. 2016), which may

interfere with detection (i.e., energetic masking) of signals and cues crucial to communication
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and predator detection (Wright et al. 2007). The mechanisms that explain effects of acute and
chronic noises, therefore, differ (Francis and Barber 2013), and thus we might predict different
effects of drilling noise compared with noise of active oil wells. Further, if noise is found to be
problematic for breeding birds, then more specific recommendations can be proposed to mitigate
these negative effects. For example, if impacts of noise are a function of amplitude, we would
expect that quieter wells would have a smaller ecological footprint. From a management
perspective, determining whether oil infrastructure influences wildlife because of the noise it
emits or because of the presence of its above-ground infrastructure, and to determine which noise
sources are most problematic, is essential to developing effective mitigation strategies.

There is also a gap between industry and legislation regarding our understanding of the
impacts of anthropogenic noise on birds. While most oil activities produce noise that constitutes
a high-risk sensory disturbance according to political regulations (e.g., 10 dB above ambient
levels or noise levels higher than 50 dB; Environment and Climate Change Canada 2017),
energy associations generally consider that migratory birds inhabiting these areas are likely
habituated to the noise (e.g., Canadian Energy Pipeline Association 2013), and thus are at little
risk from it. However, if noise influences relative abundance differently from its impacts on
reproductive output, this may not be true. Investigating effects of oil development noise on these
migratory grassland species is necessary to develop effective mitigation strategies and refine and
reconcile existing policies (Dooling and Popper 2007).

To determine whether noise alone could decouple relative habitat use from habitat quality
(indicated by increased reproductive outcome and higher reproductive output per nest), |
conducted a large-scale, multi-year field playback experiment where | recreated the soundscape

produced by energy infrastructure by making high-fidelity recordings of oil activities and playing
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these recordings in sites without oil infrastructure (Fig. 4.1b; Rosa et al. 2015). This study design
allowed me to effectively disentangle effects of noise from effects driven by the presence of
infrastructure, and determine whether acute and chronic noise sources had different ecological
impacts. Treatments consisted of replicates of (1) acute intermittent drilling playbacks, (2)
chronic generator pumpjack and (3) quieter, but still chronic, power-grid pumpjack playbacks,
(4) infrastructure-only playbacks units, which replicated the structure of the broadcasting unit to
control for effects caused by the presence of the equipment, and (5) control sites, with no
playback or oil well infrastructure (Table 4.1). Focal species consisted of four grassland songbird
species experiencing population declines across their North American range over the last 5
decades (Sauer et al. 2017), and included two federally Threatened species (Government of
Canada 2018): Chestnut-collared Longspur (Calcarius ornatus) and Sprague’s Pipit (Anthus
spragueii); and two non-listed species: Savannah Sparrow (Passerculus sandwichensis) and
Vesper Sparrow (Pooecetes gramineus). The acoustic footprint of each noise source differed
among species due to differences in peak vocalisation frequency and frequency range of each
species (Fig. 4.2; see Appendix S4.1). | compared relative abundance and nesting success of each
species among the different treatments to determine whether noise or the presence of above-
ground infrastructure interfered with birds’ abilities to assess habitat quality. | also assessed
reproductive output (i.e., nestling condition and clutch size) of one listed species (i.e., Chestnut-
collared Longspur) and one non-listed species (i.e., Savannah Sparrow), for which I had more
nests. | measured habitat use and quality at two spatial scales. Local-scale analyses, which
evaluated effects of distance to infrastructure from 0-400 m, allowed me to determine whether

impacts of noise and infrastructure were greatest closer to the disturbance, and whether effects of
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noise were amplitude-dependant. Site-scale analyses were conducted at the scale of quarter

sections (64.7-ha sites), at which management actions are typically implemented in this region.

METHODS

Study sites and treatments

I monitored bird abundance and nests in 29, 64.7-ha (i.e., quarter section) mixed-grass prairie
sites during three breeding seasons from early May to early August, 2013 to 2015, within 100 km
of Brooks, County of Newell, Alberta (50°33°51” N 111°53°56” W), an arca with one of the
highest densities of oil development in Canada (Government of Alberta 2014). With over 30 000
oil and gas wells, this county operates 50% of all wells in Alberta and 37% of wells in Canada
(County of Newell 2018). I recorded real energy infrastructure and then broadcasted high-fidelity
recordings by means of solar-powered playback systems that I designed and built, and then
placed at the centre of native prairie quarter-section sites that did not contain oil development or
associated infrastructure (Rosa et al. 2015; see Appendix S4.1). Recordings of different
pumpjacks or drilling rigs were emitted from each of the playback broadcasting units (Curry et
al. 2018). Chronic pumpjack noise was broadcasted 24 hours/day for approximately 90 days each
year, corresponding with the duration of the breeding season. Pumpjacks are a common type of
oil pumping system, which adopts a nodding motion that facilitates liquid to rise from the bottom
of the well at each stroke (or cycle) with a mechanism similar to a plunger. This type of pumping
system can be either connected to the power-grid or powered by generators (which adds more
noise). Pumpjacks produce chronic noise across a wide range of frequencies with similar energy
(or amplitude), within a predictable and consistent cycle (Fig. 4.1d). Intermittent drilling noise

was broadcasted 24 hours/day during two periods of 10 days each breeding season corresponding
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with the average duration of drilling operations for one well in this region (V. Dyck, pers.
comm.). The start of the drilling playback periods were staggered by 3 days among the different
replicates to allow us to distinguish effects of date and drilling noise, and all drilling playback
were turned off approximately 15 days between the two 10 day broadcast period for a given site.
Drilling rig noise is inconsistent, erratic, and changes throughout the recording and over the
duration of the playback period (Fig. 4.1c). Drilling noises, such as loud clanking of pipes,
powering of different generators, intercom systems and trucks, all have sudden onsets that are
highly variable and unpredictable. Treatments included (1) intermittent drilling playbacks (n = 6
sites; 88 £ 4.0 dB(C)), (2) chronic generator pumpjack (n = 6; 73 £ 5.2 dB(C)) and (3) chronic
power-grid pumpjack (n = 6; 62 = 2.8 dB(C)) playbacks, (4) infrastructure-only playbacks that
look identical to the other playbacks but emit no sound (n = 6), to control for effects driven by
the presence of the playback units, and (5) controls (n = 17), with neither playback infrastructure
nor real oil wells (Table 4.1). Noise playback and infrastructure-only treatments were rotated
among sites randomly between 2014 and 2015 to ensure that differences among treatments were

not caused by pre-existing differences among sites.

Table 4.1 Site and noise type, C-weighted time-averaged sound pressure level for broadband
noise (LCeq) 10 m from playback unit, and duration of playback periods per year for each
treatment (x SD for both). Asterisks (*) indicates that LCeq for infrastructure-only and control
sites were estimated from background noise level measurements.

Site type Noise type LCeq Playback period (days)
per year

Drilling activity intermittent 88+4.0 10 £ 0.6 x 2 periods

Generator pumpjack chronic 73+5.2 95+11.0

Power-grid pumpjack chronic 62+2.8 87+11.9

Infrastructure-only natural ambient 51+3.3" N/A

Control natural ambient 51+3.3" N/A
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Field surveys

| conducted two rounds of avian abundance transect surveys at each study site radiating
away from the playback structure or centre-point, in opposite directions (i.e., two 400 m x 200 m
survey areas), between sunrise and 10:00, on days without rain or winds >20 km/h (Ralph et al.
1993) between mid-May to early July each year. Nests were found by flushing adults off nests by
dragging a weighted 25-m rope, allowing for a systematic search (32 ha in 2013, 28 ha in 2014,
56 ha in 2015; Davis 2003, Winter et al. 2003). Nests were marked and monitored every 2—4
days (Winter et al. 2003) until broods fledged or were destroyed. The outcome of a nest was
determined by observing the age and development of nestlings over a period of approximately 10
days after hatching (Ehrlich et al. 1988), and by recognizing disturbances indicative of predation
(e.g., empty damaged nest at egg stage or young nestling stage). A nest was considered
successful when a minimum of one juvenile fledged (Jones and Geupel 2007). To ensure that
nesting success results were representative of effects of noise on nest predation, nests that were
abandoned (n = 36) or that were unsuccessful due to unfavourable weather conditions (n = 9)
were excluded from statistical analyses. Clutch size consisted of the final number of eggs laid by
the female. If nests were found after hatching, |1 used number of nestlings as an estimate of clutch
size.

| took morphometric measurements of Savannah Sparrow (n = 650 from 182 nests) and
Chestnut-collared Longspur (n = 219 from 61 nests) nestlings at approximately day 5 (mean age
=5.04; SD * 0.43) to minimise the risk of parents abandoning young nestlings or causing older
nestlings to force fledge. Nestlings were weighed individually in holding bags using a Pesola
micro-line spring scale (model #20030; 30 g capacity x 0.25 g resolution; + 0.3% accuracy). |

also measured the length of the left tarsometatarsal bone (i.e., tarsus length) from the notch of the
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intertarsal joint to the top of the bent foot using a SP1 dial calliper (model #31-415-3; 0.1 mm
graduation; £0.0015 mm accuracy).

Each year, | also conducted 24 to 34 1-m? vegetation survey plots at each study site to
account for potential confounding effects related to vegetation structure and composition (Fisher
and Davis 2011; Appendix S4.2).

Statistical analyses

| compared the intermittent (acute) drilling rig treatment, chronic generator pumpjack,
and chronic power-grid pumpjack treatments to both the control and infrastructure-only
treatments. | used unadjusted counts of birds observed during abundance surveys as indices of
relative abundance because previous studies in this region indicate that these focal species are
highly perceptible (Leston et al. 2015) and song detection and distance estimates by human
observers are not hindered by oil-well noise (Koper et al. 2016). | used generalised linear mixed
models (PROC GLIMMIX; SAS 9.4; SAS Institute, Inc. 2012) to determine whether bird
abundance, body condition (i.e., scaled mass index), and clutch size varied among treatments and
with distance from the playback unit or centre-point at control sites. I used logistic-exposure
models (PROC NLMIXED; SAS Institute, Inc. 2012) to assess relative effects of the treatments
and distance to playbacks on nesting success (Shaffer 2004). Local-scale models for both relative
abundance and nesting success included distance to playback unit or site center (for controls),
and also an interaction term between treatment and distance (see Appendix S4.2 for additional

methods).
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RESULTS

Avian abundance

Both chronic and intermittent oil extraction noise negatively impacted relative abundance of
some focal species. At the local scale, | detected fewer Chestnut-collared Longspurs at
intermittent drilling and chronic power-grid pumpjack playback treatments, with a negative
effect of proximity to noise, such that abundance was significantly reduced at 100 m from the
playback unit compared to 400 m away (Fig. 4.3a; for details, see Table S4.2.8). However, these
effects were not evident at the site scale (P > 0.44; for details, see Table S4.2.9). Although
Chestnut-collared Longspurs avoided the drilling playback treatment, which was associated with
the greatest surface area of acoustic disturbance, they also avoided the power-grid pumpjack
treatment, which had the smallest surface area of impact (Fig. 4.2a; Table S4.1.1). At both the

local and site scale, Savannah Sparrows avoided intermittent drilling noise (Fig. 4.3b).
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Figure 4.2 Acoustic footprint of intermittent (purple) and chronic (yellow and blue) oil
development noise for (a) Chestnut-collared Longspur, (b) Savannah Sparrow, (c) Sprague’s
Pipit, and (d) Vesper Sparrow. Inner circles indicate surface area where noise can energetically
mask signals (noise levels within peak frequency exceed ambient levels). Outer circles represent
surface area where noise can interfere with signal transmission (noise levels within frequency
range of vocalisation exceed ambient levels; see Appendix S4.1; Rosa and Koper 2018).

Two species’ abundances were affected by the presence of the playback units, rather than
the noise emitted from them. At the local scale, Sprague’s Pipits were more abundant at controls
compared to all treatments with structures present, except for generator pumpjack treatments
(Fig. 4.3c; Table S2.4.8). Their abundance was independent of treatment at the site scale (P >
0.36; Table S4.2.9). Conversely, Vesper Sparrows were less abundant at controls compared to
infrastructure-only and drilling playback sites at both the local (P = 0.02; Fig. 4.3d) and site scale

(P < 0.05; Tables S4.2.8-9).

92



— COntrol = v e D]l s Genaralor - Power-grid e |nfrastructure-only

(a) ®)
= 'y | ‘‘‘‘‘‘
o N TS ——
g ., & B [ e
E : ,
a 8 1c04™ .
. 22 §
é 2
E
= 2 1
™ B a2
|- & —
a
E 181 § 150
5 5
-
i "
Distance from playback uniticentre (m)
(€) (d)
i 1
s
(=
E N
3 z
~ sa -
i § "
o &
H 3
g H
3 & o
£
) o

"w 0 e e mm 200 wo L)
Distance from playback uniticentre (m) Distance from playback uniticentre (m)

Figure 4.3 Effects of intermittent (drilling rig) and chronic (generator and power-grid pumpjack)
playback noise and of presence of the playback unit at the local scale on abundance of four
species of grassland songbirds for each experimental treatment, from 2013 to 2015, in Alberta,
Canada. All treatments were compared to both infrastructure-only (blue line) and control
treatments (solid black line). Significant differences (P < 0.1) compared to infrastructure-only
are indicated by * and compared to control by ¥, for each species: (a) Chestnut-collared
Longspur, (b) Savannah Sparrow, (c) Sprague’s Pipit, and (d) Vesper Sparrow (probability of
occurrence). To facilitate interpretation of graphs, 90% confidence intervals were omitted from
this figure (for statistical results see Table S4.2.8; for confidence intervals see Fig. S4.2.2 in
Appendix S4.2).
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Nesting success

Intermittent drilling playback noise or the presence of the playback unit negatively
affected nesting success of three of the four focal species at the site scale (Fig. 4.4; for details see
Table S4.2.10). Savannah Sparrow and Sprague’s Pipits experienced a lower probability of nest
survival when exposed to drilling playback noise, which both species avoided. Sprague’s Pipit
also had greater nesting success at controls compared to chronic playback sites and the
infrastructure-only treatment. Nesting success of VVesper Sparrow was greater at controls, which
was the treatment at which they had the lowest abundances (Fig. 4.4). | found no significant
effect of treatments on nesting success of Chestnut-collared Longspurs (Fig. 4.4).

| found no significant effects of distance to infrastructure or its interaction with treatment
on nesting success of Chestnut-collared Longspur (P > 0.12) or Savannah Sparrow (P > 0.24).
Local-scale models including distance to infrastructure did not converge for Sprague’s Pipits or
Vesper Sparrows, perhaps because of their smaller sample sizes, suggesting that the added

distance variable overparameterized the models.
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Figure 4.4 Effects of intermittent (drilling rig) and chronic (generator and power-grid pumpjack)
playback noise and of presence of playback unit at the site scale on overall probability of nest
survival (%) for four species of grassland songbirds at each experimental treatment, from 2013 to
2015, in Alberta, Canada. Noise-producing treatments were compared both to infrastructure-only
(blue) and control (white) treatment. Significant differences (P < 0.1) compared to infrastructure-
only are indicated by * and compared to control by . Errors bars indicate 90% confidence
intervals.

Nestling body condition and clutch size

Body condition of Savannah Sparrow nestlings was lower in the treatment they avoided
(i.e., drilling playback), while body condition of Chestnut-collared Longspurs was higher in all
noise-producing treatments and infrastructure sites including those they avoided (i.e., drilling and
power-grid pumpjack playbacks) than in controls. There was no effect of noise or infrastructure
on body condition of nestling Savannah Sparrows at the site scale (P > 0.114), but nestlings had
lower body condition near intermittent drilling noise sources (P = 0.098), particularly closer to

playback infrastructure (Fig. 4.5a). At the site scale, nestling Chestnut-collared Longspurs had
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Body condition

significantly increased body condition at all noisy sites and the infrastructure-only treatment
compared with controls (# = 0.869; SE = 0.165; P = 0.008), and this effect was independent of
distance to infrastructure (P > 0.940).

Clutch sizes of Savannah Sparrow were independent of noise or infrastructure at the site
scale (P > 0.153) and local scale (P > 0.226). At the site scale, Chestnut-collared Longspur
produced larger clutches in intermittent drilling (5 = 4.269; SE = 1.838; P = 0.012) and chronic
power-grid (f = 4.2268; SE = 1.884; P = 0.051) playback treatments, when compared to both
infrastructure-only (f = 3.687; SE = 1.609) and control (# = 3.787; SE = 1.588) treatments. At
the local scale, I found larger Chestnut-collared Longspur clutch sizes at drilling playbacks (P <
0.069), particularly close to the playback unit (P < 0.051; Fig. 4.5b). Chestnut-collared

Longspurs thus produced larger clutches in treatments with playback types they avoided.
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Figure 4.5 (a) Nestling body condition of Savannah Sparrow (Passerculus sandwichensis) and
b) clutch size of Chestnut-collared Longspur (Calcarius ornatus) as a function of log-
transformed distance from playback unit (or centre-point at control treatments). Significant site-
scale effects (P < 0.1) are denoted by an asterisk (*).
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DISCUSSION

Both noise and above-ground infrastructure can decouple apparent from realised habitat quality,
as | observed for three out of the four focal species. Only Savannah Sparrows avoided treatments
that resulted in poor nesting success and nestling quality; their ability to recognise sites with low
reproductive potential may explain their ability to adapt relatively successfully to
anthropogenically altered landscapes (e.g., Hamilton et al. 2011). Other species demonstrated
maladaptive habitat selection in the presence of anthropogenic noise or infrastructure, including
(1) avoidance of suitable sites (perceptual trap, Patten and Kelly 2010; Chestnut-collared
Longspur and Vesper Sparrow), (2) selection of sites that had poor productivity (ecological trap,
Schlaepfer et al. 2002; Chestnut-collared Longspur and Vesper Sparrow), and (3) lack of
avoidance of some acoustically detrimental sites (Sprague’s Pipit).

Intermittent drilling noise had consistently greater ecological impacts than chronic oil-
well noise. The sudden onset and frequent shifts in frequency and amplitude of drilling noise can
be interpreted as alarming or threatening, and may be more distracting than cyclic oil well noise
(e.g., Francis and Barber 2013). In contrast, chronic noise is conducive to acclimatisation
(Wright et al. 2007), and its predictability may allow birds to adopt coping mechanisms that
effectively mitigate its effects (Francis and Barber 2013). The size of the spatial footprint within
which energetic masking may occur did not explain which treatments were most influential, or
which species were most sensitive to noise (Fig. 4.2). Further, although generator-powered wells
had a greater acoustic footprint than grid-powered wells, this did not result in greater ecological
impacts. Both results suggest that effects of noise are more likely to be due to the acoustic
structure of noise, which strongly impacts distraction and informational masking (Rosa and

Koper 2018), rather than its power (see also Blickley et al. 2012a).
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Both chronic and acute noises, however, resulted in ecological and perceptual traps for
Chestnut-collared Longspurs. Noise may impact habitat selection differently from productivity
for several reasons. Birds may select nest sites based on a variety of cues including apparent
resource availability (Chalfoun and Martin 2007), conspecific attraction (Stamps 1988, Ahlering
and Faaborg 2006), and cues that suggest protection from predators. Mechanisms that explain
reproductive output may differ from these: for example, clutch size and nestling body condition
are influenced by maternal condition and foraging opportunities and success (e.g. Remes and
Martin 2002), while nesting success of grassland songbirds is most heavily influenced by
abundance and diversity of the local predator community (Vickery et al. 1992, Ludlow et al.
2014). Realized habitat quality may, therefore, differ from perceived habitat quality. Birds may
not be able to detect altered predation risks if nest predators are susceptible to noise disturbances
or rely on acoustic cues (Francis et al. 2009), which can result in lower avian abundance at
suitable sites (i.e., perceptual traps) or higher avian abundance in sites with poor reproductive
potential (i.e., ecological traps).A previous study investigating the predator community in our
study area found grassland songbird nests were mostly depredated by predators with large home
ranges (i.e., American Badgers [Taxidea taxus], domestic cattle [Bos taurus], and raptorssuch as
Norther Harrier [Circus cyaneus] and Swainson’s Hawk [Buteo swainsoni]) compared with
predators with small home range (i.e., northern grasshopper mouse [Onychomys leucogaster],
garter snake spp. [Thamnophis spp.]; Bernath-Plaisted 2015). Since songbirds generally respond
to disturbance at smaller spatial scales than do nest predators (Chalfoun et al. 2002, Stephens et
al. 2003), this may explain why effects of drilling noise on Savannah Sparrow abundance and
nestling body condition were highest closer to wells, but its effects on nesting success occurred

throughout the impacted sites.
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Our results for both Sprague’s Pipits and Vesper Sparrows also demonstrate that even
diminutive above-ground infrastructure can affect habitat selection and quality. Playback
infrastructure per se caused ecological traps for Vesper Sparrows. Infrastructure may be used as
perch sites for territorial displays, or conversely, by nest predators; and infrastructure may mimic
natural natural landscape features that affect habitat selection, such as shrubs (Rodgers and
Koper 2017). This observation is critical to developing effective mitigation strategies, as
minimizing infrastructure noise will not protect species whose habitat selection and reproductive
output are affected by the infrastructure itself; conversely, minimizing industrial noise is
necessary for protection of acoustically sensitive species, such as Chestnut-collared Longspur. It
also highlights that noise playback experiments must be designed to allow researchers to
disentangle effects of noise from effects of the presence of even small physical structures,

particularly in open ecosystem types.

CONCLUSIONS

Both anthropogenic noise and above-ground infrastructure can decouple relative habitat use from
habitat quality, depending on the species. Reducing noise amplitude at the source (e.g., mufflers,
sound dampening walls) or shifting the timing of acute drilling activities away from the breeding
period would reduce impacts of oil infrastructure on several grassland songbird species. Noise
mitigation actions are more important when managing unpredictable noises, such as drilling
noise, compared with noise from oil wells; most of the focal species seem able to adapt to
chronic noise conditions, even at relatively loud amplitudes. Noise reduction technology is
frequently employed in human-populated areas (Habib et al. 2007), demonstrating that effective

mitigation strategies are immediately and commercially available. I also emphasize that reducing
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the presence of above-ground infrastructure is necessary to conserve some species. Instead of
drilling multiple wells vertically throughout the landscape, horizontal drilling from centralized
wells pads would facilitate this goal.

Although industry is constrained by setback buffers for drilling activities during peak
breeding periods depending on the species (between May 1-15 and July 15-31), these buffer
zones are only limited to 100 to 200 m for listed species (e.g., Chestnut-collared Longspur and
Sprague’s Pipit) and 5 to 50 m for unlisted migratory songbirds (Canadian Energy Pipeline
Association 2013, Environment and Climate Change Canada 2017), which is insufficient to
mitigate the effects observed. These results demonstrate that apparent habituation to noise or the
presence of species in noisy areas do not imply a lack of fitness costs, in contrast with current
industry policies (Canadian Energy Pipeline Association 2013). Since acute intermittent noise is
not conducive to habituation (Francis and Barber 2013), both government and industry should
revise their overarching regulations and policies regarding impacts of noise on wildlife
populations to reflect the fact that best management practices are dependent on the type of noise

to which wildlife are exposed.
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CHAPTER 5. CONCLUSIONS AND MANAGEMENT IMPLICATIONS

CONCLUSIONS
The extent to which anthropogenic noise impacts wildlife is not well understood (Kight et al.
2012) because of the challenges associated with isolating effects of noise from potential
confounding factors associated with the noise source (e.g., chemical pollution, visual stimuli,
habitat alterations; Shannon et al. 2016). My experimental playback design proved to be a
valuable method to understand behavioural and ecological impacts on birds exposed to oil
development noise for several reasons. First, it was able to recreate the soundscape produced by
real oil infrastructure very accurately, which | validated using appropriate acoustic metrics to
characterise spectral composition and amplitude attenuation (Rosa et al. 2015; Chapter 2).
Different noise treatments were replicated both spatially (i.e., minimum six of replicates per
treatment) and temporally (i.e., three breeding seasons). | was able to distinguish between effects
of noise from effects driven by the presence of above-ground structures by including
infrastructure-only treatments that replicated the playback structure and control treatments. By
integrating knowledge and findings from studies in the fields of psychoacoustics, psychophysics,
and neurophysiology into applied ecology, | was able to develop a framework that would allow
for a better assessment of noise impacts on wild populations (Rosa and Koper 2018; Chapter 3).
Finally, measuring species’ responses at two different spatial scales allowed for a more refined
understanding of effects of noise on predator-prey interactions, habitat selection and quality, and
reproductive output for multiple grassland songbird species (Chapter 4).

Findings from this research revealed that anthropogenic noise constrains animal
communication across a much larger surface area when considering interferences with
attentional processes in addition to energetic masking of signals (Rosa and Koper 2018; Chapter
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3). Effects of oil infrastructure noise on communication were also species-specific, depending in
part on each species vocalisation range. Further, | found that comparing the abundance of species
among different noise treatments was not adequate to determine whether or not species had
become habituated to the noise source (Chapter 4); noise influenced habitat selection and
productivity differently. Chestnut-collared Longspur (Calcarius ornatus), Sprague’s Pipit
(Anthus spragueii), and Vesper Sparrow (Pooecetes gramineus) showed a mismatch between
relative habitat use (measured by species’ abundance) and habitat quality (estimated by
productivity), while Savannah Sparrow (Passerculus sandwichensis) was the only species that
avoided treatments where they experienced relatively poor nesting success and produce lower
quality nestlings. Hence, for three of the four focal species, noise or infrastructure led to a
decoupling of proximate factors used to select a habitat and ultimate factors (i.e., habitat quality;

e.g., Block and Brennan 1993)

MANAGEMENT IMPLICATIONS

Current recommendations to minimise risks to migratory grassland songbirds (including
avoiding disruption or damage to nests or eggs; Migratory Birds Convention Act 1994) or that
can be easily circumvented by stipulating that birds present in areas exposed to oil development
noise are likely habituated (Canadian Association of Petroleum Producers 2017) are too broad
and ineffective to help mitigate further population declines. According to regulations, noise that
is 10 dB above ambient levels or higher than 50 dB is considered to be a high-risk disturbance to
migratory birds (Environment and Climate Change Canada 2017). However, noise produced by
oil infrastructure is greater than the recommended threshold and these guidelines do no

distinguish between chronic and acute noise sources. This study found that acute drilling noise
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was more detrimental than chronic oil well noise suggesting that the type of noise may be more
important than amplitude in assessing potential negative noise impacts on migratory songbirds.
Hence, my results demonstrate that migratory birds in affected areas are likely not habituated to
these noise sources, which impact abundance, nesting success, and nestling quality.

Although measuring abundance of species present in these disturbed habitats is
important, this metric is not indicative of the whole suite on costs incurred by exposed birds,
particularly for threatened or specialist species whose ability to accurately assess habitat quality
may have been altered in noise-disturbed environments. Since abundance can be a misleading
indicator of habitat quality, | recommend that management practices based solely on this
measure should proceed with caution, or opt to acquire additional data on other important
measures (e.g., nesting success, body condition, clutch size) to better assess impacts of noise on
avian populations.

Intermittent drilling noise is unlikely to result in species becoming habituated because it
is inconsistent and unpredictable, and hence, potentially perceived as a threat (Francis and
Barber 2013). Therefore, preventing drilling operations from taking place during the breeding
season of migratory songbirds would be beneficial to most of the focal species studied here. Best
management practices by the Alberta provincial government stipulate that a buffer of 200 m be
maintained near active Chestnut-collared Longspur and Sprague’s Pipit nests between April 15
and August 15 of each year (Government of Alberta 2017). However, noise from drilling
operations is audible well beyond that buffer zone (e.g., up to 235 m for Chestnut-collared
Longspur and 325 m for Sprague’s Pipit; Table S4.1.1 in Appendix S4.1), resulting in additional
habitat loss for species that perceive this noise as a threat to nestling or adult survival. When

drilling operations occur in urban areas, temporary perimeter sound walls are regularly used to
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reduce noise levels by approximately 15 to 22 dB(A) (Environmental Noise Control 2018).
Further, novel electric-hydraulic rotary drills with electric motors instead of the traditional
diesel-hydraulic rotary drills are currently being used in Utah to create municipal water wells
meeting 65 dB(A) zoning code requirements (Lamb 2017). Requiring that quieter drilling
equipment or noise-mitigation measures be implemented in more rural areas where most of the
sensitive species reside would be beneficial to nesting birds.

Since different oil well pumps produce different multimodal stimuli, managers could be
more selective about the type of infrastructure employed to extract oil. For example, opting for
screwpumps instead of pumpjacks may help decrease the effects of cross-modal distractions for
nearby birds (Rosa and Koper 2018). Screwpumps have a lower vertical profile of approximately
2.7 m with little movement, while pumpjacks are approximately 4.5-m tall with multiple moving
parts, such as a long walking beam that moves consistently in a vertical nodding motion.
Savannah Sparrow males singing near noisy oil wells demonstrated higher adrenocortical
responsiveness (i.e., a measure of stress levels) near pumpjacks than screwpumps, and this
increased stress response resulted in more unnecessary aggressive behaviours in response to
conspecific songs at pumpjacks sites (Curry et al. 2018). Although noise amplitude was higher at
screwpumps, pumpjacks may be a more salient visual stimulus provoking greater stress
responses and with greater potential to interfere with signals occurring in other modalities, such
as acoustic signals in territorial males (Busch and Hayward 2009, Spence 2010, Curry et al.
2018). However, a previous study showed that nesting success of Savannah Sparrow and Vesper
Sparrow was lower at sites with screwpumps compared to pumpjacks (Bernath-Plaisted and
Koper 2016). Hence, there is a need to evaluate multiple co-occurring factors that could impact

species exposed to anthropogenic disturbances, and investigating these effects on a species-
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specific basis may be necessary before developing management recommendations. Finally,
enforcing the provincial regulation that non-operational oil wells be dismantled and sites be
reclaimed within 12 months (Alberta Energy Regulator 2016) would benefit species sensitive to
above-ground infrastructure (i.e., Chestnut-collared Longspur, Sprague’s Pipit, Vesper Sparrow).
Although effects of anthropogenic noise are complex and difficult to isolate from other
habitat disturbances, the results of my research show that noise does present a threat to grassland
songbirds, particularly if intermittent and unpredictable, and thus, noise itself is worth mitigating.
Despite the availability of technology that reduces noise amplitude of oil extraction activities,
few studies make concrete recommendations concerning how these noise-mitigation measures
could benefit their study species (<10%; reviewed in Shannon et al. 2016). Future studies should
propose applicable mitigation recommendations, but must also attempt to evaluate the
effectiveness of these measures to determine if and how animals recuperate from exposure to
noise (Shannon et al. 2016). Effective experimental studies are difficult to design and implement
but are necessary to gain knowledge that can lead to useful management recommendations and

practices to reduce impacts of anthropogenic noise on wildlife.
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APPENDIX S2.1 Supplemental technical details for the solar-powered broadcasting system
design

The solar-powered broadcasting units each contained an array of 5 150-W (8.7-A, 12-V) solar
panels (SunForce Products, Montreal, QC, Canada), for a potential 750-W (43.5-A) maximum
power. I estimated the maximum power consumption of the system to be approximately 300 W
by summing the expected power consumption of all the components (charge controller, inverter,
speakers, and iPod; Morningstar 2009, LOUD 2011, Schumacher Electric 2012). I then designed
the system so that the solar panels would generate a potential 750-W maximum power (350 W
more than anticipated needing). Given the potential for cloudy days and the necessity to
broadcast noise continuously throughout the night, this overcompensation ensured that the
batteries could be recharged during a relatively short period of sunlight.

The panels were mounted on a frame constructed from 38-mm % 89-mm pressure-treated
lumber. The dimensions of the frame were 3.8 m (1) x 1.1 m (h) x 1.5 m (w). This height and
width combination held the solar panels at an angle of roughly 55° from vertical. This angle
optimised solar irradiance on the panels, given the latitude of the study sites and the time of year
the study was conducted (Boxwell 2013).

I wired the 12-V solar panels in parallel to maintain the voltage at 12 V throughout the
system. Parallel wiring is also advantageous because if one of the panels fails, the rest of the
array is still functional, whereas failure of a panel in a series circuit would result in failure of the
entire system. [ used weather-resistant, 6-AWG copper wire to accommodate the current and
minimise voltage loss over the length of the wire in the system. Using wire that is too thin is
inefficient because it results in voltage drops as wire length increases (Morningstar 2009). The

stock wiring built into the solar panels was spliced onto the 6-AWG wire by crimping metal
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eyelets onto wire ends and connecting them with a nut and bolt. The exposed metal was then
wrapped with electrical tape. This connection method was used to connect wires throughout the
system.

The positive and negative leads from the solar panel array connected to the PV+ and PV—
terminals in the charge controller. I interrupted the positive lead with an on/off kill switch that
allowed to cut power from the solar panels to the rest of the system quickly and safely. I used a
TriStar 45 charge controller (Morningstar Corporation, Newtown, PA) because its 45-A capacity
exceeded the potential system maximum of 43.5 A. I grounded the system by wiring the charge
controller to a grounding plate buried beneath the system. Copper grounding wire (6-AWG) was
used for this connection.

The Battery+ and Battery— leads from the charge controller connected to the battery
array. [ used an array of four 6-V deep-cycle golf cart batteries (Exide, Milton, GA; Commercial
Series, Product no. 10-2010-0). Deep cycle batteries provide constant current over long periods
of time and can survive repeated discharge/recharge cycles. I wired them in a series-parallel
arrangement to adapt the 6-V batteries into a 12-V configuration.

Current from the batteries was directed to a Schumacher 410-W power inverter, which
converted direct current (DC) to alternating current (AC) and supplied the 8-GB iPod Nano and
the 2 Mackie SRM350v2 loudspeakers (LOUD Technologies, Woodinville, WA) with AC power.
I used this model of power inverter because the 410-W capacity exceeded the expected power
consumption of the speakers and iPod. The iPod connected to the speakers with a 1/8” to dual '4”
audio cable. Powered speakers were used to eliminate the need for an amplifier. For a detailed
rationale for speaker selection, see Discussion in Chapter 2.

The batteries, speakers, iPod, charge controller, and inverter were contained in a 1.2-m (1)
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% 0.9-m (w) x 0.7-m (h) plywood box adjacent to the solar panel array, which protected the
electronic components from the elements. The speakers projected sound through 36-cm (w) x
56-cm (h) screened holes in opposite sides of the boxes. Additional 75-cm (1) X 3-cm (h)
screened slots located on the sides not containing speaker holes assisted in ventilation to prevent
overheating. The boxes were painted white to reflect light and prevent heat absorption. The
boxes were elevated approximately 0.2 m above the ground on cement cinder blocks, to prevent
decay from moisture and to aid in sound projection. I installed a 1-m-high metal technical fence
(Boomers Services, Brooks, AB, Canada) around each unit to prevent damage from cattle, for a

fenced area of 7.3 m (I) X 4.9 m (w).
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APPENDIX S3.1 Literature review on effects of anthropogenic noise on animal
communication from 2010 — 2017 (Fig. 3.1)

A recent review has found an increase in ecological assessment studies of anthropogenic noise
impacts on wildlife with a particularly large increase in publications since 2010 (Shannon et al.
2016a). Hence, I assessed whether there was also an increase in the mention of energetic and
informational masking, auditory scene analysis, multimodal communication, and cross-modal
impacts from 2010 to 2017. I included publications (including research articles, reviews,
perspectives) mentioning these mechanisms as potentially important in the assessment of
anthropogenic noise effects on animal communication to evaluate awareness of these
traditionally human-centric concepts in ecological literature. I conducted a literature search using
Thompson Reuters’ ISI Web of Science using the search terms outlined in Table S3.1.1a. I also
cross-referenced recent literature reviews of effects of anthropogenic noise on wildlife (e.g.
Halfwerk & Sabbekoorn 2015; Shannon et al. 2016a; Erbe et al. 2016). I examined each
publication by searching specific terms (Table S3.1.1b), and the context in which they were
mentioned. I excluded studies focused on human subjects, and publications focused exclusively
on natural sources of ambient noise (e.g. morning chorus, wind, rain).

I used VIB-Ugent Center for Plant Systems Biology’s Venn diagram webtool to calculate
and draw Figure 3.1 (http://bioinformatics.psb.ugent.be/webtools/Venn/). This webtool also
provided an input table (Table S3.1.2) with a summary of elements (i.e. publications) and an
output table (Table S3.1.3) listing common elements of the sets (i.e. key concepts) represented by
the overlapping area in Figure 3.1. To represent trends in awareness of these concepts across
years from 2010 to 2017, I represented studies referencing 2 or more concepts as potential

mechanisms affecting animal communication in noise for each years in Figure 3.1.

120



Table S3.1.1 Literature review search terms for each concept reviewed. ISI Web of Science
search included search operators such as quotation marks to find exact phrases, asterisks
following root words, and operators proposed in their guidelines (i.e. AND, OR, NEAR; a).
Focused search of each publication was conducted in PDF XChange Viewer 2.5 (Tracker
Software Products, 2012; b). Search terms related to scope (i.e. anthropogenic noise, animal
communication) were employed for each search concerning focal mechanisms.

Scope topics (a) IS1 Search (b) Focused search
Anthropogenic  (noise* NEAR/3 pollution*) OR (noise* noise
noise NEAR/3 anthropogenic*) OR (noise* anthropo*

NEAR/3 disturbance*®) distrurb*
Animal [wildlife OR animal OR mammal OR reptile communicat®
communication OR amphibian OR bird OR fish OR signal

invertebrate] AND [communicat® OR

calling® OR "alarm" OR "call*" OR "song"

OR "cue" OR "display" OR (signal*

NEAR/3 acoustic*)]
Focal . (a) ISI Search (b) Focused search
mechanisms
Energetic "energetic mask*" OR (frequency* NEAR/3  energetic mask*
masking mask™*) OR "acoustic mask*" OR "co- mask*

modulat*" OR "comodulat*" OR "spatial

release" OR (mask* NEAR/3 noise*) OR

(mask* NEAR/3 signal*)
Informational  "informational mask*" OR distract* OR informational mask*
masking (distraction AND attention™®) distract*

attention™

Auditory scene "auditory scene analysis" OR "scene scene
analysis analysis" OR "source segregat®*" OR segregat™

"stream segregat®*" OR "auditory object"
Multimodal "multimodal" OR "multi-modal” modal
signals multimodal OR multi-modal

Cross-modal
interference

"crossmodal" OR "cross-modal" OR "across
modalities" OR "across sensory modalities"

modal

crossmodal OR cross-modal
across modal*

across sensory modal*
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Table S3.1.2 Summary of publications considered for each concept and number of overall
unique publications inputted into Venn diagram webtool for comparison.

Concepts Number of publications

Energetic masking 174
Informational masking 57
Auditory scene analysis 41
Multimodal signals 39
Cross-modal impacts 33
Overall number of unique elements 241

Table S3.1.3 Summary of publications referencing two or more of the concepts reviewed (a) i.e.
energetic (A) and informational masking (B), auditory scene analysis (C), multimodal signals
(D), and cross-modal impacts (E) in relation to effects on animal communication in
anthropogenic noise, and publications referencing only one of these concepts (b).

(a)

Concepts Total Citations

ABCDE 2 Bee & Miller 2016; Miller & Bee 2012

ABCD 1 Farris & Taylor 2016

ABDE 2 Swaddle et al. 2015; Francis 2015

ACDE 1 van der Sluijs et al. 2011

ABC 5 Popper & Hawkins 2016; Bee 2015; Branstetter et al. 2016; Dooling &
Blumenrath 2013; Bee & Christensen-Dalsgaard 2016

ABD 1 Potvin 2017

ABE 9 Meillere et al. 2015; Halfwerk et al. 2016; Shannon et al. 2016b;
Shannon et al. 2016a; Purser & Radford 2011; Francis & Barber 2013;
Shannon et al. 2014; Ware et al. 2015; McGregor et al. 2013

ACD 2 Velez et al. 2013; Wiley 2015

ADE 3 Romer 2013; Gordon & Uetz 2012; Brumm 2013

AB 16 Schmidt et al. 2014; Naguib 2013; Kleist et al. 2016; Wiley 2013;
Brown et al. 2012; Pohl et al. 2015; Kern & Radford 2016; Sabet et al.
2016a; Naguib et al. 2013; Radford et al. 2014; Leonard & Horn 2012;
Owens et al. 2012; Shier et al. 2012; Grade & Sieving 2016; Senzaki et
al. 2016; McClure et al. 2013

AC 9 Klump 2016; Casper et al. 2013; Gutscher et al. 2011; Branstetter et al.
2013b; Schmidt & Roemer 2011; Dooling & Popper 2016; Hatch et al.
2012; Branstetter et al. 2013a; Finneran & Branstetter 2013

AD 5 Brumm & Zollinger 2013; Hage et al. 2013; Schwartz & Bee 2013;
Rios-Chelen et al. 2015; Preininger et al. 2013

AE McNett et al. 2010; Goodwin & Podos 2013
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APPENDIX S3.2 Estimating masking footprint of different oil-well noise on three species of
grassland songbirds

MEASURING OIL-WELL NOISE

From mid-May to end of June of 2013 and 2014, I recorded noise emanating from generator-
powered pumpjacks (n =5; 73 dB(C) at 10 m) and screwpumps (n = 5; 79 dB(C) at 10 m), and
quieter power-grid pumpjacks (n = 5; 62 dB(C) at 10 m) and screwpumps (rn = 5; 59 dB(C) at 10
m), which were powered through connections to the provincial power grid via power distribution
lines. Sound pressure levels (SPL) were measured using a Briiel and Kjer, 2250 SPL meter-
frequency analyser (Briiel and Kjer, Denmark) calibrated daily using a 1 kHz a sound calibrator
type 4231 (Briiel and Kjer, Denmark). Infrastructure noise measurements were taken in
accordance with ISO standard calculations for single source (ISO 3746 2010; ISO 1996-2 2007,
ISO 1996-1 2003). I took 6 sound measurements along a circle around the oil-well at 60° from
one another, and an additional background sound sample (ISO 3746 2010). I took 30 s sound
measurements for screwpumps, and pumpjack measurements varied between 10—60 s depending
on the duration of their cycle which encompasses all of the noise variability produced by this oil-
well type. The height of the microphone was 0.45r and horizontal distance from centre of oil-
well was 0.89r (Equations S3.2.1-S3.2.2; ISO 3746 2010). I measured time-averaged sound
metrics (i.e. Leq) to characterise broadband noise in A— and C—weighting, and one-third-octave
midpoint frequency band measurements in Z-weighting to analyse spectral composition. For

more information on oil-well recording methods, see Rosa et al. (2015).
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r>2dv=1,2,4,6,8,10,12, 14, or 16 (S3.2.1)
do> = (11/2)* + (1/2)* + 132 (S3.2.2)

iz length (m)

I2: width (m)

[3: height (m)
GRASSLAND BIRD SONG FREQUENCY RANGES
From mid-May to early July in 2014, I recorded songs from three species of grassland songbirds:
Baird’s Sparrow (Ammodramus bairdii), Chestnut-collared Longspur (Calcarius ornatus), and
Savannah Sparrow (Passerculus sandwichensis) at three different study sites southeast of
Brooks, Alberta, Canada (49° 0 ' 0.004" to 50° 53’ 56.475" N; 110° 0" 2.757" W to 112° 28’
44.473" W) as uncompressed audio WAV files (48 kHz sampling rate, 16-bit resolution) using
Zoom H4N Digital Recorders (Zoom, Japan). For each species, I calculated average peak
frequency and frequency range of song vocalizations (Table S3.2.1). For additional information

on song recording and measurement methods, see Curry et al. (2018).

Table S3.2.1 Song metrics of three different grassland songbirds recorded from May to July 2014,
in Brooks, Alberta, Canada.

Individuals ~ Songs Average peak .F.requency range
Species recorded  recorded frequency Minimum - Maximum
(Hz) (Hz) (Hz)
Baird’s Sparrow 16 49 4978.3 3562.5 7218.8
Chestnut-collared Longspur 7 18 3546.9 2718.8 4500.0
Savannah sparrow 21 62 6796.9 3750 8437.5
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ISO-PREDICTED SPATIAL PROPAGATION OF SOUND

I used predicted values of single source sound attenuation to calculate acoustic footprints of four
types of oil-wells using field measurements of oil-well noise SPL, distance from infrastructure,
and weather parameters obtained from Alberta Agriculture and Forestry (ACIS 2017; i.e.,
relative humidity barometric pressure, and temperature) averaged over the course of the 12—13
week breeding season of 2013 and 2014. To calculate predicted LZ.q for each one-third-octave
frequency band, the ISO-model subtracts the sum of total attenuation (A) from time-averaged

SPL field measurements (LwZ; Equations S3.2.3-3.2.7; ISO 9613-2 1996; ISO 9613-1 1993).

LZeq=LWZ - A (S3.2.3)
A = Adgiv + Aatm + Ajusted Agr (S3.2.4)
Audiv: attenuation due to geometric divergence (dB)

Adiv = 20 logio(d/do) + 11 (S3.2.5)
Aatm: attenuation due to atmospheric absorption (dB)

Aatm = ad (S3.2.6)

a: atmospheric attenuation coefficient (dB/m) based on frequency (Hz), ambient
atmospheric pressure (kPa), reference atmospheric pressure (= 101.325 kPa),
ambient temperature (K), reference air temperature (= 293.15 K), oxygen
relaxation frequency (Hz), and nitrogen relaxation frequency (Hz).

d: distance from source (m)

Agr: attenuation due to ground effect (dB)
Agr = As+ Ar + Anm (83.2.7)
As: source region component of ground effect attenuation

A receiver region component of ground effect attenuation
Am: middle region component of ground effect attenuation
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To estimate distance threshold values for potential occurrence of energetic and
informational masking, I conducted a spectral analyses of SPL of each one-third-octave
frequency bands (LZ¢q). As masking thresholds vary with species’ vocal and hearing capacity
(e.g. Okanoya and Dooling 1987), I opted for a conservative distance threshold estimate where
the anthropogenic noises raise the threshold at which a signal can be detected or discriminated
from background noise (Dooling and Blumenrath 2013). Both types of masking vary with best
hearing capacity of different species, and thus are species-specific. Peak signal energy of the
vocalization was found to be more indicative of energetic masking effects in chronic noise
conditions compared to the spectral profile of the noise (Lohr et al. 2003). Hence, I used the
farthest distance at which SPL within the peak frequency band (Table S3.2.2) was above ambient
background noise as the threshold distance for energetic masking for each species and in the four
noise conditions (see Table S3.2.3 for results).

Anthropogenic noise with lower SPL than the ambient noise or composed of even just a
few frequencies bands that are still detectable can affect exposed wildlife through informational
masking. Informational masking can occur in the area closest to the noise source until the last
frequency is audible by the receiver (Dooling and Blumenrath 2013). Therefore, to estimate
informational masking threshold values for each oil infrastructure type, I also compared time-
averaged SPL value bands of midpoint frequency of oil-well noise to the SPL of ambient sound
within the range of vocalization of each species. Informational masking threshold was estimated
to occur within the distance at which at least 1 one-third-octave frequency band within these
frequency ranges (Table S3.2.2) had a higher time-averaged SPL value than its corresponding

ambient sound frequency band (see Table S3.2.3 for results).
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Table S3.2.2 One-third-octave frequency bands of peak frequency and vocalization frequency
range (minimum and maximum) of three different grassland songbirds recorded from May to
July 2014, in Brooks, Alberta, Canada. Signal power of peak frequency and across the range of
species’ vocalizations was compared to power within corresponding one-third octave frequency
bands of four different noise profiles.

Range
Species Peak (Hz) Minimum (Hz) Maximum (Hz)
Baird’s Sparrow 5000 3150 8000
Chestnut-collared Longspur 3150 2500 5000
Savannah Sparrow 6300 4000 8000

Table S3.2.3 Estimated acoustic footprint of energetic and informational masking for Baird’s
Sparrow (a; Ammodramus bairdii), Chestnut-collared Longspur (b; Calcarius ornatus), and
Savannah Sparrow (c; Passerculus sandwichensis) songs by four different oil-wells in Brooks,
Alberta, Canada. Distance thresholds and surface areas were obtained by conducting spectral
analyses of the different noise profiles. Signal-to-noise ratio within average peak frequency band
was used to estimate energetic masking and signal-to-noise ratio across the frequency range was
used to estimate informational masking for each species.

. Energetic masking Informa_tional Incrgase in acoustic_
Power Oil-well masking footprint from energetic
source type Radius Area  Radius  Area to informational

(m) (ha) (m) (ha) masking (%)

(a) Baird’s Sparrow
Generator- pumpjack 105 35 115 4.2 20.0
powered screwpump 155 75 205 13.2 76.0
Power- pumpjack 30 0.3 60 1.1 266.7
grid screwpump 55 1.0 65 1.3 30.0
(b) Chestnut-collared Longspur
Generator- pumpjack 100 3.1 115 4.2 35.5
powered screwpump 205 13.2 295 27.3 106.8
Power- pumpjack 60 1.1 60 1.1 0.0
grid screwpump 60 1.1 90 2.5 127.3
(c) Savannah Sparrow
Generator- pumpjack 115 4.2 115 4.2 0.0
powered screwpump 150 7.1 195 11.9 67.6
Power- pumpjack 45 0.6 55 1.0 66.7
grid screwpump 50 0.8 65 1.3 62.5
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APPENDIX S4.1. Extended methods and details on playback system fidelity, signal
transmission interference, and spatial sound propagation of oil infrastructure

EXPERIMENTAL STUDY DESIGN AND PLAYBACK STIMULI FIDELITY
Background

Drilling operations in our study area consist of three different stages that vary in noise depending
on which engines are being used. Generally, a drilling rig operates three different types of
engines per rig: (1) combination building, (2) drawworks used for hoisting a wire rope that drops
or lifts pipes or casing, (3) two mud pumps used to circulate the drilling fluid which powers the
drill bit (Erny and Hurt 2018) The drilling stage which is the loudest of the three stages (LCeq:
90.1 dB(C)) has a total of fours engines running simulateously (i.e., combination, drawworks,
and two mud pumps). The casing stage produces a different type of noise, because pipes and
casing are being inserted which results in unpredictable clanking noises. During the casing stage,
the combination and drawworks engines are operating while the two mud pumps are idling
(LCeq: 90.5 dB(C)). Cementing is the quietest stage with only the combination engine operating
(LCeq: 88.1 dB(C)). These three different stages are cycled throughout the drilling operation and

have variable durations depending on the period (or depth) of the well (Fig. S4.1.1).

SURFACE INTERMEDIATE FINAL
Drilling — Casing— Cementing Drilling — Casing— Cementing Drilling — Casing
40 h 8h 40 h 40 h 12 h 40 h 40 h 20 h

Figure S4.1.1 Duration of the three different stages that occur during the average drilling
operation in our study area (i.e., drilling, casing, cementing) divided into the three different
periods (i.e., surface, intermediate, and final).
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Methods

In addition to chronic power-grid and generator pumpjack treatments that were in place from
2013 to 2015, | added operational drilling noise in 2014 and 2015. In 2015, I changed the
location of the playback units to control for potential biases related to characteristics intrinsic to
each site (e.g., vegetation, landscape-scale disturbances such as position of dugout and water
sources for cattle).

Previous work demonstrated the fidelity of the playback broadcasting unit to noise from
real generator and power-grid powered pumpjacks (see Rosa et al. 2015). Here, | conducted
similar sound analyses on drilling rig noise by comparing broadband sound pressure level (SPL)
measurements, which are indicative of noise amplitude (Huber and Runstein 2005), and SPL
across individual frequency bands to compare spectral composition to that of the original noise
source. | took SPL measurements along transects radiating in 4 cardinal directions using a Briel
and Kjeer 2250 SPL meter/frequency analyser (Bruel and Kjeer, Denmark) at three different
drilling operations and the three drilling playback sites. Due to logistical constraints, | could only
take measurements up to 50 m away from the active drilling rigs. | measured LCeq (C-weighted
time-averaged values of SPL in decibels) for broadband sound and LZeq (Z-weighted time-
averaged values of SPL in decibels) for individual one-third-octave frequency bands to measure
spectral composition (Rosa et al. 2015). Thirty-second measurements were taken during all three
stages of drilling activity (i.e., drilling, laying casing, and waiting on cement) in winds < 7
km/hour, and background measurements were also taken (n = 374; Rosa et al. 2015).

To compare attenuation of broadband noise (LCeq) at drilling playback broadcasting units

to real drilling operations, I used generalised nonlinear mixed model (PROC NLMIXED; SAS
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9.4, SAS Institute Inc. 2012) to account for repeated measures within transects and sites. As
noted in Rosa et al. (2015), the inclusion of either transect or site as random variables yielded
comparable results, and therefore, | opted to include transect as a random variable. The model
assessed the C-weighted time-averaged value of SPL in decibels (LCeq) of drilling rig noise
(response variable) as a function of distance (independent variable). LCeq values were log-
transformed to fit a Gaussian distribution, distances were centred to reduce potential collinearity
with interaction terms, a quadratic function of distance was also included in the model, and |
included interaction terms between type of source (i.e., real drilling operation or broadcasting
playback unit) and centred-distance and quadratic-distance.

| also compared spectral composition of noise produced during the three stages of an
actual drilling rig (i.e., drilling, casing, and cementing) to the corresponding broadcast playback
stimulus at 10 m from either the drilling rig or the playback infrastructure during each stage of
the drilling operation. | took SPL measurements in LZeq and time-average SPL for 19 one-third-
octave frequency bands that extend below and above the hearing range of birds (i.e., 315 to 20
000 Hz; Dooling 1980, 1982, 1992). For each frequency band, | took four measurements in all
four cardinal directions from the drilling rig and broadcasting playback unit. Since LZeq
measurements were not normally distributed, | used a Mann-Whitney U test to assess whether
SPL measurements of each one-third-octave frequency band were significantly different between
the real drilling rig noise and the broadcasted recording (PROC NPARIWAY; SAS 9.4, SAS

Institute Inc. 2012).

Results
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Broadband noise amplitude (log-transformed LCeq) significantly decreased with
increased distance from the noise-producing structures (Bdistance = —3.31 = 0.70 [SE], P = 0.018;
Baistance? = 24.00 £ 0.34, P < 0.0001). There was no significant difference in attenuation between
the broadcasting playback units and the real drilling operations (Btype = —0.016+ 0.01, P = 0.315;
Btypexdistance = 0.03 = 0.37, P = 0.943; Fig. S4.1.2). Spectral composition of the broadcast drilling
noise was very similar to the operational drilling noise for each stage (i.e., drilling, casing,
cementing; Fig. S4.1.3). Vocal and best hearing capacity of birds ranges from approximately 1
kHz to 5 kHz, with greater acuity between 2 to 4 kHz (Dooling 1980, 1982, 1992; Dooling et al.
2000) and with a maximum capacity of ~10 kHz (Necker 2000; Beason 2004). The only
difference between real and playback noises within this range was at 5000 Hz in the casing stage
of a drilling rig operations; no other frequency bands or periods differed significantly between
real infrastructure noise and playback recordings. Cumulatively, these results suggest that
playback units were able to very accurately reproduce noise from drilling operations at broadcast

sites.
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Figure S4.1.2 Predicted sound pressure levels (C-weighted time-averaged value of SPL, in
decibels; LCeq) and 95% confidence intervals with increasing distance (m) from three drilling rig
operations (black) and corresponding broadcasting playback units (grey) in Alberta, Canada,
2014.
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Figure S4.1.3 Average sound pressure levels (SPL; Z-weighted time-averaged value of SPL, in
decibels; LZeq) of midpoint frequencies of one-third-octave frequency bands from 315 Hz to 20
000 Hz, measured during the three different stages of a drilling operations (black bars): drilling
(@), casing (b), and cementing (c), and its corresponding broadcast playback stimulus (white
bars). Asterisks denote significant differences in SPLs (P < 0.05), and error bars show standard
error of the mean.
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INTERFERENCE OF NOISE WITH SONG TRANSMISSION

Song analysis methods

To estimate the distance at which different noise profiles have the potential to hinder
communication for each species, | estimated the farthest distance at which SPL (sound pressure
level) within the peak song frequency band was above ambient background noise. From mid-
May to early July in 2014 at three different study sites, | recorded songs from two species of
grassland songbirds: Chestnut-collared Longspur (Calcarius ornatus) and Savannah Sparrow
(Passerculus sandwichensis) as uncompressed audio WAV files (48 kHz sampling rate, 16-bit
resolution) using Zoom H4N Digital Recorders (Zoom, Japan). For Sprague’s Pipit (Anthus
spragueii) and Vesper Sparrow (Pooecetes gramineus), | took measurements from three different
highly rated song recordings (i.e., rated ‘A’ or loud and clear) from Xeno-canto (Sprague’s Pipit:
XC13750, XC18641, XC18646; Vesper Sparrow: XC186417, XC186419, XC186844;
https://www.xeno-canto.org) taken in Grasslands National Park (49.1238° N, 107.4470° W).

For each species, | calculated average peak frequency of song vocalisations and frequency range
in Raven Pro 1.5 Beta (Bioacoustics Research Program 2014; see Curry et al. 2018 for additional

details on song recording and measurement methods).

Noise analysis methods

From mid-May to end of June of 2013 and 2014, I measured noise characteristics from
three types of common oil infrastructures in the study area: (1) generator-powered pumpjacks (n
=5; 73 dB(C) at 10 m), (2) power-grid pumpjacks (n = 5; 62 dB(C) at 10 m), and (3) drilling rigs
(n=15; 88 dB(C) at 10 m). Using ISO standard protocols and calculations for single noise
sources (ISO 1996-1 2003; ISO 1996-2 2007; ISO 3746 2010), I measured 6 points at 60°

intervals along a circle around the oil infrastructure units and took background ambient noise
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measures at each sample site (ISO 3746 2010). Based on these field sound measurements and
ISO models, I predicted values of surface areas impacted by the different noise sources based on
field measures of noise amplitude, distance from infrastructure and weather parameters (i.e.,
relative humidity barometric pressure, and temperature) averaged over the course of the 12—13
week breeding season of 2013 and 2014 (ACIS 2017).

Overlap between one-third-octave frequency bands of peak song frequency and
corresponding noise in the same frequency is an appropriate predictor of potential interference
with signal transmission in a laboratory setting (Lohr et al. 2003). Hence, surface area at which
noise within peak frequency of species’ vocalisation exceeds ambient noise corresponds to
energetic masking, thus potentially preventing signal transmission (Dooling & Blumenrath
2013). Additionally, the area where noise was audible to birds, which may result in informational
masking (distraction; e.g., Chan and Blumstein 2011) (audible range: Dooling 1980, 1982, 1992)
was estimated as the distance at which at least 1 one-third-octave frequency band within the
audible frequency range had higher time-averaged SPL value than its corresponding ambient
sound frequency band.

Results

Acoustic footprint of different noise types, and thus their potential to interfere with
communication events, differed depending on species’ peak frequency and frequency range
(Table S4.1.1, see Fig. 4.2). Although drilling rigs were always audible further from the
infrastructure than operational oil wells, energetic masking from wells sometimes covered a

greater area than did noise from drilling rigs, due to differences in their frequency spectra.
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Table S4.1.1 ISO-prediced noise interference in signal transmission of four grassland songbird
species. Energetic masking occurs where noise is greater within the species peak frequency, thus
potentially preventing signal transmission. Surface area where noise is audible within the species
vocalisation frequency range can lead to interference in signal transmission and reception
(informational masking; see Fig. 4.2).

Energetic Audible within
masking frequency range
Peak . .
frequency Frequency Oil infrastructure type Radius  Area  Radius  Area
(Hz) range (Hz) (m) (ha) (m) (ha)
(a) Chesnut-collared Longspur
Drilling rig 165 8.6 235 17.4
3150 2500 — 5000 Generator pumpjack 100 3.1 115 4.2
Power-grid pumpjack 60 1.1 60 1.1
(b) Savannah Sparrow
Drilling rig 105 3.5 150 7.1
6300 4000 — 8000 Generator pumpjack 115 4.2 115 4.2
Power-grid pumpjack 45 0.6 55 1.0
(c) Sprague’s Pipit
Drilling rig 105 3.5 325 33.2
5000 2000 — 8000 Generator pumpjack 105 3.5 205 13.2
Power-grid pumpjack 30 0.3 60 1.1
(d) Vesper Sparrow
Drilling rig 165 8.6 325 33.2
3150 2000 — 8000 Generator pumpjack 100 3.1 205 13.2
Power-grid pumpjack 60 1.1 60 1.1
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APPENDIX S4.2. Extended abundance, nesting success, nestling measurements, and clutch
size methods and results: anthropogenic noise and infrastructure decouple habitat use
from habitat quality in grassland songbirds

METHODS

Field surveys

Avian abundance transects — Two observers conducted two transect surveys per site
simultaneously and spent a total of 40 min per transect recording bird observations (including
distance and direction from observer to estimate location of observation and sex and behaviour
whenever possible). Along the 400-m transect, observers moved at a steady pace, taking 5 min to
walk 50 m while noting species observed within 100 m on either side of the transect line (Fig.
S4.2.1). Starting point order was alternated to control for potential observer bias such as under-
estimating abundance near the end of transects, which is a potential subconscious response of
observers to avoid recounting birds. Observers were trained and tested in bird identification (i.e.,

sight and sound), distance estimations, and field methods prior to conducting surveys.
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Figure S4.2.1 Area surveyed by observers along two 400-m transects lines (black lines)
radiating away from the playback unit or centre-point of control sites (large circle). Transects
were generally directed East and West and covered a 400 m x 200 m surface per transect.
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Nest searching and monitoring — In 2013, rope-drag surveys were conducted of two plots
(400 m x 400 m; 32 ha) in each site, each radiating away from the infrastructure or the centre-
point of the control site. In 2014, four plots were surveyed in all four cardinal directions (i.e., two
plots 200 m x 400 m and two plots 200 m x 300 m, to eliminate overlap of plots; 28-ha) and in
2015, the four plots were increased in surface area (i.e., two plots 400 m x 400 m and two plots
400 m x 300 m; 56 ha) to increase sample sizes. Surveys were conducted on foot to minimize
ecological impacts on prairies.

Clutch size consisted of the final number of eggs laid by the female. If nests were found
after hatching, 1 used number of nestlings as an estimate of clutch size. To avoid confounding the
physiological effects of noise with those related to brood parasitism, | did not measure nestlings
or count clutch sizes from nests that had been parasitized by Brown-headed Cowbirds
(Molothrus ater).

Vegetation along transects and at nests — In 2013 and 2015, 12 1-m? vegetation plots
were surveyed along each abundance transect line at 1, 5, 10, 20, 50, 100, 150, 200, 250, 300,
350, and 400 m from the playback unit or centre-point of control sites. In 2014, 19 vegetation
plots were surveyed at 5, 10, 15, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275, 300, 235,
350, 375, 400 m. The middle of the vegetation quadrat was centred at the nest cup for nest
vegetation surveys. Four sub-quadrats per plot were delimited by placing two metre sticks on the
ground in the shape of a cross intersecting at 50 cm, within which vegetation cover and
composition was visually estimated. To measure height, density, and litter depth, a 6.3-mm
dowel marked in 1-cm intervals (Wiens pole) was placed in the centre of the quadrat and at the
four extremities of the metre sticks oriented in cardinal directions, at which I measured height

and litter depth, and counted numbers of stems of vegetation touching the pole.
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Nestling measurements — | took morphometric measurements of 5-day-old nestling
Savannah Sparrows (n = 650 from 182 nests) and Chestnut-collared Longspurs (n = 219 from 61
nests). | measured nestlings at approximately day 5 (mean age = 5.04; SD * 0.43) to minimise
the risk of parents abandoning young nestlings or causing older nestlings to force fledge. Age of
nestlings was estimated based on several developmental stages such as opening of eyes, feather
tracts, and presence of pin-feathers (Jongsomjit et al. 2007). Nestlings were weighed individually
in holding bags using a Pesola micro-line spring scale (model #20030; 30 g capacity x 0.25 g
resolution; = 0.3% accuracy). | also measured the length of the left tarsometatarsal bone (i.e.,
tarsus length) from the notch of the intertarsal joint to the top of the bent foot using a SPI dial
calliper (model #31-415-3; 0.1 mm graduation; £0.0015 mm accuracy). Measurements were
taken as quickly as possible (mean handling time = 10.83 min; SD + 4.23) at approximately 20 m

from the nest to minimise disturbance of vegetation or attracting predators.

DATA ANALYSES
| used an information theoretic approach to determine which environmental variables improved
relative fit and should be included in final models to control for effects of temporal factors, such
as year and time of year, and vegetation factors, such as vegetation height and density. As each
species has different habitat preferences, | used AIC (Akaike’s Information Criterion; Akaike
1974) to select the appropriate variables to include in models for each species.

| adopted a frequentist approach (i.e., null hypothesis significance testing) to test
hypotheses regarding effects of noise, as that was the focus of my study design (see Mundry
2011). I used an alpha value of 0.10 to reduce the chance of Type Il errors (i.e., failure to detect

an effect when there is one), which is a source of significant concern in conservation biology
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(Taylor and Gerrodette 1993). | compared the three noise treatments (playbacks of recordings of
chronic generator and power-grid pumpjacks, and intermittent drilling rigs), to both control and
infrastructure-only treatments to control for potential effects related to the physical presence of
the playback unit. I modelled effects of noise at both a local scale, which included distance from
playback units or centre-points and an interaction with treatment, and at the site-scale (i.e., 64.7-
ha; treatment variable only), which is representative of the scale at which management occurs.
Avian abundance

| used generalised linear mixed models (GLMMs; PROC GLIMMIX; SAS 9.4, SAS
Institute Inc. 2012) to determine which vegetation and temporal variables to include in bird
abundance models. GLMMs allow the inclusion of random effects to control for repeated
measures (e.g., Venables and Ripley 2002; e.g., site, plot) and fixed effects that are of specific
interest in the study design (e.g., treatments; Bolker et al. 2008). They are also an appropriate
tool to model non-normal distributions (Littell et al. 2006, Bolker et al. 2008) such as count data
(Quinn and Keough 2002) and to simultaneously manage categorical data such as treatments and
continuous data such as distances of bird from noise source (Littell et al. 2006).

Preliminary analyses — | determined the appropriate distribution for each species
abundance by running generalised linear models (PROC GENMOD; SAS 9.4, SAS Institute Inc.
2012) and evaluating Q-Q plots and y2/df ratio to assess distribution fit. Accordingly, | used a
zero-inflated Poisson distribution to model Chestnut-collared Longspur (Calcarius ornatus)
abundance, a Poisson distribution for Sprague’s Pipit (Anthus spragueii), a negative binomial
distribution for Savannah Sparrow (Passerculus sandwichensis), and a binomial distribution for
Vesper Sparrow (Pooecetes gramineus) to assess probability of occurrence (i.e., presence or

absence) due to low abundance of the latter species.
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For each species, | ran a suite of models describing effects of temporal factors, and
vegetation cover, structure and composition on abundance (Table S4.2.1) to determine which
biologically important variables should be included in subsequent noise and infrastructure
models. | used AIC to compare fit of each model when including different random variables to
determine how much of the correlation in the data was due to repeated measures from within: (1)
the same site, (2) the same plot, (3) the same site and plot (e.g., site/plot(site)), and (4) compared
to models with no random variables. To avoid over-parameterisation, I first ran a suite of
vegetation cover models (Table S4.2.2). The vegetation cover models within 2 AIC units of the
best-fitting one were then included into the nuisance variables models (i.e., temporal, vegetation
structure and cover variables, Table S4.2.3; Arnold 2010). For example, vegetation cover models
within 2 AIC units of the best-fitting one for Chestnut-collared Longspur were: Cg+¢, Ce, and
Cw+e. Hence, for temporal-vegetation model 9 in Table S4.2.3 (i.e., horizontal vegetation
structure [H] + vegetation cover [C]), I ran H + Cg+¢, H + Ce, and H + Cw + . FOr each species,
this procedure was repeated for all temporal-vegetation models that included vegetation cover
(C;i.e., models 4,7,9, 10, 12, 13, 14, and 15 in Table S4.2.3). Afterwards, | compared fit of all
temporal-vegetation models (Ludlow et al. 2014; models within 2 AIC units of best-fit model
reported in Table S4.2.4 for each species). After | selected the temporal and vegetation variables
that improved model fit, | added these to my hypothesis testing model, which included included
treatment for the site-scale models, while local-scale models included distance from the playback

unit (or centre-point of control sites) and its interaction with treatment.
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Table S4.2.1 List of temporal, vegetation structure, and cover variables and models considered

in abundance analyses.

Models

Parameters

Temporal (T):
Horizontal vegetation structure (H):
Vertical vegetation structure (V):
Vegetation cover (C):

Grass (Cy):

Other (Co):

Animal waste (Cw):
Exotic (Ce):

Year

Julian date of survey

Density of live grass

Density of dead grass
Height

Litter depth

Percentage of bare ground
Percentage of live grass
Percentage of dead grass
Percentage of forbs
Percentage of lichen/moss
Percentage of shrubs
Percentage of waste
Percentage of exotic
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Table S4.2.2 Model suite of vegetation cover (C) variables considered for inclusion in

abundance analyses.

Models Parameters

1. Grass (Cy): Percentages of bare ground + live grass + dead grass
2. Other (Co): Percentages of forbs + lichen/moss + shrubs

3. Animal waste (Cw): Percentage of waste

4. Exotic cover (Ce): Percentage of exotic

5. Grass and other (Cg+o0): Percentages of bare ground + live grass + dead grass

6. Grass and animal waste (Cg +w):
7. Grass and exotic (Cg +e¢):

8. Other and animal waste (Co +w):

9. Other and exotic (Co +e¢):

10. Animal waste and exotic
(CW+ e):

11. Grass, other, and animal waste
(Cg +0+ W):

12. Grass, other, and exotic
(Cg +0+ e):

13. Grass, animal waste, and exotic
(Cg +w+ e):

14. Other, animal waste, and exotic
(Co +wW+ e):

15. Grass, other, animal waste, and

exotic (Cg +0+W+ e):

+ forbs + lichen/moss + shrubs

Percentages of bare ground + live grass + dead grass
+ waste

Percentages of bare ground + live grass + dead grass
+ exotic

Percentages of forbs + lichen/moss + shrubs + waste
Percentages of forbs + lichen/moss + shrubs + exotic
Percentages of animal waste + exotic

Percentages of bare ground + live grass + dead grass
+ forbs + lichen/moss + shrubs + waste

Percentages of bare ground + live grass + dead grass
+ forbs + lichen/moss + exotic

Percentages of bare ground + live grass + dead grass
+ waste + exotic

Percentages of forbs + lichen/moss + shrubs + waste
+ exotic

Percentages of bare ground + live grass + dead grass
+ forbs + lichen/moss + shrubs + waste + exotic
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Table S4.2.3 Model suite of temporal, vegetation structure and vegetation cover variables
considered for inclusion in abundance analyses.

Models Parameters
1. Temporal (T): Year + julian date of survey
2. Horizontal vegetation structure (H):  Densities of live grass + dead grass
3. Vertical vegetation structure (V): Height + litter depth
4. Vegetation cover (C): Best-fit cover model
5. Temporal and horizontal (T + H): Year + julian date of survey + densities of live grass
+ dead grass
6. Temporal and vertical (T + V): Year + julian date of survey + height + litter depth
7. Temporal and cover (T + C): Year + julian date of survey + best-fit cover model
8. Horizontal and vertical (H + V): Densities of live grass + dead grass + height + litter
depth
9. Horizontal and cover (H + C): Densities of live grass + dead grass + best-fit cover
model
10. Vertical and cover (V + C): Height + litter depth + best-fit cover model
11. Temporal, horizontal, and vertical ~ Year + julian date of survey + densities of live grass
(T+H+V): + dead grass + height + litter depth
12. Temporal, horizontal, and cover Year + julian date of survey + densities of live grass
(T+H+C): + dead grass + best-fit cover model
13. Temporal, vertical, and cover Year + julian date of survey + height + litter depth +
(T+V+C): best-fit cover model
14. Horizontal, vertical, and cover Densities of live grass + dead grass + height + litter
(H+V +C): depth + best-fit cover model
15. Temporal, horizontal, vertical, and  Year + julian date of survey + densities of live grass
cover (T+H+V +C): + dead grass + height + litter depth + best-fit cover
model
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Table S4.2.4 Vegetation and temporal variables included in abundance models in addition to
treatment, distance to infrastructure or the control centre, and their interaction (variables
referenced in Table S4.2.1).

Species Variables inlcuded Random effect AlC
Chestnut-collared Longspur H + Cg+e site 2484.28
H+ Ce site 2484.47
H+Cw+e site 2485.04
Savannah Sparrow T+ Ce site 5119.78
T+Cw+e site 5121.59
Sprague’s Pipit H+ Cqy site 3190.31
H+Cg+e site 3191.93
H+Cg+w site 3192.1
Vesper Sparrow T+ Cy site 969.44
T+Cq+w site 971.3

Nesting success

To assess effects of noise and infrastructure on nesting success of grassland songbirds, |
used the logistic-exposure method (Shaffer 2004). Assumptions of the logistic-exposure method
are that nest completions or failures are independent of each other and that daily survival rates
(DSR) among nest-days that have identical predictor variable values are homogenous (Shaffer
2004). A nest was considered successful when a minimum of one juvenile was thought to have
fledged the nest (Jones and Geupel 2007).

To facilitate interpretation of results, parameter estimates and their confidence intervals
(CI) were converted to odds ratios (i.e., inverse transformation of logit, Shaffer and Thompson
2007). If the odds ratio was > 1, then the odds of nesting success increased [odds ratio] times by
1 unit increase of the predictor variable. If the odds ratio was between 0 and 1, then as the
predictor variable increases by 1 unit, the odds of nesting success decreased by [(1-odds ratio) x

100].
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Preliminary analyses — | ran preliminary logistic-exposure models (PROC NLMIXED;
SAS Institute, Inc. 2012) to determine which combination of variables (i.e., percent noise
exposure during nesting period, nest stage, temporal factors including estimated nest initiation
date and year, and vegetation structure and cover; Table S4.2.5) should be included in the
treatment models (or hypothesis testing models). The temporal models included linear and
quadratic effects of nest age and Julian date of nest initiation, and linear effects of year
(Dinsmore et al. 2002, Ludlow et al. 2014). Due to the negligible presence of exotic vegetation at
nests, vegetation models focused on vegetation structure and cover (Table S4.2.6; e.g., Davis and
Duncan 1999, Madden et al. 2000, Ranellucci et al. 2012). | compared best-fit temporal,
vegetation, and combined temporal-vegetation models (Ludlow et al. 2014) for each species
(Table S4.2.7). Temporal variables did not improve model fit, so | only included vegetation
variables in the final models. To control for repeated measures from the same nest and site, |
compared preliminary models that included nest and site as random effects to models with no
random variable. Using AIC, I determined that including either random effect did not improve
fit, and thus used nesting success models without random effects. Once | selected the necessary
vegetation variables, | added the selected terms to my hypothesis testing model, which included
included treatment for the site-scale models, while local-scale models included distance from the

playback unit (or centre-point of control sites) and its interaction with treatment.
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Table S4.2.5 List of temporal and vegetation variable models considered in nest survival

analyses.
Models Parameters
Temporal: Year
Where nest stage: Nest stage
0 = nest only Nest stagez
1=egos Julian date of nest initiation
2 =young nestlings < 6 days old ) e .
3 = older nestlings > 6 days old Julian date of nest initiation?
Vegetation: Average density
Height
Litter depth

Percent cover

Table S4.2.6 Vegetation variable combinations compared for nesting success analyses.
Models

. Average density

. Height

. Litter depth

. Percent cover

. Average density + height

. Average density + litter depth

. Average density + percent cover

. Height + litter depth

. Height + percent cover

10. Litter depth + percent cover

11. Average density + height + litter depth

12. Average density + height + percent cover

13. Average density + litter depth + percent cover

14. Height + litter depth + percent cover

15. Average density + height + litter depth + percent cover

O© 00O NO O~ WN B
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Table S4.2.7 Vegetation models within 2 AIC of best-fitting model (bold) for nest survival

analyses of four focal species.

Species Variables AlC
Chestnut-collared Longspur ~ Average density 332.6
Average density + litter depth 333.3
Litter depth 334.4
Average density + height 334.5
Average density + percent cover 334.5
Savannah Sparrow Height 1292.3
Average density + height 1293
Average density 1293.5
Height + litter depth 1293.6
Average density + height + litter depth 1293.7
Height + percent cover 1293.8
Sprague’s Pipit Height 116
Percent cover 117.7
Height + litter depth 117.8
Average density + height 117.9
Height + percent cover 117.9
Vesper Sparrow Litter depth + percent cover 136.8
Litter depth 137.6
Height + litter depth + percent cover 138.6
Average density + litter depth + percent cover 138.7
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Nestling body condition and clutch size

Body condition index — Scaled mass index (SMI), which scales body mass by a linear
morphometric measurement, such as tarsus length, has been shown to be more predictive of
energy reserves and more representative of relative size of individuals compared to ordinary least
square residuals, or simply using size or weight alone (Peig and Green 2009, 2010). SMI was

calculated for each individual as follows:

L ]bSMA

SMI, = M, [L—O
l

where, for each species, Mi; is the body mass of individual; nestling, L; is individual; body length
measure (i.e., tarsus length), Lo is the arithmetic mean of tarsus length (Savannah Sparrow: Lo =
14.32 mm, n = 650; Chestnut-collared Longspur: Lo = 14.11 mm, n = 219), and bswma is the slope
estimate (b) of a standardized major axis (SMA) regression of log-body mass on log-tarsus length
(Savannah Sparrow: bsma = 1.592; Chestnut-collard Longspur: bsma = 1.644).

| used generalised linear mixed models (GLMMs) in SAS 9.4 (PROC GLIMMIX; SAS
Institute, Inc. 2012) to assess effects of noise and infrastructure on nestling body condition. For
all models, distributions of residuals did not differ from normality (Gaussian distribution and
identity link function in SAS 9.4). Fixed effects included in models were treatment, and age of
nestlings when measured and year, as preliminary models suggested significant effects of year
and age on body condition. I included nest as a random variable to control for the lack of
independence among nestling measurements within nests. Site-scale models included treatment,
while local-scale models included log-transformed distance from the playback unit (or centre-

point of control sites) and its interaction with treatment.
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Clutch size — | used GLMMs to model effects of noise on clutch size at both the site and
local scale. Both models included treatment as a fixed effect, and age and date to control for
temporal variation in clutch size throughout the breeding season. Site was included as a random
variable to account for repeated sampling from same sites over multiple years. Site-scale models
included treatment, while local-scale models included log-transformed distance from the

playback unit (or centre-point of control sites) and its interaction with treatment.

RESULTS

Avian abundance

| found significant effects of noise and infrastructure on relative abundance at both the local
(Table S4.2.8; Fig. S4.2.2) and site (Table S4.2.9) scales for Savannah Sparrow and Vesper
Sparrow, but only found found local-scale effects for Chestnut-collared Longspur and Sprague’s

Pipit. Additional details are in the main text of the paper (see Fig. 4.3).
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Table S4.2.8 Parameter estimates (j3), standard error (SE), and P-values for local-scale
significant effects of playback treatment and distance to unit/centre on relative abundance (P <
0.1) of (a) Chestnut-collared Longspur, (b) Savannah Sparrow, (¢) Sprague’s Pipit, and (d)
Vesper Sparrow from 2013 to 2015, in Brooks, Alberta, Canada. Only significant effects are
shown, relative to infrastructure-only and control treatments as reference categories (see Fig.
4.3).

Reference category  Effects B SE P-value

(a) Chestnut-collared Longspur

Infrastructure-only Intercept 2.0705 0.5548 0.0012
Drilling -1.3298 0.5665 0.0194
Power-grid -1.2852 0.6355 0.0438
Drilling x distance 0.00571  0.001969 0.004
Power-grid x distance 0.003927  0.002148 0.0683

Control Intercept 1.6056 0.4855 0.0034
Drilling -0.8981 0.5035 0.0753
Drilling x distance 0.004288 0.001707 0.0124

(b) Savannah Sparrow

Infrastructure-only Intercept -3.1171 0.3306 < 0.0001
Drilling -0.3372 0.173 0.0514

Control Intercept -3.0061 0.2999 < 0.0001
Drilling -0.4537 0.1457 0.0019
Distance -0.00051  0.000292 0.0817

(c) Sprague’s Pipit

Infrastructure-only Intercept -1.1859 0.3014 0.0006
Control 0.741 0.2855 0.0095
Distance 0.001511  0.000832 0.0695
Control x distance -0.00193  0.000937 0.04

Control Intercept -0.445 0.2185 0.052
Drilling -1.235 0.2592 < 0.0001
Power-grid -0.6474 0.2708 0.017
Infrastructure-only -0.7406 0.2854 0.0096
Drilling x distance 0.002662  0.000802 0.0009
Power-grid x distance 0.00157  0.000889 0.0775
Infrastructure-only x distance  0.001917  0.000936 0.0408

(d) Vesper Sparrow

Infrastructure-only Intercept 1.1047 1.5027 0.4669
Control -2.1667 0.9225 0.019
Drilling x distance 0.004898  0.002493 0.0496
Control x distance 0.005611  0.002778 0.0436

Control Intercept -1.0899 1.4282 0.4502
Drilling 1.8262 0.8477 0.0314
Infrastructure-only 2.2108 0.9233 0.0168

Infrastructure-only x distance -0.00571  0.002781 0.0402
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Figure S4.2.2 Local-scale effects of treatments on relative abundance of four grassland songbird
species: (a) Chestnut-collared Longspur, (b) Savannah Sparrow, (c) Sprague’s Pipit, and (d)
Vesper Sparrow. 90% confidence intervals are shown (see Fig. 4.3). Here, “silent” treatment
refers to infrastructure-only treatment.
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Table S4.2.9 Parameter estimates (j3), standard error (SE), and P-values for site-scale significant
effects of playback treatment and distance to unit/centre on relative abundance (P < 0.1) of (a)
Chestnut-collared Longspur, (b) Savannah Sparrow, (c) Sprague’s Pipit, and (d) Vesper Sparrow
from 2013 to 2015, in Brooks, Alberta, Canada. Only significant effects are shown, relative to
infrastructure-only and control treatments as reference categories. If there were no significant
effects, the lowest P-value is indicated.

Reference category Effects B SE P-value

(a) Chestnut-collared Longspur

Infrastructure-only Intercept 0.3803 0.2061 0.0792
All treatments >0.4374

Control Intercept 0.3552 0.1837 0.0668
All treatments -0.8981 0.5035 >0.4531

(b) Savannah Sparrow

Infrastructure-only Intercept -1.24 0.3306 0.0002
Drilling -0.2374 0.079 0.0027

Control Intercept -1.2659 0.2758 < 0.0001
Drilling -0.2117 0.0795 0.0079

(c) Sprague’s Pipit

Infrastructure-only Intercept 0.1601 0.1728 0.3626
All treatments >0.5164

Control Intercept -0.445 0.2185 0.052
All treatments >0.3575

(d) Vesper Sparrow

Infrastructure-only Intercept 0.4976 1.1575 0.6802
Control -1.0956 0.2922 0.0002

Control Intercept -0.598 1.128 0.6124
Drilling 1.5543 0.2627 <0.0001
Generator 1.0193 0.29 0.0005
Power-grid 1.2262 0.2898 <0.0001
Infrastructure-only 1.0956 0.2922 0.0002

Nesting success

| found no significant effects of distance or its interaction with treatment on nesting
success of Chestnut-collared Longspur (P > 0.12) or Savannah Sparrow (P > 0.24). Local-scale
models that included distance to infrastructure did not converge for Sprague’s Pipits or Vesper

Sparrows, for which I had fewer nests. | found site-scale effects of noise on nesting success of
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Savannah Sparrow and Sprague’s Pipit, and effects of playback infrastructure on nesting success

of Sprague’s Pipit and Vesper Sparrow (Table S4.2.10). Additional results are in the main text

(see Fig. 4.4).

Table S4.2.10 Parameter estimates (B), standard error (SE), and P-values for site-scale
significant effects of playback treatment and distance to unit/centre on relative abundance (P <
0.1) of (a) Chestnut-collared Longspur, (b) Savannah Sparrow, (¢) Sprague’s Pipit, and (d)
Vesper Sparrow from 2013 to 2015, in Brooks, Alberta, Canada. Only significant effects are
shown, relative to infrastructure-only and control treatments as reference categories (see Fig.

4.4).

Reference category Effects B SE P-value

(a) Chestnut-collared Longspur

Infrastructure-only Intercept 3.5289 0.4641 < 0.0001

Control Intercept 3.6208 0.4421 < 0.0001

(b) Savannah Sparrow

Infrastructure-only Intercept 3.8824 0.2967 < 0.0001
Drilling -0.5822 0.2162 0.0071

Control Intercept 3.6715 0.2967 < 0.0001
Drilling -0.3712 0.2162 0.0861

(c) Sprague’s Pipit

Infrastructure-only Intercept 7.2879 0.9704 < 0.0001
Drilling -2.0139 0.4598 <0.0001
Control -1.4395 0.7088 0.0435

Control Intercept 4.9301 0.9704 < 0.0001
Generator -1.8307 0.8477 0.0319
Power-grid 1.705 0.8914 0.0571

(d) Vesper Sparrow

Infrastructure-only Intercept -4.6844 2.8086 0.0965
Drilling 1.9802 0.8794 0. 0252
Generator 3.0796 1.5861 0.0532
Control 2.2795 1.0747 0.0348

Control Intercept -2.4048 2.8733 0.4034
Infrastructure-only -2.2795 1.0747 0.0348
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Nestling body condition and clutch size

Savannah Sparrows produced larger nestlings in treatment types in which they had higher
abundances, while reproductive output of Chestnut-collared Longspurs was lower at sites they
selected for breeding. Further results for nestling body condition and clutch size are in the main
text.

Nestling body mass and tarsus length were positively correlated in Savannah Sparrow (R

=0.672, P <0.001) and Chestnut-collared Longspur (R =0.785, P < 0.001; Fig. S4.2.3).

(a) Savannah Sparrow (b) Chestnut-collared Longspur

Tarsus length (mm)
Tarsus length (mm)

Figure S4.2.3 Regression of body mass by tarsus length of Savannah Sparrow (Passerculus

sandwichensis; n = 650; R = 0.672; P < 0.001; a) and Chestnut-collared Longspur (Calcarius
ornatus; n = 219; R = 0.785; P < 0.001; b) nestlings measured during three breeding seasons
from 2013 to 2015 in Brooks, Alberta, Canada.
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