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Abstract
Organisms encounter noise naturally in the environment.  However, increasing prevalence of human-caused noise seems to be resulting in behavioural changes in many animals that can affect survival and reproduction.  Not all species react the same way to noise; some adjust their vocal signals while others do not.  We hypothesized that species with more variability in their vocal signals would be better able to adjust their signals to be audible over anthropogenic noise.  We tested this within a large-scale manipulative experiment by recording songs of two grassland songbirds, Baird’s sparrow (Ammodramus bairdii) and Savannah sparrow (Passerculus sandwichensis), both of which are found in areas increasingly affected by energy extraction noise.  We compared these species because Savannah sparrows have more variability in their songs geographically and temporally compared to Baird’s sparrows.  We recorded both species’ songs before, during, and after high-fidelity playbacks of oil well drilling noise.  Surprisingly, both species changed parts of their songs in the presence of noise (Baird’s sparrow usually decreasing frequency and Savannah sparrow increasing frequency) and these changes were not related to seasonal, song, or syllable variability.  We suggest instead that acoustically heterogeneous environments may favor the evolution of species that are capable of adjusting their songs in response to variable ambient noise.
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Introduction
[bookmark: ZOTERO_BREF_h8rQbRY6goV4][bookmark: ZOTERO_BREF_NEviA17YyKMR]Organisms encounter noise and acoustic interference in their natural habitat, whether from other organisms, atmospheric conditions (Snell-Rood 2012), or landscape features (Gough et al. 2014) and structure (Morton 1975; Wiley & Richards 1978; Ey & Fischer 2009). Indeed, varying levels of background noise can cause divergence in song structure among populations (Slabbekoorn & Smith 2002; Kirschel et al. 2009; Ripmeester et al. 2010). However, anthropogenic noises are increasingly prevalent in terrestrial and aquatic habitats due to traffic (Parris & Schneider 2009), urban noises (Luther & Derryberry 2012), ships (Slabbekoorn et al. 2010), energy extraction (Bayne et al. 2008), and many other sources. Anthropogenic noise can affect natural systems at multiple levels, from altering signal learning (Peters et al. 2012) and behaviour (Nowicki et al. 2002; Halfwerk & Slabbekoorn 2009; Lynch et al. 2015) of individuals to community-level changes in species interactions (Francis et al. 2012) and community composition (Francis, Ortega, et al. 2011a). 
[bookmark: ZOTERO_BREF_1TUGgonCwvx6]Not all species react the same way to noise: sensitivity to noise in birds varies with diet and vocal frequency (Parris & McCarthy 2013; Francis 2015).  Closely related species may have completely different responses to noise (Francis, Ortega, et al. 2011b). Species with more variable or plastic songs may be able to adjust their songs more readily (Tumer & Brainard 2007; Slabbekoorn & Ripmeester 2008), either due to individual plasticity (Garcia et al. 2009; Verzijden et al. 2010; Bermudez-Cuamatzin et al. 2011) or by cultural evolution, whereby songs or song elements used in the population change as each generation learns (Catchpole & Slater 2008). For example, birds with many song types in their repertoires may use particular songs that are more easily heard over background noise (Halfwerk & Slabbekoorn 2009) or in their acoustic environment (Derryberry 2007). Either change (individual plasticity or differential use of songs in repertoires) could lead to longer term cultural shifts if certain songs or frequency ranges are more perceptible in noisy environments (Pohl et al. 2009). 
Habitat fragmentation and degradation from energy extraction, including negative effects of anthropogenic noise (Bayne et al. 2008), are now significant threats to grassland birds (Askins et al. 2007; Van Wilgenburg et al. 2013). Noise associated with energy extraction can cause avoidance of noisy areas and behavioural changes in birds ranging from grouse to passerines (Habib et al. 2006; Francis, Paritsis, et al. 2011; Blickley et al. 2012), and can change community structure (Francis et al. 2012).  Nonetheless, few studies have documented effects of noise from energy infrastructure on grassland songbirds, particularly declining grassland specialists, such as Baird's sparrow, a species of Special Concern in Canada (Green et al. 2002; COSEWIC 2012). In contrast, Savannah sparrow is widely distributed and abundant, although its population trends vary by region and management practice (Wheelwright & Rising 2008). For example, where both species occur in the central Breeding Bird Survey region (between the Mississippi River and the Rocky Mountains), between 1966 and 2013 Savannah sparrows have increased by 0.42% per year whereas Baird’s sparrows (which occur only in this region) have declined by 2.93% per year (Sauer et al. 2014).  Baird’s sparrow nesting success appears to be more sensitive to the presence of energy infrastructure than Savannah sparrow nesting success (Ludlow et al. 2015), but how noise contributes to their differing sensitivity is unknown. We hypothesized that Baird’s sparrow populations might be more sensitive to anthropogenic development than Savannah sparrows because they are unable to adapt acoustically to an anthropogenically noisy environment.
Baird’s and Savannah sparrows both sing high-frequency songs, with only one song type learned by each male (Green 1992; Bradley 1994; Burnell 1998; Wheelwright et al. 2008). Baird’s sparrow songs are almost invariant; in recordings of 309 individuals from 1959-1991, only 13 main song types were found across the range, along with half a dozen unique variants recorded from only one individual each (Green 1992). In contrast, among Savannah sparrow selects song elements from multiple tutors during learning that are then combined to create their own song (Wheelwright et al. 2008). This has resulted in some Savannah sparrow populations changing in common song elements over time despite a shared overall structure (Bradley 1994; Williams et al. 2013).  To our knowledge, no previous studies have examined the relationship between the number of song types observed and a species’ overall song plasticity. However, a species with multiple song types or less stereotyped song types is defined to have more variability within its vocal repertoire than a species with fewer or more stereotyped song types (Byers 1995).  Birds can use variability within songs to modify acoustic signals in the presence of acoustic disruptions (Tumer & Brainard 2007).  Thus, our focal species’ differing learning patterns suggest both significantly more potential for song plasticity in Savannah (potentially hundreds or thousands of unique song types) compared with Baird’s sparrows (13 song types) and that such plasticity might lead to a better ability to adjust song in the presence of acoustic disruptions. As understanding behavior is critical to help mitigate effects of energy extraction (Northrup & Wittemyer 2013), comparing the effects of energy extraction on acoustic behaviour of species that differ in potential song plasticity within this region may help us understand the mechanisms underlying these effects.
Untangling the effects of noise from the presence of infrastructure itself can be difficult (Lackey et al. 2012), and is important because changes in population structure and behaviour associated with industrial activity also could be due to the structure itself, habitat alteration, or human activity. One approach is to simulate infrastructure noise pollution by broadcasting noise in an otherwise undisturbed landscape (McClure et al. 2013; Shannon et al. 2014; Rosa et al. 2015; Ware et al. 2015). Such experimental tests can identify responses to noise independently from correlated effects such as avoidance of inappropriate habitat (Habib et al. 2006; Ludlow et al. 2015) that co-occur with anthropogenic infrastructure. In the case of migratory birds, we can set up noise playback systems before or after a migratory study species returns to breed in an area (Rosa et al. 2015). This is important when evaluating effects of noise per se, because birds that have settled into territories near infrastructure may be different from birds that have settled in undisturbed landscapes (Halfwerk & Slabbekoorn 2009). Adding anthropogenic noise after the birds arrive thus allows us to examine behaviour from a sample of the whole population, and not just the reactions of individuals that chose to settle in a noisy area.
Our objective was to determine if song and syllable-level variability corresponded to which parts of the song change when birds are exposed to anthropogenic noise and whether this differs by species. Our high-fidelity playbacks of oil well drilling noise began after birds had settled on the sites, allowing us to sample the full range of responses to noise without the confounding effects of birds selecting sites based on the disturbance itself (e.g., Habib et al. 2006). We used recordings of oil well drilling noise because it is particularly loud and is known to produce strong avoidance in wildlife (Blickley et al. 2012; Jakes 2015), perhaps because it influences communication. We first compared song and syllable variability between the two species, and predicted that Baird’s sparrows, which have substantially fewer song types across their range than Savannah sparrows, would have less variability in song parameters. Second, we tested whether functional units of songs for each species changed in response to high-fidelity playbacks of oil well drilling noise. At the population level, we predicted that the species with more existing song variability would be more likely to change whole song and syllable characteristics due to the greater underlying plasticity of their vocal repertoire. Understanding how behavioural plasticity relates to song adjustments in noise will help us determine a priori which species and habitats may be more sensitive to noise pollution to implement cost-effective mitigation of anthropogenic noise pollution.
Methods
Ethics compliance statement
This study was approved under the University of Manitoba Council on Animal Care (F12-010/1), Alberta Environment and Sustainable Resource Development (Research Permit #55492 Collection Licence #55491), and Canadian Fish and Wildlife Service (permit 11-MB/SK/AB-SC007).
Study site
The study was conducted southeast of Brooks, Alberta (49° 0' 0.004" to 50° 53' 56.475" N; 110° 0' 2.757" W to 112° 28' 44.473" W). Oil and gas extraction is prevalent in the region (Alberta Government 2012) with well pad densities averaging 1.3 oil wells/km2 and 8.0 gas wells/km2 (J.N. Daniel, unpublished data).  We surveyed birds at three grazed, mixed-grass prairie sites, typical vegetation including native forbs and grasses (Hesperostipa comata, Koeleria macrantha, Pascopyrum smithii) and scattered shrubs (Artemisia cana). From May-July, the study region receives an average of 41.0-64.5 mm of rain with average daily temperatures of 11.3-18.3 °C; daily winds range from still to exceeding 30 km/hr (Environment Canada 2015).  The sites were free of external noise pollution, centred at least 800 m from adjacent oil extraction activities.
Experimental design: playback
Each of the three sites contained a high-fidelity broadcast system; elsewhere we demonstrate that the quality, amplitude, and attenuation of sound from these playback systems closely matches sound emitted from real energy infrastructure (Rosa et al. 2015).  Each broadcast system played noise from one of three different active drilling rigs, which had been recorded in the surrounding regions in September-October 2013 using 3 Zoom H4N handheld recorders (Zoom, Tokyo, Japan; 48-kHz sample rate, 24-bit Waveform Audio File Format [WAV] ﬁles) each recording for 65 mins from 3 different key locations on the drilling rig. We recorded the 3 stages of operation of the 3 different drilling rigs (i.e. drilling, laying casing and waiting on cement). We edited out non-relevant background noise using Cubase LE AI Elements 6 software (Steinberg Media, Technologies, Hamburg, Germany), and loaded the amplified WAV files onto 8GB iPod Nanos (Apple Inc., Cupertino, CA).  These rigs emitted typical sound from drilling operations in the area in terms of sound amplitude, frequency, and duration of operations. Drilling noise is a broadband sound, consisting of a wide frequency range from 0 Hz to 21 kHz, with more energy in the lower frequencies (Figure 1).  The noise playback was broadcast at an average of 88 dB(C) at 10 m (C-weighted time-average sound pressure level for broadband sound; LCeq).  Playback units were powered by 5 150-W (8.7-A) solar panels (SunForce Products, Montreal, Quebec, Canada) charging 4 deep-cycle golf cart batteries providing power to 2 Mackie SRM350v2 loudspeakers (LOUD Technologies, Woodinville, Washington, USA) and an iPod. The electrical components were protected in a raised wooden box with two screened openings beside the solar panels.  The entirety of the set-up was surrounded by a metal technical fence (Boomers Services, Brooks, Alberta, Canada) measuring 7.3 m (l) x 4.9 m (w) x 1 m (h) to prevent access by cattle.  See Rosa et al. (2015) for a detailed description of the broadcast system.
We confirmed fidelity for the broadcasts in the current study using a Brüel & Kjær, 2250 SPL meter-frequency analyzer (Brüel & Kjær, Denmark) along transects radiating away from the playback structure to ensure the noise amplitude reflected the transect SPLs previously measured at actual drilling rigs (Rosa et al. 2015).  Sound pressure levels at sites broadcasting drilling noise were significantly higher compared to sites without noise-producing infrastructure (Satterthewaite estimate with unequal variances, df=877.7, t=49.68, p<0.001). Each site had playback infrastructure present from May-August 2014, with a playback period lasting 10 days (a typical drilling period in this region) (Site 1: 11:06am June 3 to 11:06am June 13; Site 2: 5:24pm May 31 to 5:24pm June 10; Site 3: 10:47am June 7 to 10:47am June 17). During broadcasting periods, sound was broadcast nonstop and we monitored system functions and performance approximately every 2 – 5 days (mean interval length = 3.1 days, SD = 1.7) to ensure continuous broadcasting.  We recorded songs before, during, and after these noise playbacks.
Study species
Baird's sparrows sing only one song type per individual and approximately 13 song types are known across the range, with no known regional or historical variation (Green 1992; Green et al. 2002). Green et al. (2002) described slight variations in the number of repeated syllables, in the type of trill, and in the presence or absence of a final syllable within a song type. Baird’s sparrow songs typically include one or two parts (depending on the song type): introductory notes; and a “trill”, which can be divided into an initial longer syllable (Borror 1961) followed by the main trill.  Sometimes a third part, a few final notes, is added onto a song type. Trills can be alternating or single frequency and do not occur in all song types (Green et al. 2002).
Savannah Sparrows also sing one song type per individual (Bradley 1994; Burnell 1998), but there is extensive regional (Bradley 1977; Pitocchelli 1981; Sung & Handford 2006) and historical (Bradley 1994; Williams et al. 2013) variation in song types.  The song typically includes four parts: introductory notes; middle complex syllables; a buzz; and final syllables (sometimes a trill) (Burnell 1998; Williams et al. 2013).  An individual may vary the number of repeats within a song type (this study) and there is also minor seasonal variation in frequency (Chew 1981).  Syllables incorporated into these parts are learned by a given male from multiple tutors, so a Savannah Sparrow creates its song from many syllable combinations (Wheelwright et al. 2008) within the species’ “grammar” (Chew 1981).  This is unlike Baird’s sparrows, where an individual generally learns one of the 13 song types, and potentially selects from an even smaller subset depending on to which of the song types they have been exposed.
Song recording and measurements
Before, during, and after playbacks of drilling noise, we recorded vocalizations of free-living, unbanded Baird’s sparrows and Savannah sparrows from 17 May-04 July 2014 (a 48 day span) at the three study sites.  We sampled singing males within a ca. 400-m radius of the site centre points where the playback equipment was located.  We analysed 1-4 songs (median 3, mean 2.83) for each Savannah sparrow and 1-5 songs (median 3, mean 2.97) for each Baird’s sparrow per individual within each treatment period.  Vocalizations were recorded as uncompressed audio (WAV files at 48 kHz sampling rate, 16-bit resolution) using Zoom H4N Digital Recorders with built-in stereo microphones angled at 90° at maximal recording volume.
We systematically searched for males in a non-overlapping pattern through the site so as to avoid sampling the same territory twice within treatment periods, assuming that individual males would not alter their territory within one visit. On subsequent visits at each treatment (before, during, and after noise) we sampled each site again, and thus assumed that we sampled some of the same individuals repeatedly among treatment periods. To control for repeated sampling of the same sites, and for analysis of multiple songs from each individual, we used individual nested within site as random variables in all syllable-level analyses (see models in the following section).  With one exception, we did not visit the same area of the site on subsequent days, to avoid sampling the same individual within a treatment and site.  One site was visited twice within the same treatment, but in that case we were conservative and excluded individuals that could not be distinguished by differing song types.
To record songs, we pointed the microphone directly at singing males at the closest approach distance possible for the individual (this ranged from 16-45 m for Savannah sparrows and 19-56 m for Baird’s sparrows). After recording, we calculated distance from bird to observer and distance from bird to infrastructure using GPS units. We recorded approximately 30 seconds of ambient noise immediately after the song recordings by pointing the directional microphones straight up at the male’s perch location. This allowed us to capture the noise conditions under which the song was generated. Temperature gradients and wind can change sound transmission (Morton 1975; Wiley & Richards 1978) and create feedback noise, so we only recorded during standardized conditions (wind speed ≤15 km/hr before 13:00).
To measure sound parameters for song and syllables, we used Raven Pro 1.5 Beta (Bioacoustics Research Program 2014), with settings standardized across recordings (Hann window size=512 samples, frequency grid DFT size=512 samples, grid spacing=93.8 Hz, time grid 50% overlap with 256 sample hop size).  We used Raven Pro Beta 1.5’s “Paste Selection (Border) Mode” with “shrink by decibel level threshold” feature to select regions with boundaries 24 dB below peak frequency, allowing selections to be consistent between files, species, and levels of background noise (Podos 1997). A few individuals had high background noise but distinct signals, and in those cases we selected the -24 dB threshold manually.  We used the first 1-5 (median= 3) songs where no other notable sounds overlapped with the focal sound. Therefore some songs are sequential, while others may be several minutes apart.  As the recordings were recorded in stereo, we chose songs from the channel with the highest peak amplitude.  For each selection, we extracted four frequency parameters, one temporal parameter, entropy, and one amplitude parameter (Charif et al. 2010): 5% low frequency (Hz), 95% high frequency (Hz), 90% frequency bandwidth (Hz, the range between the 5 and 95% frequencies), peak frequency (Hz, the frequency at which maximum power occurs), duration (seconds), aggregate entropy (measures the sound’s disorder using the energy distribution in the selection from the spectrogram), and average power (decibels) from the selection spectrum. 
We corrected average power for both for background sound levels (following Bradbury & Vehrencamp 1998) and for distance from bird to observer (following Brumm 2004).  The original amplitude measurement in Raven Pro is unitless and was corrected by 8.8, empirically determined to bring the value to the actual amplitude for our recording devices, measured using a Brüel & Kjær frequency analyzer.  Background-corrected amplitude and then actual amplitude were calculated as follows.  
Background-corrected Amplitude=10*log10 (10((Original Raven Song Measurement-8.8)/10)-10((Raven Background Measurement-8.8)/10))
Actual Amplitude=20*log10 (Distance of Observer to Bird)+mean(Background-corrected Amplitude)
To measure background sound levels for the average power correction, we selected a region of the spectrogram that was the same duration and frequency range as the adjacent song just after or before the song with typical background noises (no sounds that did not occur during the song measurements, such as another bird singing).  
To measure environmental ambient noise, we selected 30 seconds at 0-24 kHz (the frequencies recorded by our devices) out of the ambient noise recording taken at the bird’s perch location, resulting in one ambient noise measurement per individual from the spectrogram.  A few recordings had <30 seconds of ambient noise available, and in those cases we used 20 seconds.
Both species’ songs were measured as whole songs and as syllables. For Savannah sparrows, nine syllables were found at our study sites (Figure 2). Syllables were based on previous work in this species (Burnell 1998; Williams et al. 2013) with three new syllables (M.H. Warrington et al., in review). Because Baird’s sparrows were previously only classified by song types and sections, we created syllable classifications based on syllable shape (ascending, descending, flat, and repetition of notes within the syllables) within trill or introduction and final sections (Green 1992). We then combined syllables that were often mistaken for one another during classification by two independent observers, resulting in a total of nine syllable types that distinguish the song types (Figure 3). Both species had variable numbers of syllable repeats within individuals. To distinguish song types, we lumped repeated syllables or repeats of syllable clusters (memes) (Burnell 1998) to create a unique ordering of syllables. This resulted in song types that are distinguishable by syllable sequence for both species; the syllable-sequence-based song types for Baird’s sparrow mapped to the previous classifications (Green 1992; Green et al. 2002). 
Analysis and Statistics
Ambient noise
We evaluated whether our recorded ambient noise at the male’s singing perch was related to predicted noise values during noise playback. This tested whether our handheld recorders accurately measured ambient noise from the treatment.  We used linear mixed models in the packages ‘lme4’ (Bates et al. 2011) and ‘lmerTest’ (Kuznetsova et al. 2015) in R 3.2.1 (R Core Team 2015).
Ambient noise = predictednoise + wind + (1|Site)
The predicted values were calculated using the amplitude of the playback, distance to playback, and weather (relative humidity, station barometric pressure, and temperature) (International Standards Organization 1993; International Standards Organization 1996) for 21 birds during playback only.  We used birds during playback because before and after playback there was no point source of noise from which to predict sound degradation and thus noise. Weather variables were included because they are required by the ISO standard calculations for degradation of sound.  Relative humidity, station barometric pressure, and temperature values were recorded in the field at the singing male’s location, at approximately 1.5 m above the ground, immediately after song recording, using handheld Kestrel Pocket Weather Meters (models 2000, 3500, and 4500; Kestrelmeters.com, Birmingham, MI).
Population song and syllable variability
We compared whether song features were more variable for Savannah sparrows than in Baird’s sparrows. First, we counted the number of song types per species. Although we expect the number of Savannah sparrow song types to be more than the number of Baird’s sparrow song types based on previous literature, we wanted to confirm whether this difference existed at the local scale of our three sites. Next, we checked for equality of variance for each species during quiet treatments (before and after playback) using a robust (median) Levene’s test for equality of variances (Fox et al. 2012; Sokal & Rohlf 2012).  We tested during quiet treatments only in both this and the following test because we were interested in whether natural variability (both between species and intra-individual) resulted in differential responses to noise.  We also calculated coefficient of variation (with small sample size correction; Sokal & Rohlf 2012) for each song and syllable parameter during quiet treatments (before and after playback).  We compared coefficient of variation between species with a Wilcoxon rank sum test.
Responses to noise
We used linear mixed models in the packages ‘lme4’ (Bates et al. 2011) and ‘lmerTest’ (Kuznetsova et al. 2015) in R 3.2.1 (R Core Team 2015) to evaluate effects of ambient noise and date on song parameters.
Song parameter = ambientnoise + relativedate + (1|site/individual)
Before, during, and after noise playback treatments were correlated with date, so treatments were not completely distinguishable from seasonal effects. Seasonal change in song is known in Savannah sparrows (Chew 1981) and from other species (Lampe & Espmark 1987; Smith, Brenowitz, Wingfield, et al. 1997), and appears to be a result of changes in photoperiod and hormones (Smith, Brenowitz, & Wingfield 1997). Hence, we used ambient noise as a proxy for treatment, and we accounted for seasonality using the count of days since the first recording date of the season (“relative date”) as a covariate to account for seasonal changes in song features over the 48-day span of recordings. 
A second model was run during noise playback only, using data from a shorter 14-day time span (between 02 June and 16 June 2014) to eliminate effects of seasonality. 
Song parameter = ambientnoise + (1|site/individual)
Because we ran a large number of models, we also report effect sizes for each model to ensure that results have biological significance and are not simply due to chance.  We used the R package ‘MuMIn’ (Bartoń 2009) for estimating marginal and conditional R2 for each model.  Marginal R2 indicates how much variance is due to fixed effects, while conditional R2 includes both fixed and random effects.
Finally, to allow us to see if one species changed more elements of its songs compared to the other, we tallied the number of significant adjustments to noise from the two models by species.  We then used a χ2 test to determine whether adjustments in response to noise (from either model) were more common than expected by chance in song and syllable parameters in either species.  Each mixed model was run on a single species, as the two species contain no common syllables, so this test allowed us to see if one species changed more elements of its songs compared to the other.  
Response to noise
We evaluated whether more variable song parameters were more likely to be changed in response to noise, at two scales. For population-level song variation, we tested whether the probability of a parameter being altered in response to noise was related to having higher variance in that parameter, for both species, using a χ2 test.  For syllable variation, we used a Wilcoxon rank-sum test to compare whether the coefficient of variation was higher in parameters that changed with noise. 
Finally, to determine if adjustments in response to noise were more common than expected by chance in song and syllable parameters that had seasonal changes, we used a χ2 test.
Results
Ambient noise
The ambient noise recorded at perch sites (n=21) during noise playback showed a significant positive relationship with ISO-predicted noise (Figure 4; β=0.77±0.19, p<0.001) and wind (β=1.93±0.54, p=0.002).
Population song and syllable variability
Baird’s sparrows at our three study sites sang 11 song types (n=29; nbefore=8, nduring=13, nafter=8).  All but one matched the Green (1992) song types; the remaining song type was found in only one individual and was unique to our study. Savannah sparrows at our three study sites sang 16 song types (n=29; nbefore=13, nduring=8, nafter=8), not significantly more than song types of Baird’s sparrows (χ2=0.93, df=1, p=0.34). When we compared syllable sequences (including repeats), Baird’s sparrows had marginally higher numbers of sequences compared to Savannah sparrows (54 vs. 38; χ2=2.78, df=1, p=0.095), suggesting Baird’s sparrows varied the number of syllable repeats within a song type more often than Savannah sparrows.
All whole-song parameters except aggregate entropy (F1,109=1.18, p=0.28) showed inequality of variance between the two species (Figure 5). Baird’s sparrow had higher variance for 95% high frequency (F1,109=44.44, p<0.001), 90% frequency bandwidth (F1,109=4.15, p=0.044), and average power (F1,102=8.86, p=0.004), whereas Savannah sparrow had higher variance for duration of song (F1,109=19.95, p<0.001), 5% low frequency (F1,109=6.26, p=0.014), and peak frequency (F1,109=6.79, p=0.01).
Mean coefficient of variation for Savannah sparrow (16.7%) and Baird’s sparrow (15.0%) syllables and songs were not significantly different (W=1657, p=0.76, n=119).  Number of individuals and observations (each syllable or song) for each coefficient of variation calculation are given in Table 1. 
Response to Noise
In analyses with ambient noise and season as a covariate or during noise playback only (Table 1), both species changed nearly all parameters in response to ambient noise; Savannah sparrow did not change two parameters: delta time (duration) and 90% frequency bandwidth. Table 1 shows sample sizes for number of songs (observations) and number of individuals in each syllable and song analysis.  Savannah sparrow changed 6/10 syllables and song in the presence of noise, and Baird’s sparrow changed 5/8 syllables and song (not all syllables had sufficient sample size to analyse) in the presence of noise. For Savannah sparrow, 9/66 analyses (13.6%) of song and syllables showed differences in the presence of noise, whereas in Baird’s sparrow 10/56 analyses (17.9%) of song and syllables showed differences.  We compared a total of 122 models and as such, we additionally note that many of the changes in response to each unit of noise were at effect sizes that suggest biological significance.  For example, many changes in frequency were ca. 10-50 Hz per unit increase in noise for Baird’s sparrows (with ca. 20-30% fixed variance explained) and up to 50 Hz in Savannah sparrows (with >40% fixed variance explained).  Models for syllable duration and syllable power in Savannah sparrows also explained ca. 10-40% of variance.  These effect sizes suggest that most changes we saw were actual responses to noise and not spurious results. There was no significant difference in the number of models that changed with noise for Baird’s sparrow or Savannah sparrow (χ2=0.15, df=1, p=0.70).  Baird’s sparrow changed frequency and entropy parameters in three introductory syllable types and both increased and decreased power in two trill syllables. One trill syllable became shorter. Savannah sparrow increased power in syllables A, B, and C (introductory to mid-song syllables), altered frequency parameters in D, F, and I (trills and buzzes in middle and ends of songs), and altered entropy in E and D. Only syllable B shortened in duration.
Relationship of noise to variability
Song parameters that had a higher variance were not more likely to change in response to noise (χ2=0, df=1, p=1).  There was no relationship between which syllables or song parameters had seasonal changes and adjustment in response to noise (χ2<0.001, df=1, p=0.98). Syllable parameters that had a higher coefficient of variation were not more likely to be adjusted in response to noise (Table 1; Wilcoxon’s signed rank test, W=722, p=0.38, n=115).
Discussion
Baird’s sparrow showed more variability than we expected considering the geographically and temporally fixed nature of its song in comparison to Savannah sparrow song (Bradley 1977; Pitocchelli 1981; Green 1992; Bradley 1994; Green et al. 2002; Sung & Handford 2006; Wheelwright et al. 2008; Williams et al. 2013).  Despite range-wide differences between the species in song type variability, both Savannah sparrow and Baird’s sparrow adjusted their songs in the presence of noise. Finally, contrary to our predictions, variability at the song, syllable, and seasonal levels did not influence the ability of individuals to adjust their songs or syllables. Therefore, differences in population trends for the two species are unlikely to be caused by differences in overall signal production plasticity.  Further research with multiple species would be needed to determine if our results hold as a general trend in song plasticity and ability to adjust to anthropogenic noise. Nonetheless, our results clearly disprove our hypothesis that Baird’s sparrows are more sensitive to anthropogenic development than Savannah sparrows because Baird’s sparrows lack the ability to alter their songs in noisy environments.
Although both species changed their songs in the presence of noise and over the season, the strategies for alterations differed between species. Baird’s sparrow shifted energy to produce the loudest sounds at lower frequencies, while Savannah sparrow shifted frequencies away from the low-frequency drilling noise. This strategy of decreasing peak frequency to increase transmission range has been found in other species (Marten et al. 1977) including as a response to increasing ambient noise (Potvin et al. 2014). Avoiding masking by shifting frequency away from noise is also a common strategy in many species (Patricelli & Blickley 2006; Laiolo 2011; Lampe et al. 2012).  A study assessing impacts of road noise on birds showed that species with relatively lower frequency songs (i.e. between 2000 and 4000 Hz) were more prone to avoid roadways than species with higher frequency songs (Rheindt 2003), and Baird’s Sparrow songs are at a slightly lowered frequency than Savannah Sparrow songs.  This may contribute to Baird’s sparrows’ avoidance of areas very near oil well infrastructure and of associated roads (Nenninger 2016), in addition to avoidance of structural habitat changes (Ludlow et al. 2015).
Our study was designed to allow for continuous comparison based on the effects of noise amplitude while accounting for seasonal changes in song characteristics.  We suggest that future noise studies should also account for season as such changes are likely to be common based on hormonal dependencies (Smith, Brenowitz, & Wingfield 1997).  An alternative design would be to record birds at control sites throughout the same timeframe and then compare differences between the control and treatment sites before, during, and after noise playback; however, we were unable to follow this protocol due to logistical constraints and relatively small sample sizes. 
These species’ respective signal enhancement strategies could be based on signalling constraints (such as body size affecting frequency production) or their differing natural histories. Baird’s sparrow songs tend to be lower than Savannah sparrow songs (Figure 5), which may make it more difficult to compensate for noise by increasing frequencies; however, Baird’s sparrow’s adjustment strategy of lowering frequency for improved transmission might not gain as much distance as required in the presence of loud low-frequency noise such as that created by oil-well drilling. Perhaps more importantly, Baird’s sparrow has lower territory densities than Savannah sparrow throughout their range (Green et al. 2002; Wheelwright & Rising 2008).  Any gain in transmission distance from lowering the frequency in Baird’s sparrow might be offset by the fact that their population densities are already lower, and thus receivers of the signal are further away.  Such differences in natural history and population densities result in a larger distance over which any given Baird’s sparrow needs to transmit its song compared to a Savannah sparrow.  
Signalling also may be constrained by which parts of the song are important for recognition or detection of quality by conspecifics.  Altering an important component of the song could ensure that conspecifics receive an important signal.  However, if the adjustment alters the content, it could change the ability of conspecifics to recognize the song as that of a conspecific, or change their ability to evaluate its attractiveness. Alternatively, species markers may be under selection to stay stable (Williams et al. 2013), in which case either option could result in poor communication in a noisy environment.  Most changes to Baird’s sparrows song frequencies occurred in the introduction, which is the more important part of their song for species recognition (Green 1992).  In Savannah sparrows, almost all syllables were altered, even those that are considered to be species or population markers such as the buzzes (Williams et al. 2013).  Together, our data suggest that altering signals to improve transmission in noisy environments is possible for both species, and is occurring.  An increasing number of studies are now examining whether alterations for effective transmission through noise alter attractiveness of signals (Mockford & Marshall 2009; Luther & Derryberry 2012; Cunnington & Fahrig 2013; Luther et al. 2016), so additional work is needed to determine the consequences of song alterations in this system.
We know little about why only some species that persist in noisy environments are able to change their behaviours (Francis, Ortega, et al. 2011b). At least in our study system, the species’ ability to adjust to noise does not appear to be related to variability in song features, so we speculate instead that it could be tied to the acoustic environment in which the species evolved. Both study species appear to have comparable local levels of population variation despite species-level differences in temporal and geographic variation. Species where individuals frequently encounter and adjust to natural noise may also be more likely to adjust to anthropogenic noise (e.g., Gough et al. 2014). Baird’s and Savannah sparrows both live in an environment with strong and variable winds (Environment Canada 2015), which strongly alter sound transmission. Previous work on Baird’s sparrow found that their song is well-suited for transmission and recognition in this acoustically heterogeneous environment (Green 1992). Baird’s sparrows can recognize and respond to any part of the song even after artificial modifications to imitate wind distortion of the signal (Green 1992).  Thus, our study species may both show high song plasticity because they have evolved in the acoustically heterogeneous grasslands.  More comparisons of additional species with varying levels of song plasticity are needed to determine the mechanism.
Our unexpected finding that seasonal, population, and individual variability were unrelated to the ability to adjust songs suggests that many species that evolved in acoustically variable environments, such as grasslands, may be capable of adjusting their vocal signals in the presence of anthropogenic noise. If this is true, other factors must explain negative effects such as noise avoidance and behavioral changes (Habib et al. 2006; Francis, Paritsis, et al. 2011; Blickley et al. 2012). For example, altering songs to increase sound propagation may not be sufficient to ensure signal transmission, or may alter the meaning of signals such that they are no longer attractive to potential mates. We recommend additional research into the plasticity of animal communication in the presence of noise, as understanding these mechanisms should allow us to target our conservation and mitigation efforts more effectively to ultimately help conserve species at risk.
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Tables
Table 1. Song and syllable repeatability and model parameters for Baird’s sparrows and Savannah sparrows in southern Alberta,, from May-July 2014, testing whether song and syllable parameters change in response to experimental noise playback. Repeatability calculated using only non-treatment time periods (before and after noise).  Model parameters significant at p<0.05 in bold.
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	86
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	Avg.Power
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	0.22
	0.809
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	0.0003 (0.0004)
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	Avg.Power
	4.7
	6
	48
	15
	96.943 (13.115)
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	Agg.Entropy
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	0.521 (0.91)
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	Freq.BW90
	66.4
	16
	399
	29
	966.455 (254.275)
	-7.848 (3.666)
	0.043
	-3.615 (1.979)
	0.08
	0.066
	0.416
	175
	13
	1358.521 (464.175)
	-14.67 (7.072)
	0.067
	0.109
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	Delta.Time
	29.5
	16
	399
	29
	0.126 (0.027)
	-0.001 (<0.001)
	0.258
	<-0.001 (<0.001)
	0.041
	0.07
	0.509
	175
	13
	0.145 (0.041)
	-0.001 (0.001)
	0.176
	0.069
	0.5

	
	
	Avg.Power
	8.9
	16
	399
	29
	89.948 (7.78)
	-0.066 (0.115)
	0.567
	0.156 (0.06)
	0.015
	0.131
	0.562
	175
	13
	84.329 (8.458)
	0.076 (0.127)
	0.563
	0.007
	0.393

	
	
	Agg.Entropy
	22.2
	16
	399
	29
	3.051 (0.44)
	-0.015 (0.006)
	0.03
	-0.006 (0.003)
	0.104
	0.067
	0.461
	175
	13
	3.421 (0.759)
	-0.022 (0.012)
	0.084
	0.108
	0.544

	
	syllables.j
	Peak.Freq
	7.8
	3
	28
	3
	-690592.284 (969912.174)
	13479.181 (18766.714)
	0.557
	-4432.844 (6176.452)
	0.557
	0.115
	0.656
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq95
	7.7
	3
	28
	3
	-608292.142 (1590114.747)
	11895.46 (30766.922)
	0.705
	-3903.796 (10125.687)
	0.705
	0.1
	0.833
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq5
	2.5
	3
	28
	3
	-121813.294 (149307.982)
	2471.473 (2888.952)
	0.739
	-814.535 (950.952)
	0.739
	0.065
	0.229
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq.BW90
	49.5
	3
	28
	3
	-486476.951 (1694086.172)
	9423.95 (32778.649)
	0.777
	-3089.248 (10787.733)
	0.778
	0.088
	0.861
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Delta.Time
	7.6
	3
	28
	3
	-12.64 (14.455)
	0.247 (0.28)
	0.415
	-0.081 (0.092)
	0.417
	0.38
	0.8
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Avg.Power
	8.1
	3
	28
	3
	5856.65 (9407.728)
	-111.89 (182.029)
	0.561
	37.098 (59.908)
	0.558
	0.431
	0.813
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Agg.Entropy
	18
	3
	28
	3
	-652.294 (724.285)
	12.659 (14.014)
	0.399
	-4.156 (4.612)
	0.4
	0.298
	0.766
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	syllables.k
	Peak.Freq
	13.5
	3
	87
	6
	5180.761 (533.751)
	2.121 (7.077)
	0.765
	1.426 (4.088)
	0.728
	0.002
	0.498
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq95
	10.6
	3
	87
	6
	6235.833 (724.888)
	-2.735 (10.293)
	0.791
	8.654 (5.995)
	0.152
	0.016
	0.376
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq5
	11.9
	3
	87
	6
	5038.654 (371.7)
	5.023 (4.688)
	0.468
	-22.093 (2.837)
	0.162
	0.278
	0.752
	51
	3
	4128.667 (149.084)
	9.391 (2.52)
	0.001
	0.217
	0.217

	
	
	Freq.BW90
	82.6
	3
	87
	6
	1295.325 (749.596)
	-9.251 (10.959)
	0.401
	30.622 (6.43)
	<0.001
	0.162
	0.409
	51
	3
	2185.641 (2043.292)
	-13.235 (33.846)
	1
	0.008
	0.373

	
	
	Delta.Time
	28.1
	3
	87
	6
	0.096 (0.022)
	<0.001 (<0.001)
	0.683
	0.002 (<0.001)
	0.07
	0.299
	0.975
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Avg.Power
	6.2
	3
	87
	6
	78.607 (15.962)
	0.077 (0.257)
	0.785
	-0.097 (0.198)
	0.657
	0.033
	0.757
	51
	3
	43.045 (19.016)
	0.652 (0.32)
	0.985
	0.391
	0.751

	
	
	Agg.Entropy
	18.7
	3
	87
	6
	2.46 (0.371)
	-0.005 (0.006)
	0.511
	0.011 (0.004)
	0.206
	0.148
	0.286
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	syllables.m
	Peak.Freq
	4.1
	10
	750
	16
	4036.347 (418.885)
	5.124 (6.152)
	0.42
	-1.626 (3.347)
	0.635
	0.063
	0.939
	238
	6
	3444.142 (669.04)
	12.446 (10.121)
	0.286
	0.138
	0.934

	
	
	Freq95
	4
	10
	750
	16
	4141.829 (419.085)
	5.47 (6.155)
	0.39
	-1.575 (3.349)
	0.646
	0.066
	0.931
	238
	6
	3584.651 (643.328)
	12.136 (9.733)
	0.281
	0.142
	0.94

	
	
	Freq5
	4.5
	10
	750
	16
	3931.276 (436.877)
	4.764 (6.417)
	0.471
	-1.968 (3.491)
	0.583
	0.062
	0.937
	238
	6
	3347.093 (694.1)
	11.856 (10.501)
	0.322
	0.119
	0.934

	
	
	Freq.BW90
	24.9
	10
	750
	16
	254.196 (47.228)
	0.117 (0.633)
	0.857
	0.297 (0.335)
	0.396
	0.006
	0.282
	238
	6
	254.761 (75.956)
	0.034 (1.116)
	0.978
	0
	0.206

	
	
	Delta.Time
	22.9
	10
	750
	16
	0.02 (0.003)
	0  (<0.001)
	0.938
	0  (<0.001)
	0.366
	0.009
	0.149
	238
	6
	0.022 (0.007)
	0 (0<0.001)
	0.781
	0.003
	0.248

	
	
	Avg.Power
	10.1
	10
	750
	16
	77.527 (11.558)
	0.045 (0.169)
	0.794
	0.145 (0.092)
	0.139
	0.082
	0.589
	238
	6
	54.6 (12.351)
	0.45 (0.179)
	0.079
	0.175
	0.545

	
	
	Agg.Entropy
	9.7
	10
	750
	16
	1.943 (0.176)
	-0.001 (0.002)
	0.628
	0.001 (0.001)
	0.57
	0.009
	0.581
	238
	6
	1.84 (0.27)
	0 (0.004)
	0.994
	0
	0.434

	
	syllables.o
	Peak.Freq
	6.7
	2
	153
	4
	6005.499 (2492.938)
	-28.874 (34.117)
	0.999
	3.123 (3.874)
	0.999
	0.036
	0.426
	72
	2
	-227.552 (5795.561)
	58.446 (80.54)
	0.999
	0.078
	0.355

	
	
	Freq95
	1.4
	2
	153
	4
	4075.211 (1423.396)
	3.877 (19.567)
	0.932
	1.057 (2.175)
	0.882
	0.026
	0.52
	72
	2
	5981.323 (1995.625)
	-22.203 (27.733)
	0.999
	0.094
	0.366

	
	
	Freq5
	2.1
	2
	153
	4
	5406.824 (763.572)
	-24.555 (10.42)
	0.999
	0.555 (1.198)
	0.999
	0.112
	0.742
	72
	2
	2892.771 (1185.356)
	10.503 (16.472)
	0.998
	0.07
	0.398

	
	
	Freq.BW90
	15.4
	2
	153
	4
	506.082 (2288.586)
	3.514 (31.785)
	0.98
	-2.525 (3.299)
	0.964
	0.079
	0.607
	72
	2
	3089.966 (3198.284)
	-32.726 (44.443)
	0.991
	0.127
	0.58

	
	
	Delta.Time
	7.7
	2
	153
	4
	0.097 (0.017)
	-0.001 (<0.001)
	0.999
	-0.001 (<0.001)
	1
	0.121
	0.124
	72
	2
	0.092 (0.045)
	-0.001 (0.001)
	1
	0.045
	0.139

	
	
	Avg.Power
	6.5
	2
	153
	4
	227.456 (154.757)
	-2.079 (2.137)
	0.665
	0.171 (0.231)
	0.824
	0.159
	0.836
	72
	2
	27.18 (82.18)
	0.731 (1.142)
	0.999
	0.047
	0.257

	
	
	Agg.Entropy
	5.1
	2
	153
	4
	2.387 (0.608)
	0.005 (0.009)
	0.586
	-0.003 (0.001)
	<0.001
	0.101
	0.101
	72
	2
	2.431 (0.92)
	0.003 (0.013)
	1
	0.001
	0.002

	
	syllables.p
	Peak.Freq
	NA
	NA
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA (NA)
	NA
	NA
	NA
	146
	4
	4438.149 (138.376)
	0.086 (2.031)
	0.966
	0
	0.647

	
	
	Freq95
	NA
	NA
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA (NA)
	NA
	NA
	NA
	146
	4
	5112.046 (237.024)
	-5.443 (3.793)
	0.156
	0.031
	0.249

	
	
	Freq5
	NA
	NA
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA (NA)
	NA
	NA
	NA
	146
	4
	4339.33 (145.235)
	-0.281 (2.147)
	0.896
	0
	0.629

	
	
	Freq.BW90
	NA
	NA
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA (NA)
	NA
	NA
	NA
	146
	4
	664.599 (233.752)
	-3.396 (3.814)
	0.75
	0.019
	0.136

	
	
	Delta.Time
	NA
	NA
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA (NA)
	NA
	NA
	NA
	146
	4
	0.066 (0.006)
	<-0.001 (<0.001)
	0.038
	0.04
	0.588

	
	
	Avg.Power
	NA
	NA
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA (NA)
	NA
	NA
	NA
	146
	4
	94.354 (2.962)
	-0.119 (0.049)
	0.015
	0.04
	0.04

	
	
	Agg.Entropy
	NA
	NA
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA (NA)
	NA
	NA
	NA
	146
	4
	2.248 (0.737)
	0.002 (0.012)
	0.909
	0.001
	0.223

	Savannah Sparrow
	songs
	Peak.Freq
	19.9
	21
	86
	29
	7694.593 (1165.569)
	-13.173 (19.798)
	0.512
	-11.777 (11.032)
	0.295
	0.037
	0.401
	24
	8
	5876.974 (1632.95)
	10.088 (27.344)
	0.725
	0.006
	0.035

	
	
	Freq95
	2.5
	21
	86
	29
	8325.346 (167.298)
	3.682 (2.842)
	0.207
	-6.449 (1.58)
	<0.001
	0.296
	0.696
	24
	8
	7822.147 (293.593)
	9.89 (4.916)
	0.091
	0.302
	0.81

	
	
	Freq5
	13.5
	21
	86
	29
	3229.846 (597.452)
	21.551 (10.15)
	0.043
	-9.193 (5.626)
	0.114
	0.161
	0.858
	24
	8
	2861.791 (509.01)
	18.271 (8.523)
	0.076
	0.221
	0.383

	
	
	Freq.BW90
	13.8
	21
	86
	29
	5081.091 (560.601)
	-17.425 (9.483)
	0.078
	2.551 (5.27)
	0.632
	0.091
	0.803
	24
	8
	4965.1 (537.297)
	-8.594 (8.997)
	0.376
	0.053
	0.242

	
	
	Delta.Time
	17
	21
	86
	29
	2.324 (0.442)
	0 (0.008)
	0.96
	0.003 (0.004)
	0.431
	0.02
	0.819
	24
	8
	2.072 (0.777)
	0.008 (0.013)
	0.57
	0.042
	0.885

	
	
	Avg.Power
	4.8
	18
	76
	25
	68.024 (3.581)
	0.081 (0.06)
	0.193
	0.018 (0.036)
	0.615
	0.066
	0.716
	21
	7
	63.386 (3.945)
	0.151 (0.058)
	0.085
	0.183
	0.879

	
	
	Agg.Entropy
	6.9
	21
	86
	29
	4.55 (0.299)
	0 (0.005)
	0.981
	0.002 (0.003)
	0.485
	0.013
	0.623
	24
	8
	4.186 (0.285)
	0.008 (0.005)
	0.098
	0.095
	0.292

	
	syllables.A
	Peak.Freq
	4.6
	21
	371
	29
	8047.258 (158.585)
	2.549 (2.688)
	0.352
	-5.061 (1.52)
	0.002
	0.061
	0.147
	102
	8
	7534.381 (171.588)
	9.005 (2.754)
	0.001
	0.093
	0.131

	
	
	Freq95
	3.9
	21
	371
	29
	8577.954 (155.437)
	1.946 (2.636)
	0.467
	-5.164 (1.485)
	0.002
	0.08
	0.206
	102
	8
	8206.544 (215.593)
	6.461 (3.608)
	0.137
	0.065
	0.143

	
	
	Freq5
	5
	21
	371
	29
	7938.195 (152.976)
	1.422 (2.592)
	0.588
	-4.776 (1.468)
	0.003
	0.051
	0.12
	102
	8
	7410.568 (153.869)
	8.561 (2.457)
	0.001
	0.104
	0.147

	
	
	Freq.BW90
	45.4
	21
	371
	29
	634.664 (105.167)
	0.876 (1.733)
	0.618
	-0.625 (0.984)
	0.531
	0.002
	0.067
	102
	8
	764.957 (196.554)
	-1.718 (3.241)
	0.623
	0.016
	0.436

	
	
	Delta.Time
	14.9
	21
	371
	29
	0.058 (0.005)
	0 (<0.001)
	0.277
	0 (<0.001)
	0.97
	0.011
	0.186
	102
	8
	0.071 (0.009)
	0 (<0.001)
	0.353
	0.035
	0.209

	
	
	Avg.Power
	10.2
	18
	330
	25
	78.398 (4.176)
	0.047 (0.07)
	0.506
	0.061 (0.042)
	0.162
	0.022
	0.148
	91
	7
	68.83 (3.733)
	0.219 (0.063)
	0.001
	0.119
	0.119

	
	
	Agg.Entropy
	11.4
	21
	371
	29
	2.872 (0.216)
	0.002 (0.004)
	0.624
	-0.001 (0.002)
	0.697
	0.004
	0.295
	102
	8
	3.236 (0.436)
	-0.005 (0.007)
	0.559
	0.028
	0.544

	
	syllables.B
	Peak.Freq
	6.8
	17
	84
	25
	8943.401 (477.335)
	-0.963 (7.936)
	0.904
	-1.882 (4.356)
	0.67
	0.003
	0.12
	20
	8
	8147.677 (577.239)
	15.34 (9.878)
	0.138
	0.113
	0.113

	
	
	Freq95
	6.6
	17
	84
	25
	9541.659 (561.014)
	0.235 (9.326)
	0.98
	-4.936 (5.217)
	0.356
	0.019
	0.319
	20
	8
	9257.196 (928.761)
	7.138 (15.609)
	0.667
	0.023
	0.543

	
	
	Freq5
	17.6
	17
	84
	25
	6348.851 (1195.585)
	6.377 (19.879)
	0.751
	11.875 (11.197)
	0.3
	0.03
	0.424
	20
	8
	6945.464 (1721.326)
	12.359 (28.966)
	0.69
	0.018
	0.442

	
	
	Freq.BW90
	42.9
	17
	84
	25
	3210.784 (1145.72)
	-6.32 (19.049)
	0.743
	-16.881 (10.721)
	0.129
	0.06
	0.429
	20
	8
	2373.019 (2004.938)
	-5.552 (33.675)
	0.877
	0.003
	0.596

	
	
	Delta.Time
	85.2
	17
	84
	25
	0.062 (0.061)
	0.001 (0.001)
	0.516
	0 (0.001)
	0.589
	0.008
	0.008
	20
	8
	0.143 (0.045)
	-0.002 (0.001)
	0.052
	0.181
	0.223

	
	
	Avg.Power
	5.6
	15
	77
	22
	52.68 (3.142)
	0.21 (0.052)
	0.001
	0.04 (0.03)
	0.211
	0.238
	0.339
	19
	7
	44.719 (5.524)
	0.345 (0.085)
	0.037
	0.438
	0.834

	
	
	Agg.Entropy
	12.5
	17
	84
	25
	4.537 (0.541)
	-0.005 (0.009)
	0.583
	-0.003 (0.005)
	0.532
	0.015
	0.285
	20
	8
	4.556 (1.009)
	-0.011 (0.017)
	0.572
	0.036
	0.374

	
	syllables.C
	Peak.Freq
	15.9
	20
	85
	28
	4734.32 (1009.727)
	16.619 (17.214)
	0.344
	-7.175 (9.65)
	0.464
	0.04
	0.99
	23
	8
	3402.501 (1606.856)
	32.424 (25.516)
	0.269
	0.087
	0.999

	
	
	Freq95
	17.5
	20
	85
	28
	5220.06 (1184.878)
	11.263 (20.2)
	0.582
	-1.551 (11.324)
	0.892
	0.01
	0.991
	23
	8
	3833.745 (2020.095)
	31.641 (33.114)
	0.407
	0.075
	0.993

	
	
	Freq5
	16
	20
	85
	28
	4260.532 (985.77)
	20.338 (16.76)
	0.236
	-5.676 (9.404)
	0.552
	0.05
	0.987
	23
	8
	2979.65 (1483.871)
	36.22 (23.313)
	0.2
	0.112
	0.993

	
	
	Freq.BW90
	63.7
	20
	85
	28
	938.226 (349.214)
	-9.086 (5.957)
	0.14
	4.511 (3.342)
	0.189
	0.094
	0.839
	23
	8
	702.565 (691.593)
	-4.508 (11.598)
	0.711
	0.016
	0.831

	
	
	Delta.Time
	38.7
	20
	85
	28
	0.121 (0.032)
	-0.001 (0.001)
	0.245
	0 (<0.001)
	0.826
	0.046
	0.99
	23
	8
	0.167 (0.053)
	-0.001 (0.001)
	0.213
	0.184
	0.989

	
	
	Avg.Power
	7.4
	17
	71
	24
	70.619 (6.996)
	0.25 (0.118)
	0.046
	-0.011 (0.072)
	0.884
	0.139
	0.818
	20
	7
	61.823 (12.643)
	0.415 (0.214)
	0.108
	0.296
	0.808

	
	
	Agg.Entropy
	30.3
	20
	85
	28
	3.183 (0.787)
	-0.017 (0.013)
	0.214
	0.008 (0.007)
	0.285
	0.065
	0.888
	23
	8
	2.737 (1.521)
	-0.011 (0.026)
	0.686
	0.019
	0.834

	
	syllables.D
	Peak.Freq
	10.9
	17
	61
	23
	6392.71 (840.088)
	-4.774 (14.204)
	0.74
	-3.575 (7.953)
	0.658
	0.015
	0.901
	13
	6
	6079.929 (647.591)
	-4.543 (3.104)
	0.4
	0.002
	0.991

	
	
	Freq95
	8.4
	17
	61
	23
	7442.673 (732.442)
	-6.565 (12.614)
	0.608
	-9.173 (6.992)
	0.204
	0.1
	0.986
	13
	6
	6741.811 (627.48)
	-3.797 (3.731)
	0.381
	0.001
	0.987

	
	
	Freq5
	7.3
	17
	61
	23
	5219.79 (625.952)
	3.283 (10.782)
	0.764
	-3.476 (5.973)
	0.567
	0.016
	0.972
	13
	6
	3952.39 (779.685)
	22.85 (10.645)
	0.162
	0.078
	0.996

	
	
	Freq.BW90
	24.9
	17
	61
	23
	2219.082 (498.568)
	-9.739 (8.594)
	0.271
	-5.773 (4.754)
	0.239
	0.134
	0.943
	13
	6
	2762.315 (565.233)
	-25.551 (8.434)
	0.09
	0.23
	0.958

	
	
	Delta.Time
	21.8
	17
	61
	23
	0.657 (0.13)
	-0.003 (0.002)
	0.203
	0.004 (0.001)
	0.003
	0.253
	0.942
	13
	6
	0.598 (0.102)
	0.001 (0.001)
	0.687
	0.001
	0.91

	
	
	Avg.Power
	5.8
	15
	56
	21
	66.946 (5.232)
	0.067 (0.089)
	0.463
	0.091 (0.052)
	0.098
	0.161
	0.857
	13
	6
	60.353 (7.763)
	0.241 (0.108)
	0.175
	0.088
	0.975

	
	
	Agg.Entropy
	9.9
	17
	61
	23
	4.66 (0.521)
	-0.007 (0.009)
	0.459
	-0.006 (0.005)
	0.252
	0.099
	0.949
	13
	6
	5.103 (0.457)
	-0.022 (0.006)
	0.05
	0.144
	0.967

	
	syllables.E
	Peak.Freq
	7.7
	20
	136
	26
	7525.58 (638.908)
	7.283 (10.907)
	0.511
	-6.997 (5.819)
	0.241
	0.041
	0.642
	35
	6
	5904.741 (1864.23)
	29.963 (30.236)
	0.378
	0.129
	0.93

	
	
	Freq95
	7.6
	20
	136
	26
	7754.561 (654.54)
	13.176 (11.176)
	0.251
	-6.21 (5.968)
	0.309
	0.05
	0.619
	35
	6
	5913.511 (1793.664)
	37.852 (29.089)
	0.263
	0.212
	0.98

	
	
	Freq5
	10.6
	20
	136
	26
	7740.69 (895.153)
	-4.734 (15.267)
	0.759
	-12.991 (8.119)
	0.123
	0.089
	0.789
	35
	6
	5487.906 (1521.461)
	15.89 (23.439)
	0.567
	0.023
	0.986

	
	
	Freq.BW90
	35.1
	20
	136
	26
	28.478 (656.351)
	17.692 (11.186)
	0.127
	6.639 (5.931)
	0.274
	0.155
	0.935
	35
	6
	535.288 (2657.87)
	15.933 (43.104)
	0.73
	0.021
	0.977

	
	
	Delta.Time
	45.9
	20
	136
	26
	0.049 (0.025)
	0 (<0.001)
	0.991
	0 (<0.001)
	0.829
	0.002
	0.744
	35
	6
	0.08 (0.024)
	-0.001 (<0.001)
	0.176
	0.169
	0.465

	
	
	Avg.Power
	6
	17
	125
	23
	87.054 (5.527)
	-0.099 (0.091)
	0.292
	-0.104 (0.052)
	0.059
	0.142
	0.707
	35
	6
	90.797 (12.757)
	-0.247 (0.207)
	0.298
	0.148
	0.741

	
	
	Agg.Entropy
	16
	20
	136
	26
	1.792 (0.618)
	0.026 (0.011)
	0.022
	0.008 (0.006)
	0.145
	0.277
	0.903
	35
	6
	1.665 (1.769)
	0.033 (0.029)
	0.317
	0.162
	0.912

	
	syllables.F
	Peak.Freq
	15.9
	19
	73
	25
	2871.234 (748.995)
	25.55 (13.13)
	0.065
	-10.105 (6.861)
	0.155
	0.168
	0.993
	16
	6
	3553.592 (1045.288)
	0.845 (18.064)
	0.966
	0
	0.993

	
	
	Freq95
	12.5
	19
	73
	25
	3361.282 (673.949)
	21.706 (11.814)
	0.08
	-9.219 (6.173)
	0.15
	0.159
	0.991
	16
	6
	4045.904 (1214.06)
	-2.869 (21.135)
	0.901
	0.002
	0.968

	
	
	Freq5
	16.2
	19
	73
	25
	2734.539 (756.853)
	24.316 (13.267)
	0.08
	-9.732 (6.933)
	0.174
	0.153
	0.993
	16
	6
	3538.618 (1009.686)
	-3.683 (16.785)
	0.845
	0.003
	0.997

	
	
	Freq.BW90
	30.6
	19
	73
	25
	662.683 (181.66)
	-2.935 (3.106)
	0.355
	0.18 (1.615)
	0.912
	0.028
	0.781
	16
	6
	196.321 (524.311)
	5.121 (9.459)
	0.617
	0.045
	0.777

	
	
	Delta.Time
	38.6
	19
	73
	25
	0.396 (0.162)
	0 (0.003)
	0.914
	-0.002 (0.001)
	0.317
	0.045
	0.977
	16
	6
	0.413 (0.114)
	-0.003 (0.001)
	0.223
	0.025
	0.973

	
	
	Avg.Power
	5.7
	16
	62
	21
	70.749 (4.82)
	0.139 (0.082)
	0.107
	0.003 (0.045)
	0.956
	0.096
	0.768
	13
	5
	87.095 (12.415)
	-0.208 (0.229)
	0.479
	0.205
	0.832

	
	
	Agg.Entropy
	12.2
	19
	73
	25
	2.94 (0.392)
	-0.006 (0.007)
	0.37
	0.002 (0.003)
	0.662
	0.028
	0.806
	16
	6
	2.437 (1.17)
	0.004 (0.021)
	0.866
	0.005
	0.835

	
	syllables.G
	Peak.Freq
	4.3
	5
	14
	5
	5275.379 (2734.911)
	26.72 (38.594)
	0.56
	-2.472 (47.623)
	0.97
	0.008
	0.999
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq95
	4.9
	5
	14
	5
	5448.003 (2734.731)
	29.405 (47.007)
	0.595
	-6.965 (15.697)
	0.922
	0.079
	0.967
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq5
	5.9
	5
	14
	5
	5349.739 (4949.772)
	21.534 (54.165)
	0.728
	0.44 (113.523)
	0.997
	0.001
	1
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq.BW90
	33.3
	5
	14
	5
	98.154 (888.397)
	7.873 (15.189)
	0.656
	-7.405 (5.805)
	0.999
	0.212
	0.784
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Delta.Time
	15.3
	5
	14
	5
	0.035 (0.095)
	0.001 (0.002)
	0.675
	0 (0.001)
	0.991
	0.057
	0.898
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	syllables.I
	Peak.Freq
	16.9
	9
	46
	11
	-41.782 (1701.824)
	56.656 (26.37)
	0.066
	-5.698 (9.002)
	0.545
	0.312
	0.879
	7
	2
	-1474.827 (843.633)
	75.919 (11.959)
	1
	0.948
	0.985

	
	
	Freq95
	12.8
	9
	46
	11
	559.907 (1216.482)
	51.695 (18.85)
	0.026
	-3.482 (6.434)
	0.603
	0.41
	0.898
	7
	2
	483.363 (728.695)
	52.527 (10.33)
	1
	0.922
	0.978

	
	
	Freq5
	20.8
	9
	46
	11
	-942.718 (1615.182)
	67.51 (25.029)
	0.028
	-8.982 (8.543)
	0.324
	0.435
	0.905
	7
	2
	-1420.05 (909.255)
	71.947 (12.89)
	1
	0.934
	0.981

	
	
	Freq.BW90
	39.4
	9
	46
	11
	1494.774 (558.742)
	-15.731 (8.654)
	0.109
	5.558 (2.957)
	0.099
	0.383
	0.859
	7
	2
	1903.437 (1150.183)
	-19.421 (16.305)
	1
	0.392
	0.823

	
	
	Delta.Time
	32.5
	9
	46
	11
	0.07 (0.048)
	0 (0.001)
	0.614
	0 (<0.001)
	0.586
	0.041
	0.701
	7
	2
	-0.026 (0.023)
	0.001 (<0.001)
	1
	0.746
	0.926

	
	
	Avg.Power
	9.5
	9
	46
	11
	34.772 (17.974)
	0.637 (0.278)
	0.057
	-0.036 (0.095)
	0.714
	0.287
	0.75
	7
	2
	28.124 (30.211)
	0.684 (0.428)
	1
	0.536
	0.865

	
	
	Agg.Entropy
	21.3
	9
	46
	11
	4.825 (1.66)
	-0.035 (0.026)
	0.212
	0.012 (0.009)
	0.217
	0.266
	0.91
	7
	2
	5.713 (2.064)
	-0.043 (0.029)
	1
	0.494
	0.853

	
	syllables.J
	Peak.Freq
	1.4
	2
	15
	3
	4134.335 (2819.384)
	14.099 (42.485)
	1
	6.403 (17.785)
	1
	0.012
	0.033
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq95
	1
	2
	15
	3
	5207.864 (2628.448)
	0.12 (39.608)
	1
	0.856 (16.299)
	0.998
	0
	0.001
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Freq5
	2.7
	2
	15
	3
	2730.137 (3001.211)
	32.443 (45.269)
	1
	11.515 (19.005)
	1
	0.048
	0.128
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Delta.Time
	7.2
	2
	15
	3
	0.036 (0.04)
	0 (0.001)
	1
	0 (<0.001)
	1
	0.022
	0.105
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	Agg.Entropy
	27.6
	2
	15
	3
	11.26 (2.417)
	-0.139 (0.037)
	0.998
	-0.032 (0.015)
	0.998
	0.71
	0.917
	NA
	NA
	NA (NA)
	NA (NA)
	NA
	NA
	NA

	
	
	
	
	



Figure captions
Figure 1. Average sound pressure levels (SPL; Z-weighted time-average value of SPL, in decibels; LZeq) of midpoint frequencies of one-third-octave frequency bands from 40 Hz - 20 kHz, measured at three drilling playback sites (n=36 sound measurements) and background noise at 35 sites in our study area (including background sound measurements from the three drilling playback sites while noise was not being broadcast) (n=50 background sound measurements).  Multiple sites were used to show that drilling playback is louder than representative background noise in the region when playback was not being broadcast.  Shaded areas represent 95% confidence intervals.
Figure 2. Savannah Sparrow syllable classifications used in this paper, shown with two songs that contain all syllables (A, B, C, D, E, F, G, I, and J). Syllables A and B occur both together (in variable numbers of repeats) and separately.  The “AB” combination was counted together for purposes of classifying song types, but otherwise analyzed separately.  Spectrograms generated in Raven Pro at brightness 50, contrast 90, and spectrogram window size 512.
Figure 3. Baird’s Sparrow syllable classifications used in the paper, shown with six songs that contain all syllables: a (upward sloping introductory syllable), b (flat or downward sloping introductory or final syllable), j (two-note two-frequency introductory syllable), k (two-note two-frequency introductory syllable), l,  (three note two-frequency introductory syllable), m (single frequency trill syllable), n (clustered single frequency trill syllable), o (alternating frequency trill syllable with higher start note), and p (alternating frequency trill syllable with lower start note).  Syllable n was only found in a unique song type (not shown in Green’s classification and only found in one individual).  Syllable b, while often very different in these songs, contained a continuous range of frequency and duration that could not be classified graphically by eye or by clustering algorithms.  Spectrograms generated in Raven Pro at brightness 50, contrast 90, and spectrogram window size 512.
Figure 4 ISO-predicted dBC (noise from playback) has a positive relationship with the ambient noise recorded at male perch sites for Baird’s Sparrows (“B”) and Savannah Sparrows (“S”) in southern Alberta, from May-July 2014, at experimental noise playback.
Figure 5. Box-and-whisker plots show median (centre line), quartiles (lower and upper edges of box), sample minima and maxima (lower and upper bars), and outliers (dots) for Baird’s Sparrow (BAIS) and Savannah Sparrow (SAVS) for seven whole-song parameters in southern Alberta, May-July 2014, samples pooled from before and after noise treatments (not during).
