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Abstract

[bookmark: _GoBack]Western North America’s grasslands have undergone a rapid expansion of conventional oil and natural gas development, the effects of which are largely unknown for nesting songbirds. Understanding mechanisms that drive ecological responses to infrastructure is essential for our ability to identify and minimize potential negative effects on wildlife. Our study sought to distinguish between effects driven by physical structures and those driven by associated anthropogenic noise. Further, we evaluated whether some structure types have smaller ecological footprints than others. We monitored 747 grassland songbird nests, of five species, in Alberta’s mixed-grass prairie to determine if, and why, the presence of infrastructure affects nesting success. Nesting success was significantly lower at infrastructure sites relative to controls for both Savannah sparrow (Passerculus sandwichensis) and vesper sparrow (Pooecetes gramineus), as well as at screwpump relative to pumpjack oil wells. There was no correlation between nesting success and noise intensity, and nesting success was not significantly lower near roads. However, nesting success was lower at electric grid-powered sites relative to generator-powered sites, suggesting that power distribution lines may benefit some nest predators. Vesper sparrow nest density increased with proximity to oil wells and compressor stations, so it is possible that these sites are ecological traps for this species. Management strategies focusing only on reduction of anthropogenic noise and disturbance may be ineffectual for conservation of grassland songbirds. Managers should also seek to reduce the physical footprint of infrastructure on the landscape, replace screwpumps with pumpjacks, and replace grid powered with generator-powered wells. 
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1. Introduction
Grasslands are among the most endangered ecosystems on Earth, with 45% of historic grassland habitat already converted and less than 5% of the world’s remaining grasslands in protected areas (Hoekstra et al. 2005). The rapid expansion of energy development across western North America may have significant conservation implications for grassland obligate species, as energy leases currently occupy an estimated 21% of all grassland habitats in western North America (Copeland et al. 2011). Energy development can have a variety of effects on avian species, and may pose a threat to declining grassland songbirds (Askins et al. 2007). However, little research has been conducted on effects of energy infrastructure on songbird reproductive success. Effects of infrastructure on productivity appear to vary by species and habitat type. For example, red-winged blackbird (Agelaius phoeniceus) and blue-gray gnatcatcher (Polioptila caerulea) nesting near wind turbines experienced no decrease in nesting success or reproductive success (Bennett et al. 2014, Gillespie and Dinsmore 2014). Surprisingly, ovenbird (Seiurus aurocapilla) nesting near unconventional oil development in the boreal forest experienced improved nesting success in one study (Ball et al. 2009). Gray flycatcher (Empidonax wrightii) also experienced a small increase in nesting success in areas affected by natural gas compressor station noise (Francis et al. 2011). Conversely, in sagebrush steppe, songbird nesting success decreases, and small mammalian nest predators increased, as the proportion of habitat on the landscape disturbed by oil and gas extraction increased (Hethcoat and Chalfoun 2015a,b). There is also evidence that energy infrastructure may alter the nest density of breeding songbirds, attracting some species and displacing others (Shaffer and Buhl 2015). These diverse findings suggest that energy infrastructure has the potential to impact reproductive success in a number of ways, and that these effects may be system or species specific. 
Variability in apparent effects of energy development may occur because the mechanisms that explain effects differ among species and ecosystems. Thus, understanding why certain species are affected by energy infrastructure may help us to develop a suite of effective management practices for conserving species that vary in their life-history strategies. For example, effects from energy infrastructure may be a consequence of physical disturbance and fragmentation (Hethcoat and Chalfoun 2015a,b), anthropogenic noise associated with structures (Francis et al. 2009; Barber et al. 2010), or both. It is critical to separate the mechanisms driving potential effects given that engineering solutions to reduce noise differ markedly from management strategies that might mitigate the physical effects of infrastructure. 
Oil and gas infrastructure, and associated linear features, such as roads, distribution lines, and seismic lines may indirectly impact reproductive success through landscape fragmentation and introduction of anthropogenic edge (Bayne and Dale 2011, Nasen et al. 2011). Grassland songbirds are sensitive to edges and patch size (Davis 2004; Koper et al. 2009; Sliwinski and Koper 2012). Edges can alter frequencies of nest predation and brood parasitism (Gates and Gysel 1978; Johnson and Temple 1990), and predator community composition and behavior (e.g. Winter et al. 2000; Blouin-Demers and Weatherhead 2001; Renfrew and Ribic 2003). Energy infrastructure also may provide food and habitat subsidies to certain predator species (Kristan and Boarman 2003; Liebezeit et al. 2009; Bui et al 2010), thus altering productivity of prey. However, edge effects may vary with infrastructure type, depending on the mechanisms driving their effects. Distribution lines that bring power to grid-powered infrastructure, such as grid-powered wells and compressor stations, may provide perches and habitat for avian nest predators, such as ravens and hawks, and facilitate hunting by these species (Steenhof et al. 1993; Lammers and Collopy 2007). Anthropogenic noise and human activity associated with energy infrastructure can also alter predator-prey dynamics (Francis et al. 2009; Chan et al. 2010) and may reduce songbird fitness (Schroeder et al. 2012) and productivity (Habib et al. 2007; Knight et al. 2012). 
We conducted a study to evaluate whether nesting success is influenced by energy infrastructure type, noise production, or both. We compared effects of screwpump and pumpjack oil wells, and louder natural-gas compressor stations, on the nesting success of grassland songbirds. To isolate effects of noise and associated human activity from effects driven by physical structure, we also compared effects of wells that were active during the breeding season with those that were turned off. We hypothesized that if infrastructure creates edge effects and alters the predator community, or predator behavior, songbird nests located at infrastructure sites and closer to infrastructure would be depredated with greater frequency than those at control sites. We also hypothesized that if avian nest predators are attracted to or use power distribution lines as perch sites, energy infrastructure that is connected to the power grid would have a greater impact on nesting success than those powered by generators. Additionally, we hypothesized that if nesting success declines near energy infrastructure because of disturbance from noise and human activity (e.g., Francis et al. 2010; Read et al. 2014), nesting success would be lower at sites with active infrastructure than at either controls or inactive structures. Further, we predicted that effect size would be correlated with amplitude of noise from each infrastructure type. Lastly, we hypothesized that nests located in microhabitats with reduced cover (e.g., vegetation height, litter depth, stem density) would have a decreased probability of survival, as these attributes are influential in nest site selection of mixed-grass prairie songbirds (Davis 2005). There is evidence that natural gas infrastructure in mixed-grass prairie may result in sparser and shorter vegetation near lease sites (Nasen et al. 2011; Koper et al. 2014). Therefore, we chose to analyze vegetation in addition to infrastructure variables to help ensure that we did not falsely attribute effects of microhabitat structure to other variables of interest, such as anthropogenic noise. We also assessed nest density with respect to distance to infrastructure, as there is evidence both that the presence of infrastructure may influence nest density for some species (Shaffer and Buhl 2015), and that nest density affects predation risk (Gates and Gysel 1978; Flaspohler et al. 2001).       

2. Methods

2.1. Study Site

Research activities were conducted on 73, 800-m by 200-m plots (16 ha), each within a different 640,000-m2 (64 ha quarter-section) site, consisting of native mixed-grass prairie surrounding Brooks, Alberta (50 33' 51"N 111 53' 56" W). Research was conducted during the 2012, 2013, and 2014 breeding seasons (May-August) at 27 control sites and 46 infrastructure sites (see Fig. 1 for study area map; see Table 1 for sample sizes by site type and treatment level). Study sites were located within 60 km of Brooks, Alberta.  Brooks is located in southeastern Alberta and receives an average annual precipitation of 348 mm (Government of Canada 2015). Among sampled years, total precipitation received during the months of May-August was highest in 2012 (275 mm), intermediate in 2013 (231 mm), and lowest in 2014 (186 mm; Government of Alberta 2015). Mean daily temperatures during the months of May-August were consistent among years and averaged 16.1ºC ± 0.37 over the three months combined (Government of Alberta 2015). This area was chosen because it is located in a region of high conventional oil and natural gas resources (Government of Alberta 2014). In this region, average oil well and natural gas well densities are 0.5/km2 and 5.9/km2, respectively. Vegetation was characterized by predominantly native-grass species including blue grama (Bouteloua gracilis), needle-and-thread (Hesperostipa comata), western wheatgrass (Pascopyrum smithii), and junegrass (Koeleria macrantha). Goatsbeard (Tragopogon dubius) and crested wheatgrass (Agropyron cristatum) are common exotic plant species throughout the study area, but crested wheatgrass occurred in fewer than 2% of 1-m2 nest vegetation plots. However, exotic vegetation was present in nearly 50% of nest vegetation plots, and plots averaged 5% (SD = 17) exotic vegetation overall.    
 Well location layers and Alberta Township Grid layers (provided by Divestco and IHS Energy, respectively) were overlaid on satellite imagery for selection of grassland sites in both impacted and reference areas. All sites were ground validated to ensure that vegetation was predominantly native mixed-grass prairie, infrastructure locations were accurate, and to avoid sites with non-native vegetation, trees, large areas of wetland, extreme topography, or sites in close proximity to paved roads. All sites were surrounded by mixed-grass prairie to minimize edge effects caused by cropland (Koper et al. 2009). The center point of each site was at least 400 m away from the center point of any other (much further in most cases) to ensure that there was no overlap between sites, and the distance to nearest adjacent plot edge in the study ranged from approximately 50 m to > 1 km. Of the five species included in our study, most have small territory sizes ranging from 1,000-40,000 m2 (0.1-4.0 ha; Koper and Schiegelow 2006), with the exception of western meadowlark (Sturnella negelecta), which may range up to 70, 000 m2 (7 ha; Lanyon 1994). Thus, the overall probability of individual territories spanning multiple plots was low. Amplitudes were not significantly different (p > 0.05) from background noise by a distance of 300 m from wells, and noise from oil and gas infrastructure was not audible at control sites. Some control sites contained minor infrastructure with small, local footprints, such as shallow gas wells (mean = 23.1 m2 footprint, 1.44 m height), dirt roads, fences, and distribution lines, all of which are typical of prairies in the region. Natural gas wells are silent and require infrequent operator visits (Koper et al. 2014). 
Each nest-searching plot was defined as an 800-m by 200-m area containing an oil well, natural gas compressor station, or a control point at the center. Plots were designed to be long and rectangular to capture a gradient of distances from infrastructure. Control sites were characterized by open, native grassland and the absence of focal infrastructure. Infrastructure sites included pumpjacks, screwpumps, or compressor stations. Pumpjacks (sucker rod pump) and screwpumps (progressive cavity pump) are both varieties of artificial lift device used to extract oil from active wells (Devold 2013). Pumpjacks extract oil from wells via vertical motion while screwpumps force oil from the ground by positive displacement (Koper et al. 2015; the two types of structures are pictured in Fig. A1-2, online appendix). Compressor stations are large facilities that pressurize pipelines for the transport of natural gas following extraction (CAPP 2012; see Table 2 for noise amplitudes of different structures). Habitat at all infrastructure sites was similar to prairie described at controls, but infrastructure sites also contained impacted area characterized by bare ground, barbed wire fences at the perimeter, technical cattle fences around infrastructure, and permanent gravel access roads. Although the typical lease size for oil and gas infrastructure in this region is 1,000 m2 (1 ha; Van Wilgenburg et al. 2013), the size of non-vegetated area varied greatly within all infrastructure sites in our study and ranged from 258-4,986 m2.    
We classified oil infrastructure sites by power source; some structures were powered by the local electrical grid via power distribution lines while others were powered by propane-fueled generators. We also classified each infrastructure site as either active or inactive, depending on whether it was operating and therefore producing noise and receiving visits from site operators at regular intervals during the breeding the season; active oil wells are typically visited by company personnel once each day. At inactive sites, aboveground infrastructure, fencing and roads are present but machinery is turned off and silent, and site visits are infrequent. This allowed us to use infrastructure activity as a variable to capture potential effects of anthropogenic noise and human disturbance (i.e. traffic, human presence). Comparison of noise levels among structure types and power sources is displayed in Table 2. On average, compressor stations were the loudest type of structure, and generator-powered structures were louder than grid-powered structures; noise levels at all active structures were higher than at controls (Table 2). 
Roads were the most abundant linear feature associated with oil and gas development in this region. The majority of the roads near our sites consisted of range, township, and oil access roads. These roads were all relatively narrow, and either gravel or dirt-packed. We used GPS units (Garmin etrex 10) to map the location of roads at each site.
  
2.2. Collection of Nesting Data

 We searched for nests using rope-dragging (Winter et al. 2003). In each year, we conducted three rounds of rope drag searches over the course of the breeding season beginning in the last week of May and ending in the third week of July. To maximize efficiency, and minimize temporal bias, we conducted rope drags each day as soon as the grass was dry (e.g., between 0630 and 0800 MT) and concluded searches by 1200 MT each day. We did not search when the temperature was below 10 C or when the grass was excessively wet. This was intended to reduce risk of nest failure and abandonment as a consequence of searching efforts, by preventing eggs and nestlings from being exposed to cold and wet conditions.
When nests were detected, we marked their locations with a GPS unit and a bamboo stake 10 m to the south and a nail and high-visibility pink surveying tracker 10 m to the west. During all initial nest visits and subsequent checks, we photographed the contents of the nest (to reduce risk of error and allow us to confirm nestling ages), recorded the number of eggs or nestlings, aged nestlings, noted the presence of adult birds, and recorded any evidence of depredation, abandonment or brown-headed cowbird (Molthrus ater) parasitism. We returned to monitor nests at 2-5 day intervals, and more frequently (2-3 day) when nests were near fledging age. To improve confidence in our ability to correctly distinguish between successful and failed nests, we conducted 30-minute fledgling checks on empty nests that were suspected of having fledged. We considered nests successful if they fledged at least one host-young. 
During the 2012-2014 breeding seasons, 747 songbird nests of 5 species were located and monitored. These included: Savannah sparrow (Passerculus sandwichensis; n = 481), vesper sparrow (Pooecetes gramineus; n = 118), chestnut-collared longspur (Calcarius ornatus; n = 78), western meadowlark (Sturnella neglecta; n = 39), and Sprague’s pipit (Anthus spragueii; n = 31).  

2.3. Nest cameras

We used video surveillance cameras to determine the identity of nest predators in our study area. We placed video-surveillance systems (Cox et al. 2012) on 41 active chestnut-collared longspur nests, 4 active Sprague’s pipit nests, and 1 active vesper sparrow nest. Video systems consisted of 12-V 3.66-mm lens Speco Technologies® infrared, weatherproof security cameras (model number: CVC 628M) mounted on small blocks of wood secured to the ground with screws; 704 x 480 resolution miniature digital-video recorder (DVR) and 32GB removable SD cards; 12V-35ah rechargeable lead-acid battery; waterproof ammo-case housing; and 30.5 m combined power-video BNC (Bayonet Neill–Concelman) cable.  We followed procedures similar to those described in Thompson et al. (1999) and Davis et al. (2012), and disguised cameras with burlap and native vegetation to reduce abandonment risk. We secured cables in the ground with u-nails to prevent cattle and other wildlife from disturbing them, and covered cables under vegetation where possible. Boxes containing batteries and DVR’s were placed as far from the nest as possible (30 m with cable extended) and hidden behind shrubs or in ground depressions. Cameras were placed no closer than 20 cm to nests to minimize risk of abandonment, based on preliminary experiments with the cameras. Once in place, cameras were not removed until termination of the nesting attempt, and footage was collected without interruption. Batteries and SD cards were changed every 3 days at nest checks. We had insufficient data to evaluate effects of distance to or density of anthropogenic development on types of predators, and thus include results only to provide a qualitative description of the observed predator community.

2.4. Vegetation Surveys

Vegetation sampling protocols were adapted from Wiens (1969). In 2013 and 2014 we conducted vegetation surveys at each nest upon termination of the attempt. Plots were delineated by placing two meter-sticks so that they intersected across the center of the nest to create a 1-m2 area divided into four sampling quadrats. At each corner we used a Wien’s pole (Wiens 1969) to measure stem height, density, and litter depth, and we estimated percent cover of grasses, forbs, lichens, moss, bare ground, and exotic species. We averaged vegetation characteristics across quadrats for each nest during analysis.
 
2.5. Statistical Analysis 

We conducted all statistical analyses in Program R version 3.1.2 (R Core Team 2014). We accepted 0.10 as the critical alpha value to evaluate statistical significance, as this reduced the probability of incorrectly concluding that there was no effect of variables (Type II error), a concern in conservation biology (Taylor and Gerrodette 1993).
  
2.5.1. Initial analysis

 We used logistic exposure (Shaffer 2004), a specialized form of generalized linear model (GLM) with a binomial probability distribution, to model nesting success for all species. We modeled effects of infrastructure proximity on nest density using negative binomial (Savannah sparrow) and Poisson distributions (vesper sparrow). We determined which of these was most appropriate for each dataset using the ratio of deviance to degrees of freedom.  
For nesting success analyses, we ran a preliminary temporal model—including year, Julian date, and a quadratic Julian date term—to determine which fixed-effect nuisance variables should be included in subsequent models. Additionally, because we collected data from the same sites over multiple years, we included the site variable as a random effect in generalized linear mixed models (GLMM) for both nesting success and nest density analysis. However, we used AIC (Akaike 1974) to determine if inclusion of the random variable improved model fit, and found that it did not. Therefore, we used GLM to analyze nesting success throughout. We also used ∆AIC to provide a relative measure of goodness of fit for our models, when compared with the appropriate null model (i.e., models that included nuisance variables only). We considered models acceptable when main effects improved model fit by > 2 ∆AIC (Arnold 2010). We subscribed to a frequentist approach (null hypothesis significance testing) in all other aspects of analysis (Mundry 2011). For brevity, we only discuss ∆AIC values in the results if models included significant fixed variables, but addition of these variables did not improve fit by > 2 ∆AIC. In all other cases, the addition of significant fixed variables improved model fit by > 2 ∆AIC compared to the null model.

2.5.2. Analysis of infrastructure and nesting success

We analyzed species-specific nesting success for Savannah sparrow (n = 459), vesper sparrow (n = 117), chestnut-collared longspur (n =69), western meadowlark (n = 36), and Sprague’s pipit (n = 30). We did not include nests that were abandoned (unless abandonment was triggered by partial predation), or nests that failed as a consequence of weather events, though these nests are used to calculate apparent success figures given in general results. Only one Sprague’s pipit nest was found in 2012, so we dropped this nest from species-specific analysis to allow the inclusion of the year variable in Sprague’s pipit survival analysis. Julian date variables were not significant in initial analysis of nesting success for any species, and consequently were not included in any global survival models. Year was included for Savannah sparrow and Sprague’s pipit models. We modeled nesting success in Program R using the lme4 package (Bates et al. 2014). For each species, we developed three models. We chose to keep site scale, local scale and vegetation variables in separate models to reduce collinearity and avoid over-parameterizing small datasets, and because sample sizes differed among some variables. To analyze effects of infrastructure at the site scale, we ran three models (also including nuisance variables): site type (control or infrastructure), activity (control, inactive infrastructure or active infrastructure), or structure type (e.g., control, pumpjack, screwpump, or compressor). To determine the potential effect of structure power source, we also ran a model that contained a structure power variable (generator or grid) and a structure activity variable (active or inactive). This analysis was conducted only on nests at screwpump sites, because there were no active electric pumpjacks or generator-powered compressor stations in our study area. We could not conduct the structure type or power source analyses for chestnut-collared longspur, western meadowlark, and Sprague’s pipit because numbers of nests were insufficient at some levels of variables for these species. Further, limited sample sizes restricted our ability to run larger models that would have allowed us to look for interactions among these hypothesized patterns. We also analyzed nesting success at the local scale to evaluate whether proximity of nests to infrastructure features influenced nesting success. This model included two main effects (in addition to nuisance variables): distance to nearest road and distance to nearest oil well or compressor station, both continuous, non-binned variables. For this analysis, we trimmed the dataset to include only nests that were within 1 km or less of infrastructure, nests beyond this distance were all located at control sites and unlikely to show any effect.   

2.5.3 Vegetation and nesting success 

We included six fixed variables (in addition to nuisance variables) to assess effects of vegetation characteristics on nesting success: average stem-height, average stem-density, average litter-depth, percent bare ground cover, percent shrub cover, and percent exotic species cover. We dropped the shrub variable from smaller datasets (listed above), as shrub cover was minimal at nesting sites for all species except vesper sparrow. These variables were selected because mixed-grass prairie songbirds exhibit a preference for nesting sites with increased litter-depth, vegetation height and density, and reduced barge ground, relative to surrounding microhabitat—presumably because increased cover helps to reduce nest predation risk (Davis et al. 2005). 

2.5.4. Analysis of nest density 

We analyzed nest density using GLM and analyzed only for Savannah sparrow and vesper sparrow, as sample size was insufficient for other focal species. Nest density models contained four variables: year, site type, distance bin, and the interaction of site type and distance bin. The distance bin variable described the density of nests in four distance bins (0-100 m, 101-200 m, 201-300 m, and 301-400 m) extending from the center of study plots, and was treated as a continuous variable. Nests beyond 400 m from center points were excluded from this analysis because of sparse data beyond this distance. Only nests found during nest surveys on nesting plots were included in this analysis (nSAVS = 465; nVESP = 114). Nest density results indicate relative nest density only, as rope-drag surveys do not detect 100% of nests present (Giovanii et al. 2011).
    
3. Results

3.1 General Results

Across all years, 55% of nests were successful (apparent success), 39% were depredated, 3% either failed from other causes, or had unknown fates, and 2% were abandoned. Abandonment was 4% overall at control sites and 1% overall at both inactive and active infrastructure sites. Nesting success differed among years and was highest in 2013 (59%) and lowest in 2014 (52%). During 2013 and 2014, average overall brood parasitism by brown-headed cowbirds was 8%; parasitism data were not collected in 2012, and are explored in more detail in a separate manuscript (Bernath-Plaisted et al., unpublished data).
Eleven nest predation events (from ten nests) were recorded using nest video surveillance systems. The predator community in Alberta’s mixed-grass prairie is diverse. Three events were caused by Neotominae spp., one by American badger (Taxidea taxus), one by a coyote (Canis latrans), one by a garter snake (Thamnophis spp.), one by a northern harrier (Circus cyaneus), one by a merlin (Falco columbarius), and two by Swainson’s hawk (Buteo swainsoni). In addition, one domestic cattle (Bos taurus) was observed actively consuming each nestling from one nest. One nest was depredated by a rodent predator followed by a garter snake (Thamnophis spp.).
 
3.2 Nesting Success

Nesting success was significantly lower at infrastructure sites relative to controls for both Savannah sparrow (β = -0.419, SE = 0.168, p = 0.013; Fig. 1A), and vesper sparrow (β = -1.273, SE = 0.601, p = 0.034; Fig. 1B). Nesting success at infrastructure sites was reduced by 12%, and 23% for these species, respectively. However, success did not vary significantly between active and inactive sites for any species (p ≥ 0.177). Nesting success was independent of infrastructure presence (p ≥ 0.541) for chestnut-collared longspur, western meadowlark, and Sprague’s pipit. The presence of nest cameras did not affect rates of nest predation (β = 0.662, SE = 0.447, p = 0.138).   
Savannah sparrow nesting success was lowest at screwpump sites (17% reduction), where it was significantly lower than at controls (β = -0.534, SE = 0.185, p = 0.004; Fig. 1C).  Savannah sparrow nests at pumpjack and compressor stations sites displayed non-significant reductions in success (p ≥ 0.160). For vesper sparrow, nesting success was significantly lower at both screwpump and compressor sites (p ≤ 0.083), but model fit was inadequate (∆AICnull = -0.9).  
Savannah sparrow nesting success also was significantly lower (28% reduction) at grid-powered infrastructure sites compared to generator-powered sites  (β = -0.847, SE = 0.277, p = 0.002; Fig. 1D). Vesper sparrow was the only species to respond to local-scale infrastructure variables; success of vesper sparrow nests decreased significantly with increasing proximity to structures (β = 0.004, SE = 0.002, p = 0.029; Fig. 1E). Vegetation variables did not improve model fit for any species (∆AICnull  ≥ +0.8).

3.3 Nest Density

Vesper sparrow was the only species to display a significant difference in nest density trends between control and infrastructure sites. Vesper sparrow density increased significantly with proximity to infrastructure center points relative to control center points (β = -0.460, SE = 0.246, p = 0.061). Control sites displayed the opposite trend, where nest density appeared to be greater with increasing distance from center points. Nest density varied among years and was significantly lower in 2012 relative to 2013 and 2014 (p < 0.001). 

4. Discussion

	Our results supported the prediction that oil infrastructure would negatively impact the nesting success of grassland songbirds by increasing the probability of nest predation. However, this effect varied by both species and infrastructure type, with screwpumps and grid-powered structures resulting in the greatest reductions in nesting success. Contrary to predictions, noise and human activity associated with infrastructure did not explain effects of wells on nesting success, suggesting that effects were driven by the presence of the physical structures rather than noise. Further, vegetation variables were not influential in survival models, and therefore reduced nesting success at infrastructure sites does not appear to be a result of changes in vegetation structure near infrastructure. 
[bookmark: here]The elevated nest predation frequencies observed at the site scale is consistent with our hypothesis that energy infrastructure may indirectly affect nesting songbirds by altering the nest predator community as a consequence of habitat disturbance. Though our video surveillance systems captured relatively few predation events, they revealed a diverse predator community at our study sites, including multiple nest predations by small rodent predators (Neotominae spp.) and mid-sized mammalian carnivores (C. lantrans and T. taxus). Mammals are the most frequently documented predators of songbird nests in the Great Plains (Pietz et al. 2012), and there is evidence that both small mammal abundances and nest predation increase where habitat is disturbed by energy development (Hethcoat and Chalfoun et al. 2015b). Additionally, both coyote and American badger are considered to be opportunistic generalists (Heske et al 1999; Renfrew and Ribic 2003), and abundance of generalist meso-predators often increases in highly fragmented landscapes (Heske et al. 1999; Dijak and Thompson 2000). Thus, the abundances or activity of these predators might increase with the presence of infrastructure (Frey and Conover 2006). It is estimated that for each oil well built, an additional 100 ha of road is constructed (Riley et al. 2012). This network of access roads may provide predators from nearby agricultural and urban systems access to interior mixed-grass prairie habitat. Energy infrastructure may also provide food, habitat, and nest sites for some nest predators, such as raptors and corvids (Kristan et al. 2004; Bui et al. 2010;Wallace et al. 2015). While we had insufficient data to confirm that energy development altered the predator community in our study area, it may be one mechanism that explains the observed increases in nest predation at infrastructure sites.  
Increased nest predation near infrastructure at our study sites is in contrast to a similar study, also conducted at oil and gas infrastructure sites in Alberta’s mixed-grass prairie, which found no direct effect of infrastructure on the nesting success of the same group of species (Ludlow et al. 2015). It is possible that the smaller sample size analyzed by Ludlow et al. (2015) reduced statistical power, or that effects of oil wells were diluted because Ludlow et al. (2015) combined survival data collected near oil wells and conventional natural gas wells (small, relatively quiet structures, usually without connection to permanent access roads; Koper et al. 2014). 
Nesting success in our study was generally lowest at screwpump sites, and at facilities powered by the electric grid. However, in contrast to our anthropogenic noise hypothesis, survival did not differ between active and inactive sites, and therefore these patterns cannot be explained by differences in noise or human activity. Instead, our results suggest that the presence of power distribution lines may help explain differences in effects among site types. Many of the screwpump facilities in our study were grid powered, and thus were associated with distribution lines. Lower nest survival at screwpump sites relative to other site types is consistent with our hypothesis that distribution lines may serve as perches for avian predator species, and thus increase nest predation frequencies (Lammers and Collopy 2007). One third of the nest predations recorded on video in this study were depredated by raptors, and buteo hawks (Buteo spp.) have been documented depredating nests of grassland songbirds elsewhere (Refrew and Ribic 2003; Pietz et al. 2012); cumulatively, this suggests that they are an important component of the nest predator community. Additionally, brown-headed cowbird is a frequently documented predator of grassland songbird nests in the Great Plains (Pietz et al. 2012), and there is evidence that cowbirds also benefit from increased perch availability (Hauber and Russo 2000; Jensen and Cully 2004).   
It is surprising, however, that nesting success at screwpump sites was also lower than at compressor stations, which are also grid powered and contain tall and complex structures. One possible explanation is that compressor stations may be loud enough to deter some predator species. Francis et al. (2009) found that songbird nesting success was greater at compressor station sites with high-amplitude noise because abundance of common avian nest predators was reduced. Some mammals are also deterred by anthropogenic noise (Francis et al. 2012). We speculate that moderate habitat disturbance introduced by distribution lines, wells, and roads may attract and facilitate movement of certain nest predators, but that predators may avoid sites where noise is particularly high.  
The vesper sparrow was the only species that displayed decreasing nesting success with increasing proximity to structures. It is unclear why local scale edge effects were detected for vesper sparrow but not other species. Vesper sparrow nest density was higher within 100 m of infrastructure than at control points, and nest predators may have responded positively to this high nest density (Gates and Gysel 1978). Nest density of other species was independent of distance to infrastructure. Research on edge effects in nesting grassland songbirds suggests that while some species attempt to avoid nesting in habitat where depredation frequencies are elevated, others do not (Winter et al. 2000). Contrary to expectations, vesper sparrow displayed greater nest density in close proximity to infrastructure, suggesting a possible habitat preference. This finding is consistent with research that demonstrates that vesper sparrow are attracted to recently constructed wind turbines in grassland habitat (Johnson et al. 2000). Increased density of vesper sparrow nests near infrastructure may be driven by its tendency to nest on bare ground and incorporate perches into its territories (Rodenhouse and Best 1983; Best and Rodenhouse 1984; Jones and Cornley 2002; Ludlow et al. 2015). Both of these features are readily available near infrastructure, as lease sites are frequently characterized by exposed ground (Nasen et al. 2011), and structures themselves and associated fences provide numerous perches. At our study sites, the proportion of bare ground increased with proximity to structures at pumpjack and grid-powered screwpump sites (H. Nenninger, University of Manitoba, Unpublished data).  
It may seem surprising that vesper sparrow would nest in habitat where predation rates are elevated relative to surrounding habitat, but because mechanisms that influence habitat selection may differ from those that influence nesting success, individuals may not always select nest sites with better chances of success (Martin 1995). Although our study does not demonstrate an actual habitat preference of vesper sparrow for mixed-grass prairie in close proximity to infrastructure, increased nest density near infrastructure does support such a possibility. Further research is merited to determine if this is the case, as attraction to infrastructure may result in an ecological trap for vesper sparrow at our study sites (Gate and Gysel 1978; Patten and Kelly 2010). Grassland songbirds may be susceptible to such traps due to strong preferences for certain vegetation structures (Schlaepfer et al. 2002; Gilroy and Sutherland 2007). Ecological traps can have serious implications for the persistence of avian populations, even when the proportion of poor habitat on the landscape is relatively low (Donovan and Thompson 2001). Given that vesper sparrow nests suffered a reduction in survival of 21% at infrastructure sites, high densities of infrastructure features in the mixed-grass prairie could pose a threat to local populations of this species.

5. Conclusion
	
Noise and activity associated with energy infrastructure did not explain increased levels of nest predation on grassland songbirds nesting at oil and gas infrastructure sites. Therefore, a likely alternative explanation for these increases in predation is alterations to predator community composition, abundance, or behavior as a result of physical infrastructure and associated fragmentation and habitat disturbance. Habitat disturbance at the landscape scale and increased nest predation have been documented in response to energy development (Hethcoat and Chalfoun 2015a,b), and roads can alter ecosystems and may contribute to habitat fragmentation (e.g., Forman and Alexander 1998; Nasen et al. 2011; Riley et al. 2012). This suggests that managers should seek to reduce the impact of existing and future developments on the surface environment. Mitigation of landscape level habitat disturbance could be partially achieved by reclaiming abandoned wells and access roads that are no longer in regular use. Another potential solution is the use of horizontal drilling techniques in the extraction of conventional oil and gas resources to minimize surface disturbance when accessing new wells (CAPP 2012), as this allows for well heads to be clustered, reducing the need for new roads and more surface infrastructure. We suggest further research to determine whether negative ecological effects might result from hydraulic fracturing associated with horizontal drilling, although we note that the hydraulic fracturing used for conventional petroleum extraction is much less dangerous than that used for unconventional shale-gas extraction (Howarth and Ingraffea 2011). Our research also provides preliminary evidence that screwpumps may be more detrimental to nesting songbirds than other structures. While further research is warranted, it is possible that these negative effects could be mitigated by replacing electric grid power sources with generators, or by burying power distribution lines.   
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Table 1 (1.5 column)

	Site type
	Generator
(n = 25)
	Grid
(n = 20)
	Active
(n = 32)
	Not active
(n = 16)

	Control 
(n = 25)
	N/A
	N/A
	N/A
	198

	Pumpjack
(n = 17) 
	124
	38
	84
	78

	Screw pump
(n = 20)
	127
	141
	172
	96

	Compressor
(n = 8)
	N/A
	77
	77
	N/A

	All structures
(n = 45)
	251
	256
	333
	174










































Table 2 (1 column)


	Structure type
	Power source
	C-weighted decibel

	Control (n =11)
	N/A
	52 ± 5.0

	Pumpjack (n = 4)
	Generator
	73 ± 5.2

	Pumpjack (n = 4)
	Grid
	62 ± 2.8

	Screwpump (n = 5)
	Generator
	79 ± 3.5

	Screwpump (n = 5)
	Grid
	59 ± 2.0

	Compressor (n = 4)
	Grid
	82 ± 3.1



















Figure 1 (2 columns) 
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Figure 1 (2 column)
Table 1. Sample sizes of nests used in survival analysis found at control and oil and gas infrastructure sites in southeastern Alberta’s mixed-grass prairie, 2012-2014. Note that there is overlap between categories (i.e., the same nest may be counted as both at a generator site and an active site). The “All structures” category does not include control sites. Number of sites in each category is given in the column or row title.  




 













































Table 2. Time-averaged LCeq sound-pressure levels measuring noise produced within 10 m of infrastructure types ± standard deviation. Units are in C-weighted decibels (dB). Sample sizes indicate number of sites at which we measured amplitude. Description of sound level measurements is given in Koper et al. (2015). Decibels are logarithmic units; for reference, the human speaking voice is approximately 60 dB and a motorcycle at 15 mph is approximately 80 dB (Barber et al. 2010). 


Figure 1. The effects of oil and natural gas infrastructure on nesting songbirds in southeastern Alberta, 2012-2014: nesting success is significantly lower at infrastructure sites relative to controls for Savannah sparrow (Passerculus sandwichensis) (A), and vesper sparrow (Pooecetes gramineus), for which survival did not differ among years (B); nesting success is significantly lower at screwpump sites relative to controls, pumpjacks or compressor stations for Savannah sparrow (Passerculus sandwichensis) (C); nesting success is significantly lower at grid-powered screwpumps relative to generator-powered screwpumps for Savannah sparrow (Passerculus sandwichensis) (D); nesting success of vesper sparrow (Pooecetes gramineus) was significantly reduced with increasing proximity to structures, and did not differ among years (E). Error bars denote upper 90% confidence intervals (A-D), and dotted lines denote upper and lower 90% confidence intervals (E).
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