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EXECUTIVE SUMMARY 

Crowned Ridge Wind I, an indirect, wholly owned subsidiary of NextEra Energy Resources, LLC 

(NEER), constructed the Crowned Ridge I Wind Energy Facility (CRI) in Grant and Codington 

counties, South Dakota, and began commercial operations in December 2019. Crowned Ridge 

Wind II, LLC, a wholly owned, indirect subsidiary of NEER, began constructing Crowned Ridge II 

Wind Energy Facility (CRII) immediately to the south of the CRI project boundary in May 2020, 

and began commercial operations in December 2020. Shortly after CRII began commercial 

operation, ownership of CRII was transferred from NEER to Northern States Power Company. 

CRI worked collaboratively with Western Ecosystems Technology, Inc. and South Dakota Game, 

Fish, and Parks (SDGFP) to develop a plains sharp-tailed grouse (STGR; Tympanuchus 

phasianellus jamesi) research study to better understand the effects of wind energy infrastructure 

on STGR populations.  

 

While some information exists on the effects of wind energy infrastructure on prairie grouse 

populations, no studies have directly measured STGR behavioral responses to wind energy 

infrastructure. The presence of known STGR within CRI and CRII (hereafter, Projects) provided 

a valuable opportunity to evaluate the potential effects that wind energy infrastructure may have 

on STGR populations. In accordance with Permit Condition Number 45 of the South Dakota Public 

Utility Commission order, CRI conducted two years of post-construction prairie grouse lek 

monitoring to evaluate the project’s effects on the local prairie grouse population. In addition, CRI 

worked collaboratively with SDGFP to develop a Grouse in Lieu Mitigation Plan that incorporated 

an approved lek monitoring and robust telemetry study plan. The Grouse in Lieu Mitigation Plan 

outlined goals and objectives of the lek monitoring study and the telemetry study, both of which 

had the same goal of quantifying the effects of wind energy infrastructure on the local STGR 

population.  

 

More specifically, the overall goal of this study was to quantify the effects of wind energy 

infrastructure on STGR lek trends, seasonal habitat selection, and demography. From 2020–

2022, monitoring of known leks and surveys for new leks were conducted within six miles (mi; 

10 kilometers [km]) of the Projects’ boundaries to understand the extent of the local breeding 

STGR population. Breeding STGR were captured and marked with Global Positioning System 

transmitters to collect information about habitat selection and demography in relation to wind 

energy infrastructure. Commonly employed analytical techniques were used to 1) evaluate trends 

in STGR attending leks located within six miles of the Projects’ boundaries, 2) predict the relative 

probability of female STGR resource selection to estimate potential behavioral avoidance 

associated with wind energy infrastructure at two scales of selection, and 3) predict nest and 

female survival during the breeding season relative to wind energy infrastructure. Resource 

selection was assessed at both the population level (selection of habitat based on the range of all 

marked female STGR; home-range scale) and the individual level (an individuals’ selection of 

resources based on availability within each individual’s seasonal ranges; within home range 

scale). Resource selection and survival were evaluated across three distinct life stages: nesting, 

brood-rearing, and breeding.  
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Lek monitoring and surveys occurred between the middle of March and late April each year. The 

mean maximum male STGR count at monitored leks was six in 2020, nine in 2021 and eight in 

2022. Overall, lek counts appeared to be relatively stable over the study period. Over the course 

of the study, we monitored 126 female STGR. Resource selection models included locations of 

75 nests, 5,364 brood-rearing locations from 17 broods, and 72,452 breeding season locations. 

Survival analyses included observations from 65 first nest attempts and 112 female STGR. 

 

We did not detect an effect of wind turbine distance or density on nest site selection at the home 

range or within home range scales, which is consistent with other studies evaluating prairie grouse 

responses to wind energy development. In addition, we found little evidence to suggest females 

with broods avoided areas influenced by wind turbines. For example, we found that females with 

broods selected areas closer to turbines and with more turbines within 1.3 km at the home range 

scale. At the finer, within home range scale, females with broods selected areas with up to 

approximately four turbines within 1.0 km. Overall, this provides little evidence that brood-rearing 

STGR avoided wind turbines given the average number of turbines within 1.0 km of a point on 

the landscape within the study area was less than one (mean = 0.35; range: 0–8). 

 

In contrast, we found evidence that resource selection by female STGR during the breeding 

season was associated with wind energy infrastructure. At the home range scale, we found that 

STGR selected areas farther from wind turbines, but also in areas with greater turbine density 

within 3.2 km. The spatial predictions of the home range breeding season models, which also 

accounted for other attributes of STGR habitat, however, provided limited support that wind 

turbines resulted in avoidance by STGR at this scale. At the within home range scale a count of 

20–35 wind turbines within 5.0 km represented a potential threshold where STGR avoidance of 

wind turbines was greatest. However, there was uncertainty in the response beyond 35 wind 

turbines within 5.0 km. The within home range breeding season model predicted an approximate 

85 to 93% reduction in relative probability of selection when the number of wind turbines increased 

from zero to 20 or zero to 35 wind turbines within 5.0 km, respectively. To put this response in 

perspective, the average number of turbines within 5.0 km of a point on the landscape within the 

study area was 9 (range: 0–57) and approximately 19% of the study area contained more than 

20 wind turbines within 5.0 km.  

 

Similar to other studies evaluating grouse responses to wind energy development, we did not 

detect an effect of wind energy infrastructure on nest survival. Our results provided some 

evidence that female survival during the breeding season was negatively associated with wind 

energy infrastructure. However, this effect had weak statistical support and was not considered 

further. Other studies have found that female survival increased or was not influenced by wind 

energy infrastructure following construction. Nonetheless, we cannot rule out the possibility that 

other unmeasured environmental factors influenced both nest and female survival, which could 

have been potentially uncovered with a longer term dataset.  

 

Although we observed avoidance behavior associated with wind energy infrastructure during the 

breeding season, relatively stable lek trends over the 3-year study suggest that this behavioral 
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response has not resulted in population level declines. This is based on an assumption that lek 

counts are suitable indices of population trends, which is supported in the literature. Other prairie 

grouse research has found that population trends, indexed by lek counts, are not negatively 

impacted by wind energy infrastructure, although there is some evidence that lek persistence may 

be lower closer to turbines. Nonetheless, our findings support the existing body of evidence that 

prairie grouse may not experience population level impacts over the short term following 

development of wind energy facilities.  
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INTRODUCTION 

Crowned Ridge Wind I, LLC (CRI) an indirect, wholly owned subsidiary of NextEra Energy 

Resources, LLC (NEER), constructed the Crowned Ridge I Wind Energy Facility in Grant and 

Codington counties, South Dakota. Construction began on 200 megawatts (MW) of the permitted 

300 MW in August 2019 and commercial operations began in December 2019. Crowned Ridge 

Wind II, LLC (CRII), a wholly owned, indirect subsidiary of NEER, began constructing the 

Crowned Ridge II Wind Energy Facility immediately to the south of the CRI project boundary in 

May 2020 and began commercial operations in December 2020. Shortly after CRII began 

commercial operation, ownership of CRII was transferred from NEER to Northern States Power 

Company. The presence of known sharp-tailed grouse (Tympanuchus phasianellus) within CRI 

and CRII (hereafter, Projects) and the high probability of lek occurrence surrounding the Projects 

(Runia et al. 2021), provided a valuable opportunity to evaluate the effects of wind energy 

development on sharp-tailed grouse (Figure 1). CRI worked collaboratively with South Dakota 

Game, Fish and Parks (SDGFP) to develop a Grouse In Lieu Mitigation Plan (Mitigation Plan; 

Crowned Ridge Wind LLC 2019a, 2019b) that incorporated an approved lek monitoring and robust 

telemetry study plan to better understand the effects of wind energy infrastructure on sharp-tailed 

grouse populations, with the goal of providing crucial information to assist with future siting and 

permitting decisions. 

 

Sharp-tailed grouse are a generalist grouse species split into six subspecies distributed across 

much of central and northwestern North America (Connelly et al. 2020). The most widespread of 

the subspecies, and focus of this research, the plains sharp-tailed grouse (Tympanuchus 

phasianellus jamesi; STGR), has been recognized as an indicator species for grassland 

ecosystems (Roersma 2001). Due to their extensive range across areas with high wind capacity, 

STGR are exposed to the greatest number of wind turbines when compared to prairie chickens 

(Tympanuchus spp.) or greater sage-grouse (Centrocercus urophasianus.; Lloyd et al. 2022), and 

no studies have directly measured potential impacts to STGR.  

 

While information is available regarding impacts of wind energy development and associated 

infrastructure to grouse, results have generally been mixed. For example, in Wyoming, 

LeBeau et al. (2014) reported lower greater sage-grouse nest and brood survival in habitats 

closer to wind turbines two years following development. However, over a 6-year period after 

development at the same facility, LeBeau et al. (2017b) failed to detect negative effects on greater 

sage-grouse nest, brood, or summer female survival. In Idaho, Columbian sharp-tailed grouse 

(Tympanuchus phasianellus columbianus) nest survival was not influenced by proximity to 

turbines (Proett et al. 2019); however, turbine density was negatively associated with chick 

survival (Proett et al. 2022). Greater prairie-chicken (Tympanuchus cupido) and lesser prairie-

chicken (Tympanuchus pallidicinctus) nest and female survival was not influenced by proximity to 

wind turbines in Nebraska or Kansas (Winder et al. 2014, Harrison et al. 2017, Smith et al. 2017, 

LeBeau et al. 2023). These studies highlight the variability in effects of survival; however, 

avoidance behaviors associated with wind energy infrastructure could possibly mask the ability to 

detect any potential survival consequences.  
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LeBeau et al. (2017b) found that greater sage-grouse selection for brood-rearing and summer 

habitats was negatively correlated with surface disturbance associated with wind energy 

infrastructure. Similar displacement behaviors have also been documented for greater prairie 

chickens, with avoidance of wind turbines in Kansas (Winder et al. 2014). Lesser prairie-chickens 

in Kansas avoided areas with high turbine density near large intact grasslands (LeBeau et al. 

2023). These findings suggest that there is some level of indirect loss of potentially suitable habitat 

because of wind energy infrastructure. However, the available literature does not suggest that 

avoidance behaviors translate to population level effects (LeBeau et al. 2017a, LeBeau et al. 

2023).  

 

Power lines (transmission and distribution lines) that are often associated with wind energy 

infrastructure also have the potential to affect grouse populations directly and indirectly. Although 

rare, direct mortality caused by collision with power lines has been documented (Beck et al. 2006, 

Wolfe et al. 2007) and indirect effects could include displacement and survival consequences 

similar to wind energy infrastructure (Gibson et al. 2018, LeBeau et al. 2019, Londe et al. 2019).  

 

The overall goal of this research was to quantify the effects of a wind energy development on 

STGR lek trends, habitat selection, and demography over a 3-year period. The study was 

designed to incorporate the analysis of spatial and demographic data collected from observations 

of lek trends and marked individuals. The study protocol included data collection during multiple 

STGR breeding seasons along a distance gradient from wind turbines over a period that included 

construction and operations of the Projects. Specifically, the objectives were to 1) evaluate trends 

in STGR attending leks located within six miles (mi; 10 kilometers [km]) of the Projects boundaries, 

2) predict the relative probability of female STGR resource selection during nesting, brood-

rearing, and the breeding season to estimate potential behavioral avoidance effects associated 

with wind energy infrastructure at two scales of selection, and 3) predict nest and breeding season 

survival relative to wind energy infrastructure. The purpose of this report is to summarize data 

collected during the study period and provide detailed results on the responses of this STGR 

population to wind energy development, ultimately fulfilling the objectives of the Mitigation Plan 

(Crowned Ridge Wind LLC 2019a, 2019b). 
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Figure 1. Previously known plains sharp-tailed grouse (STGR) leks within Crowned Ridge I 

(CRI) and Crowned Ridge II (CRII) Wind Energy Facility boundaries overlaying 
probability of STGR lek occurrence modeled by South Dakota Game, Fish, and 
Parks (Runia et al. 2021).  
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STUDY AREA 

The study area is located in Grant, Codington, and Deuel counties, South Dakota, and was 

demarcated as the area encompassing a six mile buffer around the Projects (549,177 acres 

[222,244 hectares]; Figure 2). A six mile buffer was used to delineate the area for initial STGR lek 

searches and subsequent captures (described below). CRI consisted of 87, 2.3-MW turbines that 

were constructed prior to the study in 2019. CRII consisted of 88, 2.3-MW turbines that became 

operational in 2020. Twenty-six CRI or CRII turbines (14.8%) were sited in grassland according 

to National Land Cover Database. The proportion of grassland within 1.0 km of each turbine varied 

(mean = 0.29; range = 0.00–0.85; Figure 2). Other wind energy facilities in the region included 

Dakota Range I and II (72, 2.2–4.5-MW turbines operational in 2021) and Dakota Range III (32, 

4.5-MW turbines operational in 2021) to the northwest, and Deuel Harvest North (101, 2.8-MW 

turbines operational in 2019) and Tatanka Ridge (50, 2.8-MW turbines and six, 2.3-MW turbines 

operational in 2021) to the southeast (Figure 2). The number of turbines in the study area ranged 

from 102 in April 2020 to 258 at the end of the study in August 2022. The study area is almost 

entirely privately owned land. However, several small state and federally managed wildlife 

management areas and waterfowl production areas intersperse the region. Annual precipitation 

ranged from 24.0–28.0 inches (61.0–71.1 centimeters; 30-year average; PRISM Climate 

Group 2021). Elevation ranged from 965–2,083 feet (294–635 meters; US Geological Survey 

[USGS] 2023). The study area is classified as tallgrass prairie within the Northern Great Plains 

Region (Johnson and Larson 2016) comprising a matrix of grassland and cultivated cropland 

(Figure 2). 
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Figure 2. Study area located in Grant, Codington, and Deuel counties, South Dakota, 

including locations of wind turbines and land cover types. 
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METHODS 

Lek Counts and Surveys 

Previously known lek locations within the study area were provided by SDGFP and NEER. During 

each spring, biologists searched for previously undocumented leks (i.e., two or more displaying 

males) and visited known leks to count the number of individual STGR in attendance. Biologists 

conducted ground-based lek counts during three or four mornings each year at all known leks during 

the lekking period. An aerial lek survey was conducted in 2020 to search for previously unknown 

leks to help supplement ground-based survey efforts. Counts were spaced approximately 

seven days apart and occurred between 30 minutes (min) before sunrise and 90 min after sunrise. 

Observers scanned each lek for a minimum of 10 min and counted the total number of individuals 

attending the lek. In the event a known lek was not located, observers searched within 1.9 km, when 

landowner access was possible, to determine if the lek moved. The 1.9 km search area was based 

on inter-annual movement of lek locations documented in prairie grouse populations 

(Hovick et al. 2015). Lek counts were only conducted when conditions included clear to partly 

cloudy skies, wind speeds less than 32 km per hour, and no moderate or heavy precipitation. The 

maximum number of male STGR observed at each lek during each survey was recorded.  

Capture and Monitoring  

Results from the lek surveys were used to identify which leks would be targeted for capturing 

STGR. Targeted leks for capture were based on the number of males observed on a lek, proximity 

to turbines, and landowner access. Female STGR were targeted for captures, given their 

contribution to population growth rates (Milligan et al. 2018), but males were targeted after peak 

female lek attendance passed. However, male STGR were not included in subsequent analyses, 

but may be used to address additional questions in the future. STGR were captured from leks 

using walk-in drift traps during the spring lekking period, March – late April (Haukos et al. 1990). 

STGR were sexed based on tail feather striation and color of crown feathers, aged as juveniles or 

adults based on the shape and condition of the ninth and tenth primary features (Ammann 1944, 

Henderson et al. 1967). Individuals were fit with a Global Positioning System (GPS)-Ultra High 

Frequency (UHF) solar-powered telemetry unit (Ecotone Harrier GPS-UHF, Saker GPS-GSM 

model L) with a modified rump-mounting harness (Bedrosian and Craighead 2009). Telemetry 

units were approximately 0.6 ounces (17.0 grams) in mass (less than 3% body weight; 

Phillips et al. 2003). STGR were captured following procedures under a SDGFP scientific 

collection permit (Permit No. 14) to capture, mark and monitor grouse. Captures were conducted 

to minimize stress and individuals were released as soon as possible following capture.  

 

The solar-powered GPS units fit to each individual uploaded locations via cellular transmission 

(3G). This enabled near real-time assessment of location data. GPS units were programmed to 

collect locations every 15 min. We masked locations recorded from each individual immediately 

following capture and assumed that individuals acclimated to the GPS transmitters following two 

days post capture. In addition, these units had Very High Frequency (VHF) capability to allow for 

manual tracking. Each year, individuals were tracked on the ground beginning in late May using 

a R4000 Advanced Telemetry Systems (Isanti, Minnesota) receiver and 3- or 5-element Yagi 
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antennas to evaluate demographic parameters (described below). We used fixed-wing aircraft 

flights to locate individuals that went missing. In the event locations were localized for more than 

a day indicating a mortality, a biologist visited the location to retrieve the GPS unit and determine 

cause of death, if possible. In mid-June of 2022, major cell phone carriers disabled their 3G 

networks (South Dakota Public Utilities Commission 2021). This resulted in GPS units no longer 

able to upload locations remotely. Biologists recognized the failure for data to be uploaded using 

3G networks within a week of networks being disabled. Biologists began locating grouse on the 

ground using VHF telemetry and downloading data utilizing the UHF capabilities of the 

transmitters where possible.  

 

Nests were located by visually inspecting location data that indicated homing by females to a 

single location (± GPS location error). STGR have an approximately 23-day incubation period 

(Johnsgard 1983). If a female left the nest location prior to 23-days, we considered the nest to 

have failed. Nests were visited to confirm nest fate and nests were considered successful when 

at least one egg hatched (Rotella et al. 2004). A biologist also manually tracked the bird with VHF 

telemetry to confirm nest fate by visually observing chicks or brooding behavior by the female 

(e.g., distraction displays or injury feigning). When a female successfully hatched a nest, brood 

fate was determined during the initial telemetry visit by either visually observing the female with 

at least one chick, or observing the female exhibiting brooding behavior. Brood status was 

confirmed with telemetry visits at approximately 35 days post-hatch, and a female was considered 

to have successfully reared a brood when at least one chick was present with the female during 

the 35-day post-hatch visit. If brood status could not be determined during the 35-day visit, a 

second visit was conducted the following day. All females were monitored throughout the study 

period regardless of nest or brood fate.  

Spatial Predictor Variables 

We investigated both habitat and wind energy infrastructure variables to assess STGR habitat 

selection and survival (Table 1). We used land cover data from the US Department of Agriculture 

(USDA) National Agricultural Statistical Service (USDA 2023) to estimate the proportion of canopy 

cover of alfalfa (Medicago sativa), corn (Zia mays), herbaceous wetland, grassland, soybeans 

(Glycine max), total crop cover (included alfalfa, corn, and soybeans), and developed areas 

(included roads, dwellings, and associated infrastructure [USDA 2023]). Major crop cover 

variables (corn, alfalfa, and soybeans) were selected based on their abundance on the landscape 

and visual observations of STGR utilizing specific cover types by biologists in the field. Land cover 

data were available each year. Therefore, STGR location data were temporally matched to the 

appropriate year to most accurately reflect conditions when locations were recorded.  

 

A digital elevation model (USGS 2023) was used to create a Terrain Roughness Index (TRI) and 

Terrain Positioning Index (TPI). TRI was calculated as the mean difference between a raster cell 

and the eight surrounding cells (Wilson et al. 2007). TPI compared the elevation of each cell to 

the mean elevation of the eight surrounding cells. Positive and negative TPI values represent 

areas that are higher or lower than their surrounding areas, respectively (Guisan et al. 1999). 

Distance to roads was calculated using data from the South Dakota Department of Transportation 

(2022), Minnesota Department of Transportation (2012), as well as service roads to turbines that 
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were manual digitized. Distance to roads was calculated using the Euclidean Distance tool in 

ArcGIS Desktop version 10.8. 

 

Wind energy and transmission line covariates (hereafter, collectively referred to as wind energy 

infrastructure variables) included distance to turbine (km), distance to transmission line (km), 

turbine density (count of turbines), and length of transmission lines (km; transmission line density). 

Locations of turbines were obtained from the United States Wind Turbine database (Hoen et al. 

2018) and information on timing of construction and commercial operation dates were verified 

with direct communication with the wind energy facility operators. Transmission and distribution 

line data was obtained from the Department of Homeland Security (2022). Transmission and 

distribution line voltage ranged from 69 to 345 kilovolts. Wind energy covariates were time-

stamped to accurately reflect when infrastructure was present on the landscape. 

 

We assessed all habitat covariates (excluding Euclidean-distance based covariates) within six 

radii circular scales; 0.2-km, 0.5-km, 1.0-km, 1.3-km, 3.2-km, and 5.0-km radii. Wind energy 

infrastructure variables were assessed within 1.0-km, 1.3-km, 3.2-km, and 5.0-km. TPI and TRI 

were also assessed at local scale (raster pixel). Scales were determined based on previous 

research on spatial use patterns (Milligan et al. 2020b, Runia et al. 2021) and current 

management recommendations for wind energy development siting (North Dakota Game and 

Fish 2021). Variables were created using the Focal Statistics tool in ArcGIS Desktop version 10.8. 

 

Table 1. Spatial predictor variables used to assess sharp-tailed grouse (STGR) habitat selection 
and survival at the Crowned Ridge I and Crowned Ridge II Wind Energy Project, 2020–
2022. 

Covariate1 Description 

Habitat variables 

Alfalfa Alfalfa canopy cover (%; US Department of Agriculture [USDA] 2023) 

Corn Corn canopy cover (%; USDA 2023) 

Grassland Grassland canopy cover (%; USDA 2023) 

Herbaceous wetland Herbaceous wetland (%; USDA 2023) 

Soybeans Soybean canopy cover (%; USDA 2023) 

Total crop Combined canopy cover of alfalfa, corn, miscellaneous crop, and soybeans (%; 
USDA 2023) 

Distance to roads Euclidean-distance to road (km; South Dakota Department of Transportation 2022, 
Minnesota Department of Transportation 2012) 

Terrain Positioning Index Mean terrain positioning index (Positive values = area higher than surroundings; 
negative values = area lower than surroundings; Guisan et al. 1999) derived from 
a digital elevation model (US Geological Survey [USGS] 2023). 

Terrain Roughness Index Mean topographic ruggedness index (Positive values = area more rugged than 
surroundings, example: ridges; negative values = area less rugged than 
surroundings, example: depressions; Wilson et al. 2007) derived from a digital 
elevation model (USGS 2023). 

Wind energy infrastructure variables 

Distance to transmission 
line 

Euclidean-distance to transmission or distribution line (69–345 kilovolt; km; 
Department of Homeland Security [DHS] 2022) 

Distance to turbine Euclidean-distance to turbine (km; Hoen et al. 2018) 

Transmission line length Length of transmission line (km; DHS 2022) 

Turbine density Count of wind turbines (Hoen et al. 2018) 

1 Non-Euclidean distance habitat variables were estimated across 0.2, 0.5, 1.0, 1.3, 3.2, and 5.0-kilometer (km) radii 
circular scales. Wind energy infrastructure variables were estimated across 1.0, 1.3, 3.2, and 5.0 km radii scales. 
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Experimental Design and Analysis 

The potential influence of wind energy infrastructure on STGR behavior and demography was 

assessed using resource selection and survival analyses. We evaluated resource selection of 

STGR nests, broods, and females during the breeding season (April 1 to August 15), and survival 

of nests and females. We did not evaluate survival of broods due to insufficient information 

regarding the timing of brood failure and relatively small sample sizes. In all analyses, we related 

STGR locations to spatially explicit covariates (Table 1). All statistical analyses were performed 

in R version 4.1.3 (R Core Team 2022). Second-order Akaike Information Criterion (AICc) was 

used to assess model support for all models (Burnham and Anderson 2002). Prior to model 

development, we ran univariate models and retained variables when they were more informative 

than random intercept only models. Variables were also removed from further consideration if 

85% confidence intervals surrounding coefficient estimates included zero (Hosmer and 

Lemeshow 2000). For non-Euclidean distance based variables that were assessed at multiple 

radii scales, we retained the variable scale that had the lowest AICc score. Variable screening 

procedures were done independently for each model. 

 

A variable subsetting approach (Arnold 2010) was used to evaluate the influence of wind energy 

infrastructure variables on STGR. We first explored all combinations of uncorrelated (|r| > 0.6) 

habitat variables retained after univariate screening that excluded wind energy infrastructure 

variables. The maximum number of habitat variables in any model was set to six in order to limit 

potential model overfitting (Burnham and Anderson 2002). We used AICc to rank models and 

considered the most parsimonious model to be the base model for comparison with models 

containing wind energy infrastructure variables wind energy covariates. A similar variable 

screening procedure was used for wind energy infrastructure variables. The base model was then 

compared to models that included habitat variables in the base model plus all combinations of 

uncorrelated (|r| > 0.6) wind energy infrastructure variables. This modelling approach determined 

whether models containing wind energy infrastructure variables were more predictive of STGR 

resource selection or survival compared to models only containing habitat covariates. Candidate 

models were fitted with package MuMIn in R (Bartoń 2022). We allowed each model to compete 

and selected the most parsimonious model based on AICc (Burnham and Anderson 2004). 

Covariates in final models that had 95% confidence intervals that included zero were considered 

uninformative.  

 

Final models that contained wind energy infrastructure variables and had parameter estimates 

that suggested behavioral avoidance or survival consequences were further evaluated to test for 

potential thresholds in STGR responses. We investigated quadratic and ramped thresholds for all 

wind energy infrastructure variables. A ramped threshold describes a gradient of the effect of a 

specified covariate and identifies a break point where the response to the covariate plateaus 

(Powell et al. 2017). To determine potential ramped threshold values to assess, we used 10% 

quantile intervals (ranging from 10 to 90%) based on the distribution of STGR use locations 

relative to wind energy infrastructure. Therefore, we tested up to nine ramped thresholds and one 
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quadratic threshold for each wind energy infrastructure variable included in the final model. AICc 

was used to assess support for including nonlinear responses in final models.  

Resource selection design and analysis 

We used binomial generalized linear mixed models to estimate the relative probability of female 

STGR nest site, brood-rearing (from hatch to five weeks), and breeding season (April 1 to August 

15) resource selection within the study area. Models included the random effect of individual 

grouse nested within year to account for variation among individuals and across years. Used 

locations from GPS-marked individuals were rarified to 10 locations per day to minimize spatial 

autocorrelation (Valcu and Kempenaers 2010). Resource selection was evaluated at the home-

range scale (second-order) and within home ranges (third-order) using resource selection 

functions (RSFs; Johnson 1980, Manly et al. 2002). The home-range scale analyses evaluated 

resource selection at the population level (selection given available habitat occupied by all marked 

females), whereas the within home range analyses evaluated resource selection at the individual 

level (an individual’s selection given habitat within each females seasonal range; Figure 3). For 

all home-range scale analyses, we used 25 times the number of available locations per used 

(STGR) location. At this scale, available locations were restricted to a 99% fixed kernel (KDE; 

Worton 1989) surrounding all STGR locations during the breeding season. For within home range 

analyses, available points were generated within a 99% KDE that was created using locations 

used by each individual. For the within home range nest analysis, we used locations obtained 

during the 3-week period preceding nest incubation to determine the area with which to generate 

available locations. We used a 3-week period to establish the seasonal home range for females 

that nested as we assumed that this period represented the time when a female was choosing a 

nest location prior to initiation. We used locations obtained during the 5-week period following 

hatch or during the breeding season to determine the area to generate available locations for the 

within home range brood-rearing and breeding season analyses, respectively. Brood-rearing 

resource selection analyses were restricted to individuals that were known to have broods. 

Available locations were also generated at a rate of 25 times the number of used locations for 

within home range analyses.  

 

The predictability of the most parsimonious home range scale breeding season RSF was 

evaluated using a 5-fold cross-validation (Boyce et al. 2002, Johnson et al. 2006). Predictions 

were binned into five equal-area (quartile) intervals (Wiens et al. 2008). Validations were 

performed by running linear regressions on the number of observed locations from test groups 

compared to expected locations generated from each RSF bin. We considered models to be good 

predictors when linear regressions had high coefficients of determination (r2 > 0.9) and 95% 

confidence intervals of slope estimates excluded zero and included one (Howlin et al. 2004). The 

most predictive RSF model was mapped across the study area using coefficients from the top 

model and predictions were distributed into five equal area bins corresponding with increasing 

relative probability of selection from zero (low relative probability of selection) to five (high relative 

probability of selection). If the most predictive resource selection function model included wind 

energy infrastructure variables, we also mapped the most predictive base model to visually 

compare spatial predictions that did not include the additive effects of wind energy infrastructure 
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variables. Base models were mapped in the same way as the final RSF. We based inference on 

variables when they had 95% confidence intervals that did not overlap zero.  

 

 
Figure 3. A 99% fixed kernel surrounding all female sharp-tailed grouse locations during the 

breeding season (gray) and an example of a 99% fixed kernel surrounding one 
individual’s locations (black) used to assess home-range scale and within home-
range scale resource selection near the Crowned Ridge I and Crowned Ridge II 
Wind Energy Projects during 2020–2022 breeding seasons. For each scale of 
selection, available locations used to evaluate resource selection were restricted 
to respective fixed kernel regions.  
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Survival design and analysis 

Nest and breeding season survival was evaluated using Cox proportional hazards regression 

models to relate survival and hazard of death to predictor variables using the coxme package in 

R (Cox 1972, Therneau and Grambsch 2000). We assessed nest survival over a 23-day 

incubation period (Johnsgard 1983) and included only first nest attempts. Second nest attempts 

were excluded because these nests may not have been independent of first nests and comprised 

a relatively small sample. Breeding season survival was assessed from April 1 to August 15 (19 

weeks) to be consistent with other studies (Manzer and Hannon 2008, Milligan et al. 2020b). 

Individuals that died within two days of capture were excluded from analyses to remove potential 

bias in survival estimates and assumed to be capture-related mortality. Breeding season survival 

was analyzed using the Andersen-Gill formulation of the Cox proportional hazards regression to 

accommodate left and right censoring of data (Andersen and Gill 1982). For each survival model, 

we tested the proportional hazards assumptions using Schoenfeld residuals of the covariates 

included in the top model (Schoenfeld 1982).  

RESULTS 

Lek Counts and Surveys  

During lek surveys in 2020, 11 previously undocumented leks were located using ground-based 

and helicopter surveys. No previously undocumented leks were found during the 2021 lek 

surveys. One undocumented lek was located in 2022.  

 

We obtained landowner permission to monitor 13 of the 19 leks that were known at the beginning 

of the 2020 field season, 20 of 30 leks in 2021, and 26 of 31 known leks in 2022 (Figure 4, Table 

2). Lek counts occurred between March 11 and April 25 each year. The mean maximum male 

STGR count at leks was six (range = 0–23), nine (range = 0–31), and eight (range = 0–29) in 

2020, 2021, and 2022, respectively. Overall, male lek counts appeared to be relatively stable over 

the study period (Figure 5).  
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Table 2. Summary of male sharp-tailed grouse lek attendance near 
Crowned Ridge I and Crowned Ridge II Wind Energy Projects 
surveyed during the 2020–2022 breeding seasons. 

Lek number Max count 20201 Max count 20211 Max Count 20221 

1 2 (0–2) 6 (0–6) 2 (0–2) 
2 NA2 NA2 NA2 
3 0 0 10 (0–10) 
4 2 (0–2) 7 (0–7) 3 (0–3) 
5 20 (18–20) 22 (14–22) 15 (10–15) 
6 2 (0–2) 0 6 (0–6) 
7 0 3 (0–3) 0 
8 NA2 NA2 0 
9 5 (1–5) 12 (7–12) 10 (0–10) 
10 0 2 (0–2) 4 (0–4) 
11 12 (0–12) 27 (19–27) 7 (6–7) 
12 NA2 NA2 NA2 

13 0 0 0 
14 0 8 (0–8) 0 
15 NA2 NA2 26 (22–26) 
16 11 (8–11) 13 (12–13) 11 (7–11) 
17 0 6 (0–6) 0 
18 NA2 4 (2–4) 6 (0–6) 
19 NA2 NA2 1 (0–1) 
20 7 (5–7) 5 (0–5) 5 (0–5) 
21 23 (18–23) 31 (24–31) 17 (11–17) 
22 5 (3–5) NA2 NA2 

23 6 (1–6) 2 (0–2) 0 
24 53 6 (0–6) 5 (0–5) 
25 93 NA2 NA2 

26 53 NA2 29 (5–29) 
27 43 13 (0–13) 8 (0–8) 
28 93 NA2 16 (13–16) 
29 5 (1–5) NA2 NA2 

30 16 (12–16) 8 (5–8) 9 (5–9) 
31 NA4 NA4 24 (18–24) 

1 Range of counts in parenthesis. 
2 No landowner permission. 
3 Located via helicopter survey and were unable to obtain landowner permission for 

subsequent visits. 
4 Lek discovered in 2022. 
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Figure 4. Sharp-tailed grouse (STGR) leks monitored during 2020–2022 breeding seasons and 

STGR capture leks within the 6-mile buffer (study area) surrounding the Crowned 
Ridge I and Crowned Ridge II Wind Energy Projects. 
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Figure 5. Trends in sharp-tailed grouse leks monitored during the 2020–2022 breeding seasons 

near the Crowned Ridge l and Crowned Ridge II Wind Energy Projects. Points 
connected by dashed lines represent individual leks. The solid black line connects the 
mean maximum lek count for each year. Points that are not connected by dashed lines 
were not monitored in previous years (see Table 2 for details). 

 

Capture and Monitoring 

In 2020, we captured 51 females at six leks throughout the study area (Figure 4, Table 3). In 

2021, we captured 49 females at four leks, and in 2022 we captured 26 females at six leks 

throughout the study area. In total, we monitored 126 female STGR over the study period. 

Resource selection models included 75 nests, 5,364 brood rearing-locations from 17 broods, and 

72,452 breeding season locations (Figure 6). A total of 32 broods were identified over the study, 

however, we excluded 15 broods from resource selection models due to insufficient data, brood 

failure, or we were unable to confirm brood fate to ensure that locations of females were with 

broods. Survival analyses included 65 first nest attempts, and 112 female STGR. We excluded 

eight second nest attempts from the nest survival analysis. The density of used and available 

locations in relation to wind infrastructure covariates used to assess breeding season resource 

selection at the home range and within home range scales are located in Appendix A (Figures 1 

and 2).  
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Table 3. Summary of female sharp-tailed grouse captured at leks near 
the Crowned Ridge l and Crowned Ridge II Wind Energy 
Projects during 2020–2022 breeding seasons. 

Lek number # Females Distance to nearest turbine (km) 

5 15 1.2 
9 1 1.5 
16 3 5.4 
20 4 8.6 
21 21 11.3 
30 7 4.2 

5 15 1.2 
11 9 0.7 
16 10 5.4 
21 15 11.3 

5 17 1.2 
11 1 0.7 
16 1 5.4 
21 0 11.3 
30 1 4.2 
32 6 11.7 

Note: distance to nearest wind turbine was based on locations of wind turbines in 2022. 
km = kilometer. 
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Figure 6. Nest, brood-rearing, and breeding season locations of female sharp-tailed grouse 

near the Crowned Ridge I and Crowned Ridge II Wind Energy Projects during 2020–
2022 breeding seasons. 
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Nest Site Selection 

Home range scale (second order) nest site selection 

The addition of wind energy infrastructure variables improved model fit compared to base models 

(Appendix A, Table 1), suggesting that wind energy infrastructure was associated with nest site 

selection at the home range scale. The final model suggested that STGR selected nest sites with 

greater proportion of grassland within 0.2 km, less herbaceous wetland within 3.2 km, lower TPI 

within 5.0 km, lower TRI within 3.2 km, and lower length of transmission lines within 5.0 km 

(Table 4). The addition of threshold terms to describe length of transmission lines within 5.0 km 

did not improve model fit compared to models that only contained linear covariates. 

Within home range scale (third order) nest site selection 

The base model suggested that STGR selected nest sites with greater proportion of grassland 

within 0.2 km, and lower TPI at the local scale (Table 4). Models containing wind energy 

infrastructure variables did not improve model fit compared to base models (Appendix A, Table 

1).  

 

Table 4. Coefficient estimates and 95% confidence intervals (CI) for covariates in models 
describing sharp-tailed grouse nest site selection at home range (second order) and 
within home range (third order) scales at the Crowned Ridge I and Crowned Ridge II 
Wind Energy Projects, 2020–2022.  

Model and variable Scale (km) Coefficient Lower CI Upper CI 

Home range scale (second order) 

Corn 0.2 -1.31 -2.77 0.15 
Developed 0.5 -0.36 -0.73 0.02 
Grassland 0.2 1.11 0.65 1.57 
Herbaceous wetland 3.2 -0.40 -0.72 -0.08 
TPI 5.0 -0.63 -0.93 -0.32 
TRI 3.2 -0.70 -1.12 -0.28 
Transmission line length  5.0 -0.80 -1.23 -0.37 

Within home range scale (third order) 

Corn 0.2 -0.56 -1.34 0.22 
Grassland 0.2 0.44 0.09 0.79 
TPI NA -0.23 -0.45 -0.01 

km = kilometer; TPI = Terrain Positioning Index; TRI = Terrain Roughness Index. 

 

Brood Site Selection 

Home range scale (second order) brood selection 

Models that contained wind energy infrastructure variables were more informative than base 

models (Appendix A, Table 2). The final model suggested that STGR selected brood-rearing 

locations with more alfalfa within 5.0 km, less corn within 5.0 km, less developed land within 

1.3 km, greater proportion of grassland within 0.5 km, greater proportion of herbaceous wetland 

within 1.0 km, lower TPI within 5.0 km, lower length of transmission lines within 5.0 km, closer to 

turbines, and higher density of turbines within 1.3 km (Table 5). A nonlinear relationship of length 

of transmission lines within 5.0 km suggested that females with broods avoided areas once the 
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length of transmission lines exceeded approximately 1.9 mi (3.0 km) within 5.0 km (Figure 7). 

Threshold terms considered for turbine density did not improve model fit. 

Within home range scale (third order) brood selection 

The addition of wind energy infrastructure variables improved model fit compared to the base 

model (Appendix A, Table 2). The final model suggested that female STGR selected brood-

rearing locations within home ranges with greater proportion of developed land within 1.0 km, 

greater proportion of grassland within 0.2 km, greater proportion of herbaceous wetland within 

1.3 km, lower TPI, higher TRI, and areas closer to transmission lines (Table 5). A quadratic term 

describing wind turbine density within 1.0 km suggested that brood rearing STGR avoided areas 

once the number of turbines within 1.0 km exceeded approximately four (Figure 7). 

 

Table 5. Coefficient estimates and 95% confidence intervals (CI) for covariates in models 
describing sharp-tailed grouse brood-rearing site selection at the home range 
(second order) and within home range (third order) scales at the Crowned Ridge I and 
Crowned Ridge II Wind Energy Projects, 2020–2022. 

Model and variable Scale (km) Coefficient Lower CI Upper CI 

Home range scale (second order) 

Alfalfa 5.0 0.21 0.20 0.23 
Corn 5.0 -1.31 -1.34 -1.29 
Developed 1.3 -0.58 -0.59 -0.56 
Grassland 0.5 1.03 1.01 1.05 
Herbaceous wetland 1.0 0.34 0.32 0.35 
TPI 5.0 -0.82 -0.84 -0.80 
Distance to turbine NA -0.26 -0.29 -0.23 
Transmission line length 5.0 1.15 1.02 1.27 
Transmission line length1 5.0 -10.02 -10.48 -9.57 
Turbine density 1.3 0.46 0.43 0.48 

Within home range scale (third order) 

Developed 1.0 0.07 0.04 0.09 
Grassland 0.2 0.21 0.20 0.23 
Herbaceous wetland 1.3 0.71 0.64 0.77 
Soybeans  1.3 -0.02 -0.05 0.01 
TPI NA -0.31 -0.32 -0.30 
TRI NA 0.18 0.16 0.19 
Distance to transmission line NA -0.51 -0.59 -0.44 
Turbine density 1.0 0.73 0.67 0.79 
Turbine density1 1.0 -0.34 -0.39 -0.29 

km = kilometer; TPI = Terrain Positioning Index; TRI = Terrain Roughness Index. 
1 Quadratic term. 
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Figure 7. Relative probability of brood-rearing female sharp-tailed grouse 

selection at the home range (A) and within home range (B) scales as 
a function of length of transmission lines within 5.0 kilometers (km) 
and count of wind turbines within 1.0 km near the Crowned Ridge I 
and Crowned Ridge II Wind Energy Projects during 2020–2022 
breeding seasons. Dashed lines represent 95% confidence intervals 
surrounding predictions.  
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Breeding Season Site Selection 

Home range scale (second order) breeding season selection 

Models that contained wind energy infrastructure variables were more informative than base 

models (Appendix A, Table 3). The final model suggested that female STGR selected areas with 

less developed land within 0.5 km, closer to roads, greater proportion of grassland within 0.2 km, 

less herbaceous wetland within 3.2 km, less soybean within 3.2 km, lower TPI within 5.0 km, 

areas farther from turbines and transmission lines, but greater turbine densities within 3.2 km 

(Table 6). The addition of a quadratic term describing distance to turbines suggested that the 

relative probability of selection by STGR during the breeding season increased positively as 

distance to turbines increased up to approximately 14 km, after which relative probability of 

selection declined (Figure 8). Of note, however is that only 6% of used locations were further than 

14 km from a turbine.  

 

The spatial prediction of the RSF was a strong predictor of female home range resource selection 

during the breeding season (Figure 9). When we partitioned validation testing and training groups 

by individual, average r2 = 0.98 ± < 0.01 (standard error [SE]). In general, the relative probability 

of selection increased slightly in areas near turbines based on final model predictions (Figure 9B) 

relative to base model predictions (Figure 9A). There was a general shift where areas around 

turbines were considered to have higher predicted relative probability of selection when turbine 

covariates were included in final model predictions, suggested that relative probability of selection 

was not reduced in areas near wind turbines at the home range scale (Figure 10). 

Within home range scale (third order) breeding season selection 

The addition of turbine covariates improved model fit compared to base models (Appendix A, 

Table 3). The final model suggested that females selected breeding season locations within home 

ranges with less corn within 0.2 km, less developed land within 0.5 km, greater proportion of 

grassland within 0.2 km, less herbaceous wetland within 3.2 km, lower TPI, lower TRI within 3.2 

km, areas closer to transmission lines, but lower lengths of transmission lines within 1.0 km. A 

quadratic term describing turbine density within 5.0 km suggested that during the breeding season 

STGR avoided areas within their home ranges that contained wind turbines within 5.0 km. The 

strongest avoidance occurred once an area exceeded approximately 20–35 wind turbines within 

5.0 km (Figure 8).  
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Table 6. Coefficient estimates and 95% confidence intervals (CI) for covariates in models 
describing female sharp-tailed grouse breeding season (April 1 through August 15) 
site selection at the home range (second order) and within home range (third order) 
scales at the Crowned Ridge I and Crowned Ridge II Wind Energy Projects, 2020–
2022. 

Model and variable Scale (km) Coefficient Lower CI Upper CI 

Home range scale (second order) 

Developed 0.5 -0.61 -0.62 -0.59 
Distance to road NA -0.25 -0.26 -0.24 
Grassland 0.2 0.54 0.53 0.55 
Herbaceous wetland 3.2 -0.28 -0.30 -0.27 
Soybeans 3.2 -0.34 -0.36 -0.33 
TPI 5.0 -0.16 -0.17 -0.15 
Distance to transmission line NA 0.60 0.59 0.61 
Distance to turbine NA 1.73 1.68 1.78 
Distance to turbine1 NA -1.52 -1.58 -1.46 
Turbine density 3.2 0.80 0.79 0.82 

Within home range scale (third order) 

Corn 0.2 -0.25 -0.26 -0.24 
Developed 0.5 -0.26 -0.27 -0.25 
Grassland 0.2 0.24 0.23 0.26 
Herbaceous wetland 3.2 -0.17 -0.18 -0.16 
TPI NA -0.08 -0.08 -0.07 
TRI 3.2 -0.04 -0.06 -0.03 
Distance to transmission line NA -0.18 -0.20 -0.17 
Transmission line length 1.0 -0.02 -0.03 -0.01 
Turbine density 5.0 -0.78 -0.83 -0.72 
Turbine density1 5.0 0.59 0.54 0.65 

km = kilometer; TPI = Terrain Positioning Index. 
1 Quadratic term. 
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Figure 8. Relative probability of female sharp-tailed grouse breeding season 

selection at the home range (A) and within home range (B) scales as a 
function of distance to transmission lines and count of wind turbines 
within 5.0 kilometers near the Crowned Ridge I and Crowned Ridge II Wind 
Energy Projects during 2020–2022 breeding seasons. Dashed lines 
represent 95% confidence intervals surrounding predictions. 
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Figure 9. Predicted relative probability of female sharp-tailed grouse breeding season 

selection at the home range scale from models that did not (A) and models that did 
(B) include wind energy infrastructure variables during the 2020–2022 breeding 
season. Predictions were generated within a 6-mile buffer (study area) surrounding 
the Crowned Ridge I and Crowned Ridge II Wind Energy Projects. 
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Figure 10. Percent of Crowned Ridge I and Crowned Ridge II wind turbine locations within each 

resource selection function (RSF) model-predicted bin from the lowest predicted 
probability of selection (left-most bins) to the highest predicted probability of 
selection (right-most bins). RSF models were developed using female sharp-tailed 
grouse locations during the 2020–2022 breeding seasons and represented models 
that included (final model) or did not include (base model) wind energy covariates. 

 

Survival 

Nest survival 

The final nest survival model suggested that survival was negatively associated with the 

proportion of grassland within 1.3 km (Table 7). The addition of wind energy infrastructure did not 

improve model fit (Appendix A, Table 4). 

Sharp-tailed grouse survival 

The addition of wind energy infrastructure covariates improved the model fit compared to the most 

parsimonious base model (Appendix A, Table 4). The final model suggested that female sharp-

tailed grouse survival was positively associated with the proportion of soybeans within 0.5 km, 

and negatively associated with the proportion of developed land within 3.2 km, positively 

associated with the proportion of soybeans within 0.5 km, negatively associated with TPI within 

5.0 km, and negatively associated with the density of wind turbines within 5.0 km (Table 7). 

However, turbine density within 5.0 km was not considered further because confidence intervals 

surrounding the parameter estimate overlapped zero.  
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Table 7. Coefficient estimates and 95% confidence intervals (CI) for covariates in 
models describing sharp-tailed grouse nest and female survival at the 
Crowned Ridge I and Crowned Ridge II Wind Energy Projects, 2020–2022. A 
positive coefficient indicated a greater risk of nest failure or female 
mortality. 

Model and variable Scale (km) Coefficient Lower CI Upper CI 

Nest survival 

Grassland 1.3 2.89 0.02 5.77 

Adult survival 

Developed 3.2 88.15 42.97 133.32 
Soybeans 0.5 -3.14 -5.56 -0.72 
TPI 5.0 0.91 0.06 1.75 
Turbine density 5.0 0.01 -0.02 0.03 

km = kilometer. 

 

DISCUSSION 

Resource selection and survival were evaluated across three distinct life stages: nesting, brood-

rearing, and breeding. In addition, resource selection was assessed at two scales to evaluate 

selection at the population level (selection given available habitat of all marked individuals) as 

well as the individual level (selection given habitat within individual seasonal ranges). Overall, we 

found evidence that female STGR selected habitat types that were previously known to influence 

resource selection. We did not find evidence that females avoided wind energy infrastructure 

during nesting, but found that females avoided areas near high densities of wind turbines during 

the brood-rearing and breeding season at the finer, within home range scale. We found no 

evidence that nest and weak evidence that female survival during the breeding season was 

associated with wind energy infrastructure. Given the relative stability of the local STGR 

population, as indexed by yearly lek counts, potential avoidance behaviors in areas with relatively 

high densities of wind turbines (e.g., 20-35 within 5.0 km)  does not appear to result in population 

level declines, at least over the short-term following development of wind energy infrastructure.  

 

Consistent with other studies, female STGR selected areas with higher amounts of grassland 

across all life stages and orders of selection (McNew et al. 2014, Proett et al. 2019, LeBeau et al. 

2023), highlighting the importance of the overall STGR conservation strategy of  conserving large 

intact grassland habitats (Runia et al. 2021). In this study, the median proportion of grassland 

used by STGR during the breeding season was relatively high and greater than 0.52 at used 

locations within all circular regions we assessed (ranged from 0.52 within 5.0-km to 0.91 within 

0.2 km; Figure 11). The percent of grassland and pasture hay within a 0.7-mi (1.2-km) radius was 

a strong positive predictor of STGR occurrence and density in North and South Dakota (Runia et 

al. 2021). Resource selection of STGR was also positively correlated with grassland habitats. In 

Montana and western North Dakota, female STGR selected a greater proportion of grassland 

habitats within their home ranges during the breeding season (Milligan et al. 2020a). In this study, 

STGR selected areas with more alfalfa during brood-rearing. This was similar to the findings of 

Goddard et al. (2009) who found that STGR selected early brood-rearing habitats near agriculture. 
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Forb rich cultivated crop fields may function as preferred forage (Sullins et al. 2018) and potential 

cover from predators. We found STGR selected nesting and brood-rearing habitat in depressions 

on the landscape (as indexed by TPI and TRI), characteristic of the prairie pothole region, which 

may further act as concealment from predators, provide higher soil moisture and concomitant 

vegetation productivity, and potentially provide thermal refugia (Raynor et al. 2018). Although 

other studies have found prairie grouse to avoid roads (Pitman et al. 2005, Pruett et al. 2009, 

Harrison et al. 2017, LeBeau et al. 2017b), we found that STGR selected areas near roads during 

the breeding season at the home-range scale. This could be because the study area contained 

mostly gravel roads used primarily by residential traffic as opposed to more heavily traveled roads.  

 

An effect of wind turbine distance or density on nest site selection was not detected at either scale 

of selection, which is consistent with other studies evaluating prairie grouse response to wind 

energy development (McNew et al. 2014, Harrison et al. 2017, Proett et al. 2019, LeBeau et al. 

2023). In addition, we found little evidence to suggest females with broods avoided areas 

influenced by wind turbines at both scales of selection. For example, we found that females with 

broods selected areas closer to turbines and with more turbines within 1.3 km at the home range 

scale. At the smaller, within home range scale, females with broods selected areas with up to 

approximately four turbines within 1.0 km. Overall, this provides little evidence that brood-rearing 

STGR avoided wind turbines because there were few areas with in the study area that contained 

more than four turbines within 1.0 km. The average number of turbines within 1.0 km of a point 

on the landscape within the study area was less than one (mean = 0.35; range: 0–8). We are 

unaware of any prairie grouse studies that have evaluated brood-rearing habitat selection relative 

to wind turbines, but LeBeau et al. (2017b) found female greater sage-grouse with broods avoided 

areas with higher density of wind turbines.  

 

In contrast, we found some evidence that resource selection by female STGR during the breeding 

season was influenced by wind energy infrastructure. At the home range scale, we found that 

STGR selected areas farther from wind turbines, but in areas with greater turbine density within 

3.2 km. However, the spatial predictions of the home range breeding season RSF models, which 

also accounted for other attributes of STGR habitat, provide limited support that wind turbines 

resulted in avoidance by STGR at this scale. When considering the base RSF, 52.3% of wind 

turbines were in areas that were predicted to be in areas of medium-high or high relative 

probability of female STGR breeding season selection. Based on final model predictions that 

included wind energy infrastructure variables, 66.3% of wind turbines were in areas predicted to 

be in medium-high or high relative probability of selection, indicating that the additive effect of 

wind energy infrastructure did not reduce the relative probability of STGR selection at the home-

range scale. At the within home range scale, a count of 20–35 wind turbines within 5.0 km 

represented a potential threshold where STGR avoidance of wind turbines was most pronounced 

(i.e., relative probability of selection was lowest). The within home range breeding season model 

predicted an approximate 85 to 93% reduction in relative probability of selection when the number 

of wind turbines increased from zero to 20 or zero to 35 wind turbines within 5.0 km, respectively. 

This indicates that wind turbines could affect within home-range breeding season selection. 

However, the marginal effects plot (Figure 8) indicates that there is uncertainty in the response 

once the count of turbines exceed approximately 40 turbines within 5.0 km. To put this response 
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in perspective, the average number of turbines within 5.0 km of a point on the landscape within 

the study area was 9 (range: 0–57) and areas with greater than 20 wind turbines represented 

approximately 19% of the study area.   

 

We found consistent selection for lower length of transmission lines across all life stages at the 

population level but not at the individual level. Avoidance of transmission lines appears to be a 

consistent behavior by prairie grouse species at multiple spatial scales (Pruett et al. 2009, Londe 

et al. 2019, Plumb et al. 2019). It is hypothesized that grouse may avoid transmission lines 

because they can act as perches for avian predators, increasing raptor abundance and predation 

risk for grouse (Hagen et al. 2011, Gibson et al. 2018). That we generally failed to detect a 

consistent effect of transmission line length or distance across life stages at the within home range 

scale likely indicates that STGR were primarily selecting habitats at the larger scale, wherein 

fewer transmission lines were available to be avoided within home ranges. At the finer scale, 

vegetation characteristics and topography appeared to be more important to STGR when 

selecting habitats. While most studies have evaluated prairie grouse responses as a function of 

distance to transmission lines, Sullins et al. (2019) found a similar avoidance of length of 

transmission lines by lesser prairie-chickens when assessed within a 1.2 mi (2.0 km) radius.  

 

Similar to other studies evaluating grouse responses to wind energy development, we did not 

detect an effect of wind energy infrastructure on nest survival (McNew et al. 2014, 

Harrison et al. 2017, LeBeau et al. 2017b, Proett et al. 2019, LeBeau et al. 2023). Other studies 

at wind energy facilities have documented vegetation characteristics related to concealment or 

visual obstruction to influence nest survival, suggesting the importance of concealment from 

predators and foraging opportunities (McNew et al. 2014, Proett et al. 2019, LeBeau et al. 2023). 

Interestingly, we found that nest survival was negatively associated with the amount of grassland 

within 1.3 km. This relationship is contrary to other research and may be an artifact of the spatial 

scales that were assessed (e.g., unmeasured factors such as grassland patch sizes or habitat 

heterogeneity) in this study system. Our results provide some evidence that female survival during 

the breeding season was associated with wind energy infrastructure. However, the confidence 

interval surrounding this effect overlapped zero and we therefore considered this a weak effect 

and indicates uncertainty in the overall effect of turbine density on female survival. In both nest 

and female survival analyses, we cannot rule out the possibility that unmeasured environmental 

factors influenced survival, which could have potentially been uncovered with a longer term 

dataset. Other studies have found that adult survival increased (Winder et al. 2014, LeBeau et al. 

2017b) or was not influenced by wind energy infrastructure (Smith et al. 2017, LeBeau et al. 2023) 

following construction.  

 

Although we observed avoidance behavior associated with wind energy infrastructure during the 

breeding season, stable lek trends over the 3-year study suggest that this behavioral response 

has not resulted in population level declines. This is based on an assumption that lek counts are 

suitable indices of grouse population trends, which is supported by greater sage-grouse 

population modeling (Dahlgren et al. 2016). Other prairie grouse research has found that 

population trends, indexed by lek counts, are not negatively impacted by wind energy 

infrastructure (LeBeau et al. 2017b), although there is some evidence that lek persistence may 
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be lower closer to turbines (Winder et al. 2015). Nonetheless, our findings support the existing 

body of evidence that prairie grouse may not experience population level impacts over the short-

term following development of wind energy facilities (Lloyd et al. 2022).  

 

The lack of other studies investigating the effects of wind energy development on STGR resource 

selection and survival limits our ability to make predictions about how STGR may respond to wind 

energy development over a longer time period. In addition, we lacked pre-development data to 

understand how STGR utilized this landscape prior to the construction of the Projects, which is an 

unfortunate shortcoming in most wildlife-impact studies (Hebblewhite 2011, Conkling et al. 2020). 

It has been suggested that grouse may exhibit a three or more year lagged response to renewable 

and conventional energy development (e.g., Walker et al. 2007, Green et al. 2017, LeBeau et al 

2017b), and 10 or more years of data may be necessary to fully understand and detect population 

level impacts (Harju et al. 2010). While most studies have failed to detect negative effects of wind 

energy on grouse populations, long-term replicated studies are necessary to adequately address 

the impacts associated with wind energy development (Coppes et al. 2020, Lloyd et al. 2022).  
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Figure 11. Density of locations used by female sharp-tailed grouse (STGR) during the breeding 

season relative to the proportion of grassland within 0.2, 0.5, 1.0, 1.3, 3.2, and 5.0-km 
radii scales as well as distance to active leks near the Crowned Ridge I and Crowned 
Ridge II Wind Energy Projects during 2020–2022 breeding seasons. The vertical dashed 
lines within each panel represent the average value of STGR use locations within 
respective buffers. 
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Table 1. Top 5 (if applicable) models used to assess sharp-tailed grouse nest site selection at 
 the Crowned Ridge I and Crowned Ridge II Wind Energy Projects, 2020–2022. Base 
 models were included for comparison if not in the top 5 models.  

 Model fit statisticsa 

Model  K ΔAIC wi 

Home range scaleb    

Base model parameters + length of transmission line5.0km 8 0.00 0.68 

Base model parameters + length of transmission line5.0km + 
turbine density1.3km 

9 2.00 0.25 

Base model parameters + distance to transmission line 8 5.34 0.05 

Base model parameters + distance to transmission line + 
turbine density1.3km 

9 7.31 0.02 

Base model parameters 7 19.58 0.00 

Within home range scalec     

Base model parametersd 4 NA NA 

aNumber of parameters (K), change in AICc (ΔAICc), and Akaike weights (wi). 
bBase model parameters include proportion corn within 0.2 km, proportion developed within 0.5 km, 

proportion grassland within 0.2 km, proportion herbaceous wetland within 3.2 km,  TPI within 5.0 km, and 

TRI within 3.2 km.  
cBase model parameters include proportion corn within 0.2 km, proportion grassland within 0.2 km, and TPI 

at the local scale. 
dNo wind energy infrastructure variables were retained following initial variable screening. 
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Table 2. Top 5 (if applicable) models used to assess female sharp-tailed grouse brood-rearing 
 resource selection at the Crowned Ridge I and Crowned Ridge II Wind Energy Projects, 
 2020–2022. Base models were included for comparison if not in the top 5 models.  

 Model fit statisticsa 

Model  K ΔAIC wi 

Home range scaleb    

Base model parameters + length of transmission line5.0km + 
turbine density1.3km + distance to turbine 

10 
 

0.00 1.00 

Base model parameters + length of transmission line5.0km + 
turbine density1.3km 

9 155.47 0.00 

Base model parameters + length of transmission line5.0km + 
distance to turbine  

9 1,613.21 0.00 

Base model parameters + length of transmission line5.0km 8 2,348.78 0.00 

Base model parameters + distance to transmission line + 
turbine density1.3km + distance to turbine 

10 6,210.53 0.00 

Base model parameters 7 17,320.18 0.00 

Within home range scalec     

Base model parameters + distance to transmission line + 
turbine density1.0km 

9 0.00 0.70 

Base model parameters + distance to transmission line + 
turbine density1.0km + distance to turbine 

10 1.71 0.30 

Base model parameters + length of transmission line5.0km + 

turbine density1.0km + distance to turbine 
10 74.42 0.00 

Base model parameters + turbine density1.0km + distance to 
turbine 

9 84.83 0.00 

Base model parameters + length of transmission line5.0km + 
turbine density1.0km 

9 111.53 0.00 

Base model parameters  7 920.11 0.00 

aNumber of parameters (K), change in AICc (ΔAICc), and Akaike weights (wi). 
bBase model parameters include proportion alfalfa within 5.0 km, proportion corn within 5.0 km, proportion 

developed within 1.3 km, proportion grassland within 0.5 km, proportion herbaceous wetland within 1.0 km, 

and TPI within 5.0 km. 
cBase model parameters include proportion developed within 1.0 km, proportion grassland within 0.2 km, 

proportion herbaceous wetland within 1.3 km, proportion soybeans within 1.3 km, TPI at the local scale, 

and TRI at the local scale. 
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Table 3. Top 5 (if applicable) models used to assess female sharp-tailed grouse breeding 
 season resource selection at the Crowned Ridge I and Crowned Ridge II Wind 
 Energy Projects, 2020–2022. Base models were included for comparison if not in the 
 top 5 models.  

 Model fit statisticsa 

Model  K ΔAIC wi 

Home range scaleb    

Base model parameters + distance to transmission line +  
turbine density3.2km + distance to turbine 

10 0.00 1.00 

Base model parameters + distance to transmission line +  
turbine density3.2km  

9 2,218.26 0.00 

Base model parameters + length of transmission line5.0km +  
turbine density3.2km + distance to turbine 

10 3,490.71 0.00 

Base model parameters + length of transmission line5.0km + 
turbine density3.2km  

9 4,317.01 0.00 

Base model parameters + distance to transmission line + 
distance to turbine 

9 5,903.48 0.00 

Base model parameters 7 22,200.54 0.00 

Within home range scalec     

Base model parameters + length of transmission line1.0km + 
distance to transmission line + turbine density5.0km  

10 0.00 1.00 

Base model parameters + distance to transmission line + 
turbine density5.0km  

9 18.34 0.00 

Base model parameters + length of transmission line1.0km + 
distance to transmission line + distance to turbine 

10 181.66 0.00 

Base model parameters + distance to transmission line + 
distance to turbine 

9 191.01 0.00 

Base model parameters + length of transmission line1.0km + 
distance to transmission line  

9 365.63 0.00 

Base model parameters  7 700.34 0.00 

aNumber of parameters (K), change in AICc (ΔAICc), and Akaike weights (wi). 
bBase model parameters include proportion developed within 0.5 km, proportion grassland within 0.2 km, 

proportion herbaceous wetland within 3.2 km, distance to road, proportion soybean within 3.2 km, and TPI 

within 5.0 km.  
cBase model parameters include proportion corn within 0.2 km, proportion developed within 0.5 km, 

proportion grassland with 0.2 km, proportion herbaceous wetland within 3.2 km, TPI at the local scale, and 

TRI within 3.2 km. 
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Table 4. Top 5 (if applicable) models used to assess sharp-tailed nest and female survival at 
 the Crowned Ridge I and Crowned Ridge II Wind Energy Projects, 2020–2022. Base 
 models were included for comparison if not in the top 5 models. 

 Model fit statisticsa 

Model  K ΔAIC wi 

Nest survivalb    

Base model parameters 1 0.00 0.57 

Base model parameters + distance to turbine 2 0.53 0.43 

Female survivalc     

Base model parameters + turbine density5.0km 4 0.00 0.60 

Base model parameters 3 1.95 0.23 

Base model parameters + distance to turbine 4 2.49 0.17 

aNumber of parameters (K), change in AICc (ΔAICc), and Akaike weights (wi). 
bBase model parameters include proportion grassland within 1.3 km. 
cBase model parameters include proportion developed within 3.2 km, proportion soybean within 0.5 km, 

and TPI within 5.0 km.  
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Figure 1. Relative density of locations used by female sharp-tailed grouse (gray) and

  what was available at the home range scale (yellow) relative to distance to 

 wind turbines and count of wind turbines within 1.0, 1.3, 3.2, and 5.0 km near the 

 Crowned Ridge I and Crowned Ridge II Wind Energy Projects during 2020–2022 

 breeding seasons. 
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Figure 2. Relative density of locations used by female sharp-tailed grouse (gray) and 

 what was available at the within home range scale (yellow) relative to 

 distance to wind turbines  and count of wind turbines within 1.0, 1.3, 3.2, and 

 5.0 km near the Crowned Ridge I and Crowned Ridge II Wind Energy  Projects 

 during 2020–2022 breeding seasons. 

 


