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Grasslands are highly imperiled as a result of widespread conversion for agriculture and alteration from
human development. Remaining grasslands are susceptible to mismanagement, development and frag-
mentation, and variable weather associatedwith global climate change. Understanding the response of de-
clining grassland species to these challengeswill be important for informed conservation andmanagement.
We assessedGreater Prairie-Chicken (Tympanuchus cupido) survival and nest site selection in tallgrass prai-
rie characterized by interacting fire and grazing disturbance and oil and gas infrastructure. We found that
Greater Prairie-Chicken survival was most affected by weather variability (expressed in our models as
solar radiation) while most other variables had little influence. Focal disturbance did not affect survival di-
rectly, but vegetation height, which is greatly influenced by fire and grazing processes, was positively asso-
ciated with nest survival. Greater Prairie-Chickens chose nesting locations that maximized time post fire
while minimizing tree cover and distance to leks. Future conservation efforts for Greater Prairie-Chickens
should focus on variable fire regimens that create areas of residual biomass to increase vegetation height
and potentially reduce the effects of solar radiation while decreasing woody vegetation that is avoided by
nesting females. However, even the best management practices may prove to be futile in the southern
Great Plains if climate change continues to create unfavorable nest survival conditions. Management that
creates andmaintains suitable nesting sites through the use of interactingfire and grazing shouldmaximize
the potential for high reproduction in years when local weather variables are favorable.

Published by Elsevier Inc. on behalf of Society for Range Management.

Introduction

Grasslands are one of themost imperiled ecosystems in theworld
(Hoekstra et al., 2005), and loss of grassland environments is wide-
spread. As a consequence, many grassland species are in decline
and of conservation concern. Grassland birds specifically have experi-
enced major population declines over the last half century (Vickery
et al., 1999; Sauer et al., 2012). In addition to habitat loss, global
changes in climate and an increase in energy infrastructure in range-
land ecosystems threaten conservation of remaining grassland or-
ganisms (Kuvlesky et al., 2007; Pruett et al., 2009; Hovick et al.,

2014a). To improve future conservation and management of grass-
lands and their associated biota, there is a need to understand the rel-
ative impacts of management, anthropogenic structures, and a
changing climate.

Grasslands are disturbance dependent ecosystems that rely on
grazing and fire processes to drive and shape ecosystem structure
and function (Collins &Wallace, 1990; Anderson, 2006). Traditional-
ly, the application of fire and grazing in rangelands has been under a
utilitarian paradigm and goals have been production based, which
often results in homogenous systems that are largely devoid of het-
erogeneity (Fuhlendorf et al., 2012). Although these practices
have beenmostly successful at limiting heavily grazed and ungrazed
areas, they have limited disturbance-driven heterogeneity and biodi-
versity (Fuhlendorf et al., 2012). More recently, however, the focus of
conservation in rangelands has begun a paradigm shift that promotes
the conservation of pattern and process through the restoration of
natural disturbances (Derner et al., 2009; Fuhlendorf et al., 2009;
Fuhlendorf et al., 2012). The use of interacting fire and grazing
(i.e., pyric herbivory) can increase the breadth of niches available in
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rangelands, thereby favoring diversity and potentially improving
long-term stability in these systems (Otsfeld et al., 1997; Wiens,
1997; Fuhlendorf et al., 2006; Hovick et al., 2014b). As a result, recent
studies in theGreat Plains have called formanagement that promotes
patchy disturbance (Patten et al., 2007;With et al., 2008; Augustine&
Sandercock, 2011; McNew et al., 2012). Concurrently with this para-
digm shift, new challenges are emerging as energy development in
rangelands is increasing and global climate change is creating more
variable weather patterns (Lyon & Anderson, 2003; Holloran et al.,
2010; Obermeyer et al., 2011; IPCC, 2013).

Energy extraction processes and the associated infrastructure can
have many negative direct and indirect effects on native rangelands
species (Kociolek et al., 2011; Obermeyer et al., 2011; Douglas et al.,
2012). Although the direct effects are often most obvious and well
documented (Kunz et al., 2007; Wolfe et al., 2007; Kociolek et al.,
2011), the avoidance or displacement associated with energy infra-
structure can be much greater than direct habitat loss resulting from
development (Zeiler & Grünshauchner-Berger, 2009; Pearce-Higgins
et al., 2012; Hovick et al., 2014a; Winder et al., 2014). Additionally,
the increased direct and perceived fragmentation to grasslands that
results from anthropogenic structures may exacerbate future chal-
lenges associated with greater climate variability and mismanage-
ment by reducing species’ abilities to shift to suitable habitats
(Pruett et al., 2009; Lawler et al., 2013).

Climate-driven changes have increased biodiversity loss and un-
derstandinghow species respond to awarming andmore variable cli-
mate is a central challenge facing ecologists (Dawson et al., 2011).
Climate changes are now occurring at unprecedented rates (IPCC,
2013), which raises concerns for extinctions in species that are un-
able to adjust (Veneir et al., 1999). Moreover, changes are not uni-
form in space or time and patterns can be complex as a result of
interplay between region-specific and species-specific factors that
are affected by local management (Tingley et al., 2012). Greater in-
vestigation of species’ responses to current weather conditions can
improve predictions of species’ responses to future climate change
and potentially inform conservation efforts allowing organisms
to persist.

Increasing climate variability, management that promotes homo-
geneity, and the construction of new energy structures in previously
unfragmented rangelands are all challenges facing Greater Prairie-
Chickens (Tympanuchus cupido; hereafter “prairie-chicken”).
Prairie-chickens have been referred to as an indicator and umbrella
species of the tallgrass prairie ecosystem (Poiani et al., 2001; Pruett
et al., 2009), and they have experienced one of the greatest distribu-
tion contractions and population declines of any grassland species
(Schroeder & Robb, 1993; Robbins et al., 2002). Remaining prairie-

chicken populations are highly susceptible to human alterations of
the landscape because of their complex life history traits and need
for large, open, and unfragmented landscapes (Johnsgard, 2002; PIF,
2012). Yet the effects of these potential threats have gonemostly un-
examined. Previous research has proposed that rangeland practices
that promote heterogeneity should be implemented, but fewhave in-
vestigated prairie-chicken survival or habitat use in landscapes with
interacting fire and grazing (Patten et al., 2007; McNew et al.,
2012). Furthermore, until recently no research had investigated the
effects of energy development on prairie-chickens (Winder et al.,
2013; Winder et al., 2014; McNew et al., 2014), and few studies
have examined the effects of oil and gas infrastructure (Jarnevich &
Laubhan, 2011). Moreover, the influence of climatic variables on
prairie-chicken nest survival is largely unknown and because this is
a Pleistocene relic species that is well adapted to cold environments,
it may be particularly vulnerable to a warming climate at the south-
ern extent of its range (Johnsgard 1983; Storch, 2007).

We examined prairie-chicken nest survival and nest site selection in
tallgrass prairie characterized by interacting fire and grazing and an-
thropogenic structures associated with oil and gas extraction. Our spe-
cific objectives were to 1) test the influence of grassland management
(i.e., fire and grazing), energy infrastructure, and weather variables on
nest survival of prairie-chickens, and 2) examine the relative role of
management, energy infrastructure, and lek sites on nest site selection
by prairie-chickens.

Methods

Study Site

We examined prairie-chicken nest survival and selection across
approximately 30 000 ha of tallgrass prairie composed of The Nature
Conservancy’s Tallgrass Prairie preserve (hereafter, the preserve) and
an adjacent private ranch. Both properties aremanagedwith fire and
grazing in a way that creates heterogeneity, but management is done
at different scales. The private ranch creates heterogeneity through
grazing and fire deferment across pastures, whereas the preserve al-
lows fire and grazers to interact within pastures. At the preserve this
takes place across two different units. One has native bison (Bison
bison) and is ~9 500 ha, while the other unit is managed with cattle
(Bos taurus) and has five subunits that vary in size (430–980 ha)
and the proportion burned (range: 12–100%). Both units are moder-
ately stocked (2.1–2.4 animal unit month/ha-1), and all animals are
contained by exterior fences for organizational purposes without
any interior pasture fencing. To address potential differences be-
tween the two properties that may affect survival, we used variables

Table 1
Climatic variables from the Tallgrass Prairie Preserve, OK, measured at a standardized OklahomaMesonet weather station. Variables are summarized to contrast weather patterns
from the 15 years before the studywithweather events that occurred during the 3-year study.Maximum temperature (°C) is the averagemaximum temperature for each day of the
month, rainfall (cm) is the sum of all rainfall events in the month, solar radiation (W·m-2) is the overall average of the averaged daily solar radiation recorded for every day of the
month, and N 32 represents the number of days in the month where temperatures exceeded 32°C. Ranges are given parenthetically below the average value for each variable.

15 years previous (1996–2010) 3 years of study (2011–2013)

Month Max temp. Rainfall Solar radiation N32 Max temp. Rainfall Solar radiation N 32
April 30.44 9.83 18.97 0.43 32.60 16.41 18.53 0.33

(28-34) (3.18-17.40) (17.45-20.99) (0-5) (32-34) (9.07-25.60) (16.34-19.70) (0-1)
May 31.67 11.56 21.60 0.93 32.78 12.88 21.17 1.33

(29-35) (2.46-17.02) (17.44-24.1) (0-7) (32-34) (6.88-24.21) (18.41-24.90) (1-2)
June 33.57 15.60 23.57 4.86 36.48 7.49 25.92 13.33

(32-37) (2.39-32.41) (20.19-25.54) (0-15) (36-38) (7.34-7.59) (25.75-26.22) (8-21)
July 36.87 8.92 24.31 17.36 40.74 10.16 25.03 24.67

(34-41) (1.37-17.60) (22.2-26.92) (8-26) (37-43) (1.07-22.58) (23.6-25.74) (12-31)
August 38.26 8.02 21.67 18.79 41.29 9.53 21.38 20.00

(34-42) (0.03-24.03) (18.64-24.4) (7-28) (36-44) (8.64-10.52) (20.95-21.76) (13-25)
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measured at nest sites. Additionally, in preliminary analysiswe tested
for overall survival differences between properties and found none,
sowe conducted the final analysis by grouping nests from both prop-
erties (β ranch = -0.36, SE = 0.37, CI -1.08 to 0.36).

Data Collection

We trapped prairie-chickens using walk-in funnel traps during
the springs of 2011–2013 (Schroeder & Braun, 1991). Trapping

started in mid-March and concluded in early May each year. We fo-
cused on leks (i.e., central display areaswheremales gather to attract
females) with the most displaying males but attempted to trap all
available leks with ≥ 5 males. We monitored traps each morning 1
hour before sunrise until lekking activity ceased or until we were
forced to flush birds in order to retrieve trapped individuals.

We attached necklace-style radio transmitters to adult female
prairie-chickens at the time of capture. We used series A4100 trans-
mitters weighing approximately 16 g (~1.5 % of the bird’s body
weight) and having an expected life span of 900 days (Advanced Te-
lemetry Systems, Isanti, MN). Females were then monitored every 1
to 3 days with daily checks after we determined they had localized
in an area. We flushed females intentionally after they localized in
the same area for 3 consecutive days to observe nest contents and re-
cord exact nest locations using a handheld GPS unit. Additionally, we
marked nests by placing a large rock 5 and 10m south of nest sites. To
minimize disturbance after finding nests, females were monitored
every 2 days at distances N 100 m by triangulation of the radio sig-
nal. Once we determined that the female was no longer tending
the nest, we revisited the nest site to determine nest fate. A nest
was classified as successful if ≥ 1 egg hatched.

Wemeasured vegetation at nest sites using a 0.5 m2 quadrat cen-
tered over the nest location (Daubenmire, 1959). Canopy cover was
estimated for the following plant functional groups: grasslike, forb,
litter, bare ground, and shrub. We measured vegetation height
using the tallest stalk within each quadrat, and litter depth wasmea-
sured in the northwest corner of each quadrat. Additionally, we visu-
ally estimated vegetation density using a Nudd’s board adapted for
grassland/shrubland use (Nudds, 1977; Guthery et al., 1981).

Weather variables were collected on-site at an Oklahoma
Mesonet station (Brock et al., 1995). The weather station collects a
variety of weather variables every 5 minutes, 365 days of the year.
For the purposes of this study, we included weather variables that
have been shown to affect nest survival in grouse or that we hypoth-
esizedmay influence the ability of a predator to locate nests (Grisham
et al., 2013; Hovick et al., 2014c). The variables of interest included
maximumdaily temperature,minimumdaily temperature, daily pre-
cipitation total, average daily relative humidity, average daily baro-
metric pressure, and average daily solar radiation. During the
course of our 3-year study, climatic conditions were highly variable
both within and across breeding seasons (Table 1).

Finally, we used ArcGIS 10.0 (ESRI 2011) and GeoEye-1 satellite
imagery taken in 2010 to measure tree cover and distances to and
densities of anthropogenic structures such as roads, oil and gas
wells, and power poles. We digitized images to mark known well lo-
cations and used local expertise and ground-truthing to identify

Table 2
Summary statistics for noncorrelated variables used to examine nest survival of Greater Prairie-Chickens at the Tallgrass Prairie Preserve, OK, USA, 2011–2013.

Parameter/classification Mean (SE) Range Definition

Anthropogenic
Distance to road (m) 228.85 (29.00) 2.48-925.67 Distance from a nest to all road types (no paved roads in study area)
Well density 12.24 (1.25) 0.00-27.07 Wells per square kilometer measured in 2-km radius of the nest
Distance to power-pole (m) 1178 (89.72) 107.71-2602.67 Distance from a nest to the nearest power-pole
Management
Months post fire 21.19 (1.80) 2.00-46.00 Months elapsed since the last fire at the nest site
Forb 41.85 (3.67) 3.00-86.00 Forb canopy cover in a 0.5-m2 quadrat placed over the nest bowl
Litter 80.60 (4.40) 3.00-98.00 Litter cover in a 0.5-m2 quadrat placed over the nest bowl
Litter depth 4.49 (0.54) 0.00-14.00 Litter depth in a 0.5-m2 quadrat placed over the nest bowl
Vegetation height (cm) 65.49 (2.66) 26.00-119.00 Tallest piece of vegetation in a 0.5-m2 quadrat placed over the nest bowl
Vegetation density 3.79 (0.13) 1.75-5.90 Cumulative score of Nudd’s board reading taken at nest site
Weather
Maximum temperature (°C) 83.70 (1.45) 44.00-101.00 Daily maximum temperature recorded on site
Relative humidity 71.88 (1.92) 43.00-98.00 Average daily relative humidity recorded on site
Precipitation (cm) 0.36 (0.18) 0.00-10.97 Daily precipitation total recorded on site
Solar radiation 23.73 (0.96) 3.45-30.67 Daily maximum solar radiation measured in W·m2 on site

Table 3
Models explaining the effects of temporal, anthropogenic, management, and local
weather variables on Greater Prairie-Chicken nest survival at the Tallgrass Prairie Pre-
serve, OK, USA, 2011–2013.

Model ΔAICc
1 k2 w3 Deviance

Temporal models
Linear trend 0.00 2 0.52 214.96
Null 1.71 1 0.22 218.68
Quadratic trend 1.72 3 0.22 214.66
Year effects 5.09 3 0.04 218.03
Anthropogenic models
Null 0.00 1 0.36 218.68
Distance to power-pole 0.38 2 0.30 217.05
Distance to road 1.35 2 0.19 218.02
Well density 1.74 2 0.15 218.41
Management models
Vegetation height 0.00 2 0.25 216.19
Null 0.48 1 0.19 218.68
Months post fire 0.69 2 0.18 216.87
Litter depth 1.23 2 0.13 217.42
Vegetation density 1.87 2 0.10 218.06
Forb 2.29 2 0.08 218.48
Litter 2.38 2 0.07 218.57
Weather models
Solar radiation 0.00 2 0.71 210.73
Maximum temperature 2.62 2 0.19 213.35
Precipitation 5.44 2 0.05 216.17
Null 5.94 1 0.04 218.68
Relative humidity 7.91 2 0.01 218.63
Best models
Solar radiation + veg. height4 0.00 3 0.29 208.50
Solar radiation 0.21 2 0.26 210.73
Solar radiation + linear trend 0.76 3 0.20 209.26
Global 1.00 4 0.17 207.48
Linear trend 4.44 2 0.03 214.96
Linear trend + veg. height 4.61 3 0.03 213.11
Veg. height 5.67 2 0.02 216.19
Null 6.15 1 0.01 218.68

1 Akaike’s Information Criterion adjusted for small sample sizes. Numbers are based
on differences from the best model within each model set.

2 Number of parameters in each model.
3 Model weight.
4 AICc for best model = 214.54.
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recently constructed infrastructure that was not on current imagery.
Additionally, anthropogenic structures and burn-patch perimeters
were recorded with a Trimble handheld GPS unit throughout the
preserve.

Data Analysis

Nest Survival
We used the nest survival model in program MARK to quantify

the effects of management, anthropogenic structures, and local
weather variables on nesting prairie-chickens (White & Burnham,
1999; Dinsmore et al., 2002). Our first step was to create four
model groups based on temporal trends, management, anthropogen-
ic structures, and weather variables. We then used Pearson’s correla-
tion to assess multicollinearity among variables within each group,
retaining one variable from any highly correlated variable pairs (r N
0.6; Coppedge et al., 2008). As a result, we used five management,
three anthropogenic, and fourweather variables to examine nest sur-
vival (Table 2). We then ran single-variable models in all four groups
and ranked them on the basis of their relative importance (AIC
weight [wi]) and in comparison to a null model. Single-variable
models from each group that had greater relative importance than
the null model and were within two AICc units of the best model
for their respective model set were considered strongly supported

and used to produce a “best”model set. To gauge the relative impor-
tance of each variable in the best model set, we ran all single, two-
way, and three-way combinations of models using the strongly sup-
ported variables. Additionally, we ran a global model that included
all parameters and null model (intercept only) for comparison (Loss
& Blair, 2011). This method created the opportunity for each variable
to be included in the same number of models within the best model
set and allowed us to rank the relative importance of each variable
on prairie-chicken survival. We calculated model-averaged parame-
ter weights for each variable that was strongly supported by sum-
ming AIC weights (wi) in the best model set and then dividing by
the total number of models that each variable occurred in (Burnham
and Anderson 2002). This allowed us to determine which para-
meters were most informative despite multiple competitive models
(ΔAICc ≤ 2) and helped us to overcome the lack of a goodness of fit
measure for nest survival modeling (Arnold 2010).

Nest Site Selection
We used resource selection functions in program R to determine

nest site selection of prairie-chickens (R Development Core Team,
2014). Resource selection functions (RSFs) are defined as any func-
tion that is proportional to the probability of use by an organism
(Manly et al., 1993). The RSF method is highly applicable to natural
resource management and can be a powerful tool when linked to a
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geographical information system (Boyce et al., 2002).We employed a
binomial generalized linearmodel for our use versus availability sam-
pling design where we assigned three random (available) points to
each nest site point (use) (Allred et al., 2011). We randomly distrib-
uted three points within a 2-km radius buffer surrounding each
nest site and random point because our preliminary data showed
that bird movement averaged approximately 1.5 km from leks to
nest sites and 90% of nests were within 2200 m of leks. Therefore a
2-kmbuffer represented a realistic “available” area for nest site selec-
tion in this population.We then used the information gathered with-
in the random and nest site buffers to populate the binomial
generalized linear model. Similar to nest survival models, we exam-
ined management-related and anthropogenic structure parameters
that have been identified as potential influences for nest selection
in prairie-chickens or other gallinaceous birds (Hagen et al., 2004;

Aldridge & Boyce, 2007;McNew et al., 2012).We did not useweather
variables to examine nest selection because the resolution of that
data was too great to examine nest locations and nearby random lo-
cations. Additionally, we used remote sensing to identify random
locations and, as such, we did not report fine-scale vegetation pa-
rameters but instead used months post fire-grazing, which affects
many of the fine-scale vegetation parameters in a predictable
way (Fuhlendorf & Engle, 2004; Allred et al., 2011; McGranahan
et al., 2012). Finally, we used Pearson’s correlation to assess
multicollinearity among variables within each group, retaining one
variable from any highly correlated variable pairs (r N 0.6). As a result,
we used six total covariates to examine prairie-chicken nest selection
in this landscape that included time since fire, distance to leks, tree
cover, oil well density, distance to power pole, and distance to nearest
road. We created one model set for nest site selection by comparing
univariate models of all parameters of interest to a null, global, an-
thropogenic (i.e., additive model including all human structures)
and an additive model using variables from univariate models that
had greater importance weights than the null model (Loss and Blair
2011).We evaluated all nest selectionmodels following the guidance
of Burnham and Anderson (2002) using Akaike’s Information Criteria
for small samples (AICc) and model weights (AIC weight [wi]).

Results

Weattached transmitters to 40 female prairie-chickens and found
a total of 47 nests (36 first attempts and 11 re-nests) from
2011–2013. The constant daily survival rate (DSR) for all nests and
years combined was 0.9525 and, when exponentiated over the 25-
day incubation period, indicated that prairie-chicken nests in this
population have an ~30% chance of surviving until hatch. Similarly,
using mean covariate estimates from our most supported model
from the best model set, we found that prairie-chicken nests had an
~34% chance of surviving the 25-day incubation period.

Table 4
Resource selection models investigating the influence of management, anthropogenic
structures, and lek sites on Greater Prairie-Chicken nest site selection at the Tallgrass
Prairie Preserve, OK, USA, 2011–2013.

Model ΔAICc
1 k2 w3 Deviance

Fire + distance to lek + trees d 0.00 4 0.860 193.73
Global 4.70 7 0.080 192.07
Fire 5.60 2 0.050 203.45
Trees 12.70 2 0.001 210.62
Distance to lek 14.80 2 b0.001 212.70
Null 16.00 1 b0.001 215.94
Distance to road 16.20 2 b0.001 214.10
Well density 17.80 2 b0.001 215.68
Distance to power pole 18.00 2 b0.001 215.92
Anthropogenic 20.20 4 b0.001 213.89

1 Kaike’s Information Criterion adjusted for small sample sizes. Numbers are based on
differences from the best overall model.
2Number of parameters in each model.
3Model weight.
4AICc for best model = 201.73.
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Fig. 3.Conceptualmodel of two theoretical rangelands because our data suggest that filters exist at varying scales to influence prairie chicken habitat selection. Contiguous grassland
(A) would likely benefit from management actions at finer scales (i.e., patch) because fewer filters exist to prevent prairie-chicken selection at the broadest scales (i.e., region).
Actions such as an altered burning regimen, a reduced herbicide application, or reduced stocking rates may be beneficial. In contrast, management in landscapes similar to much
of the Great Plains (B)would benefit from a focus on region-scale habitat suitability with little focus on the patch level (i.e., nesting conditions), thereby increasing the amount
of potential nesting cover with proper management actions (e.g., tree removal, restored disturbance regimes, addition of grasslands).
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Weused 12 covariates to examine the effects of management, an-
thropogenic structures, and local weather on the survival of 47
prairie-chicken nests with known fates. We found that local weather
variables had the greatest influence on prairie-chicken survival while
distance to and density of energy infrastructure had relatively less ef-
fect on estimated nest survival rates (Table 3). Survival of prairie-
chicken nestswasmost affected by solar radiation (parameter impor-
tance weight = 0.23), vegetation height (parameter importance
weight = 0.13), and a linear temporal trend (parameter importance
weight = 0.11), although vegetation height and the linear temporal
trend did have confidence intervals that slightly overlapped with
zero and subsequently could have no effect on survival (Table 3).
Solar radiation had a negative influence on nest survival (β = -0.13
on a logit scale, SE = 0.06, CI = -0.24 to -0.02; Fig. 1), there was a
trend toward a positive influence of vegetation height (β = 0.02,
SE = 0.01, CI = -0.005 to 0.036; Fig. 2), and there was a trend to-
ward a linear decrease in survival throughout the breeding season
(β = -0.22, SE = 0.12, CI = -0.45 to 0.007).

We used 48 nest site locations to determine resource selection by
nesting prairie-chickens and found that time since fire, tree cover,
and distance to lek sites weremost influential in determining nest lo-
cations. In contrast, oil and gas infrastructure in this landscape had
relatively little impact on prairie-chicken nest placement (Table 4).
Of the covariates we examined, months since fire had the greatest
impact of all parameters examined and prairie-chickens sought
nesting areas that maximized the amount of time elapsed since an
area had previously burned (β = 0.64, SE = 0.18, CI = 0.30 to
1.00). Furthermore, prairie-chickens selected nesting locations with
minimal tree cover (β = -0.57, SE = 0.32, CI = -1.34 to -0.05) and
sites that minimized distances from leks (β = -0.40, SE = 0.20,
CI = -0.81 to -0.02).

Discussion

Rangeland practices that restore heterogeneity to grasslands have
been shown to be an effective strategy for promoting diversity of
avian communities (Fuhlendorf et al., 2006; Hovick et al., 2014b;
2014d) and have been suggested as a likelymethod for stabilizing de-
clining prairie-chicken populations (Patten et al., 2007;McNew et al.,
2012). Our research in structurally heterogeneous grasslands
resulting from interacting fire and grazing found that prairie-
chickensmay benefit from variable disturbance regimens. Our justifi-
cation for this is twofold. First, prairie-chickens tended to have higher
survival in areas with greater time post fire and grazing, and second,
prairie-chickens avoided nesting in areas with relatively greater
amounts of tree cover. Therefore prairie-chickens require disturbance
(i.e., fire) to reduce woody vegetation or expansion into grasslands
whilemaintaining areas that have gone unburned and grazed inmul-
tiple years for nesting cover. Importantly, while fire and grazing did
directly influence nest site selection, they were less important in de-
termining nest survival and, instead, local weather variables appear
to be themost influential. These results are consistentwith an emerg-
ing body of evidence emphasizing the importance of thermal envi-
ronments and climatic conditions on gallinaceous bird habitat use
and survival (Guthery et al., 2005; Fields et al., 2006; Grisham et al.,
2013; Larsson et al., 2013; Hovick et al., 2014c).

Our findings reveal that increased solar radiation (indicating
fewer clouds and brighter days) decreased the probability of nest
survival. Solar radiation likely impacted nest survival through in-
creased operative temperatures (Hovick et al., 2014c)—an incorpora-
tion of energy flow between an animal and its environment that
depends on solar radiation, air temperature, wind, and humidity
(Dzialowski, 2005)—which can increase stress on incubating females
and potentially kill embryos if nests are exposed for prolonged

periods of time (Webb, 1987). Solar radiation may have had greater
effects during the course of our study than during average weather
years as both maximum temperature and solar radiation reached
levels outside the range recorded at the onsite weather station over
the past 2 decades (Table 1). However, weather experienced during
the course of this study may become more frequent as climate
change predictions for the southern Great Plains are forecasting
more extreme weather events with an increase in overall tempera-
ture (IPCC, 2013). Conservation efforts that vary focal disturbance
across broad scales can maximize thermal refugia and potentially
limit the heat stress experienced by nesting prairie-chickens
(Hovick et al., 2014c).

Our estimated nest survival rates were within the range of previ-
ously reported rates for prairie-chickenswith a constant nest survival
estimate of 29.6% for a 25-day exposure period. For comparison, if we
extrapolated our daily survival estimate across a 35-day exposure pe-
riod similar to previous research done in the Flint Hills (Augustine &
Sandercock, 2011; McNew et al., 2012), our overall nest survival esti-
mate would be 18.2%, which despite being low, is still greater than
rates recently reported in portions of the Flint Hills (e.g., 2–16%;
McNew et al., 2012). Additionally, nest survival wasmuch lower dur-
ing our study than the 50% threshold recommended to maintain sta-
ble populations (Westemeier, 1979). Low nest survival in this
population appears to be closely linked to local weather variables, a
finding that has been reported for populations in Kansas and Nebras-
ka (Fields et al., 2006; Anderson 2012). However, these effects may
be exacerbated in Oklahoma as this is the southernmost extant pop-
ulation of Greater Prairie-Chickens, making them especially suscepti-
ble to warming trends, extreme heat events, and other factors that
commonly confront populations on a species distribution boundary
(Sexton et al., 2009).

Prairie-chicken nest selection in this contiguous, grassland land-
scape was dependent on fire regimens, with females selecting areas
that maximized the time since a site had burned. In addition, females
selected areas thatminimized tree cover, which illustrates the impor-
tance of maintaining fire in grasslands, especially grasslands in the
southern Great Plains that are threatened by conversion to Eastern
red cedar (Juniperus virginiana) woodland through fire suppression
(Briggs et al., 2002). This creates a paradox because prairie-chickens
require nesting patches that have gone unburned, but fire is neces-
sary to prevent woody vegetation from invading grassland environ-
ments. Additionally, conservation for species with large home
ranges such as the Greater Prairie-Chicken can be challenging and
needs to occur at appropriate scales (Noss et al., 1996). As such, we
created a simple conceptual figure to elucidate the differences and
challenges in attempting to manage for a species at fine scales with-
out consideration of the status and condition of habitat at the
broadest scale (e.g., watershed, region) (Fig. 3A). Despite the poten-
tial limitations of simplifying a complex issue,we attempt to illustrate
that conservation efforts at fine scales have high potential to influ-
ence prairie-chicken populationswhen landscapes are primarily con-
tiguous grasslands (i.e., Flint Hills), which is supported by recent
research from the Flint Hills suggesting conservation that alters dis-
turbance regimens to affect nest site conditions can be highly effec-
tive (McNew et al., 2012, 2013). In contrast, conservation efforts at
fine scales in landscapes with high amounts of fragmentation are un-
likely to improve the outlook for long-term population persistence
and effortswould be better spent focusing on a reduction of fragmen-
tation at broad scales (e.g., tree removal) (Fig. 3B).

Anthropogenic structures had relatively little influence on prairie-
chicken nest survival or nest site selection, which contrasts the over-
all trends associated with grouse and energy infrastructure (Lyon &
Anderson, 2003;Walker et al., 2007; Zeiler & Grünshanchner-Berger,
2009; Harju et al., 2010; Hagen et al., 2011; Hovick et al., 2014a).
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Several factors likely influenced our results. First, use of home ranges
throughout the year or long-term lek data may be more adequate
measures of the influence of structures on grouse habitat use and be-
havior because nesting hensmay use cues at scales that do not reflect
behavior throughout the rest of the year (Walker et al., 2007; Harju
et al., 2010; Hagen et al., 2011; Winder et al., 2014). Second, much
of the energy infrastructure in this region has been on the landscape
for N 50 years and it is possible that new infrastructure and old infra-
structure influence prairie-chickens differently as some research sug-
gests they are capable of acclimating to structures over time (Hagen
et al., 2011). Finally, most grouse species exhibit high-site fidelity,
whichmay confound any perceived avoidance of structures in breed-
ing areas (e.g., leks), but structures may affect the long-term persis-
tence by exhibiting a lag effect through an eventual decline as later
generations begin to avoid previously used sites (Walker et al., 2007).

Overall, our results suggest that the influence of fire and grazing
on nesting prairie-chickens is constrained by local weather variables
in the southern Great Plains. However, nest survival tended to in-
crease with taller vegetation and prairie-chickens preferentially se-
lected nest sites in areas with greater time since fire. These findings
illustrate the importance of maintaining residual biomass and sup-
port previous work suggesting that practices such as annual burning
coupled with early intensive stocking is detrimental to prairie-
chicken populations (Robinson et al. 2002). Moreover, prairie-
chickens selected nest sites in areas with relatively less tree cover, so
the use of variable fire regimens that can reduce woody vegetation
whilemaintaining portions of the landscape that have gone unburned
for multiple years may be the most beneficial. Our findings support
previous recommendations to improve conservation efforts for
prairie-chickens by promoting interacting grazing and fire distur-
bances that can increase structural heterogeneity (Patten et al.,
2007; Augustine & Sandercock, 2011; McNew et al., 2012). As this re-
search shows, when weather conditions are highly variable and ex-
treme, they can have a greater influence on nest survival than other
land use practices, but promoting variable fire and grazing dis-
turbances may maximize reproduction when weather condi-
tions are favorable.

Management Implications

Greater Prairie-Chickens are experiencing precipitous population
declines throughoutmuch of the Flint Hills region, and these declines
are likely associated withmanagement (Robbins et al., 2002; McNew
et al., 2012). Annual burning followed by early intensive stocking
removes residual biomass and limits the ability of prairie-chickens
to conceal their nests and may in part be responsible for increased
rates of nest predation. Our findings suggest that a variable fire and
grazing disturbance regimen that allows for areas with residual bio-
mass but consistent fire that prohibits expansion of woody vegeta-
tion can benefit prairie-chicken populations, while maintaining
production and potentially buffering against production losses associ-
ated with a more variable climate (Allred et al., 2014). Future range-
land management that promotes multiple uses needs to recognize
that no single state exists to meet all objectives and that production
and conservation can coexist when the focus is on the conservation
of patterns and processes rather than single objectives (Fuhlendorf
et al., 2012). Practices that do promote heterogeneity will create suit-
able nesting sites that can maximize the potential for reproduction
when other variables such as weather allow.

Acknowledgements*

We thank Joseph Lautenbach, Karlee Buckles, and Kyle Meadows
for their assistance with data collection. We would also like to

thank Bob Hamilton, Tony Brown, and other Nature Conservancy
staff for their efforts. Finally, we thank the private ranch that allowed
us access for trapping and tracking birds and for their continued ef-
forts toward prairie-chicken conservation.

*This work was supported by funding from USDA-AFRI Managed
Ecosystems Grant 2010-85101-20457 and by the Oklahoma Agricul-
tural Experiment Station.

References

Aldridge, C.L., Boyce, M.S., 2007. Linking occurrence and fitness to persistence: habitat-
based approach for endangered Greater Sage-Grouse. Ecological Applications 17,
508–526.

Allred, B.W., Fuhlendorf, S.D., Engle, D.M., Elmore, R.D., 2011. Ungulate preference for
burned patches reveals the strength of fire-grazing interaction. Ecology and Evo-
lution 1, 132–144.

Allred, B.W., Scasta, J.D., Hovick, T.J., Fuhlendorf, S.D., 2014. Spatial heterogeneity sta-
bilizes livestock productivity in a changing climate. Agriculture, Ecosystems and
Environment 193, 37–41.

Anderson, L., 2012. Nest and brood site selection and survival of greater prairie-
chickens in the eastern sandhills of Nebraska. Dissertation, University of Nebraska,
Lincoln, NE, USA.

Anderson, R.C., 2006. Evolution and origin of the Central Grassland of North America:
climate, fire, and mammalian grazers. Journal of Torrey Botanical Society 133,
626–647.

ArcGIS Desktop [software]., 2011. Release 10.0. Environmental Systems Research Insti-
tute, Redlands, CA, USA.

Arnold, T.W., 2010. Uninformative parameters and model selection using Akaike's in-
formation criterion. Journal of Wildlife Management 74, 1175–1178.

Augustine, J.K., Sandercock, B.K., 2011. Demography of female Greater Prairie-Chickens
in unfragmented grasslands in Kansas. Avian Conservation and Ecology 1, 2
(Available at: http://www.ace-eco.org/vol6/iss1/art2/).

Boyce, M.S., Verneir, P.R., Nielson, S.E., Schmiegelow, Fiona K.A., 2002. Evaluating re-
source selection functions. Ecological Modeling 157, 281–300.

Briggs, J.M., Hoch, G.A., Johnson, L.C., 2002. Assessing the rate, mechanism, and conse-
quences of the conservation of tallgrass prairie to Juniperus virginiana forest. Eco-
systems 5, 578–586.

Brock, F.V., Crawford, K.C., Elliott, R.L., Cuperus, G.W., Stadler, S.J., Johnson, H.L., Eilts,
M.D., 1995. The Oklahoma Mesonet: a technical overview. Journal of Atmospheric
and Oceanic Technology 12, 5–19.

Burnham, K.P., Anderson, D.R., 2002. Model selection and multi-model inference: a
practical information-theoretic approach. Second edition, Springer, New York,
NY, USA.

Collins, S.L., Wallace, L.L., 1990. Fire in North American tallgrass prairies. University of
Oklahoma Press, Norman, OK, USA (175 pp.).

Coppedge, B.R., Fuhlendorf, S.D., Harrell, W.C., Engle, D.M., 2008. Avian community re-
sponse to vegetation and structural features in grasslands managed with fire and
grazing. Biological Conservation 141, 1196–1203.

Daubenmire, R.F., 1959. A canopy coverage method of vegetation analysis. Northwest
Science 33, 43–64.

Dawson, T.P., Jackson, S.T., House, J.I., Prentice, I.C., Mace, G.M., 2011. Beyond predic-
tions: biodiversity conservation in a changing climate. Science 332, 53–58.

Derner, J., Lauenroth, W.K., Stapp, P., Augustine, D.J., 2009. Livestock as ecosystem en-
gineers for grassland bird habitat in the Western Great Plains of North America.
Rangeland Ecology and Management 62, 111–118.

Dinsmore, S.J., White, G.C., Knopf, F.L., 2002. Advanced techniques for modeling avian
nest survival. Ecology 83, 3476–3488.

Douglas, D.J.T., Bellamy, P.E., Pearce-Higgins, J.W., 2012. Changes in the abundance and
distribution of upland breeding birds at an operating wind farm. Bird Study 58,
37–43.

Dzialowski, E.M., 2005. Use of operative temperature and standard operative temper-
ature models in thermal biology. Journal of Thermal Biology 30, 317–334.

Fields, T.L., White, G.C., Gilgert, W.C., Rodgers, R.D., 2006. Nest and brood survival of
Lesser Prairie-Chickens in west central Kansas. Journal of Wildlife Management
70, 931–938.

Fuhlendorf, S.D., Engle, D.M., 2004. Application of the fire-grazing interaction to re-
store a shifting mosaic on tallgrass prairie. Journal of Applied Ecology 41, 604–614.

Fuhlendorf, S.D., Harrell, W.C., Engle, D.M., Hamilton, R.G., Davis, C.A., Leslie Jr., D.M.,
2006. Should heterogeneity be the basis for conservation? Grassland bird re-
sponse to fire and grazing. Ecological Applications 16, 1706–1716.

Fuhlendorf, S.D., Engle, D.M., Kerby, J., Hamilton, R., 2009. Pyric herbivory: re-wilding
landscapes through the re-coupling of fire and grazing. Conservation Biology 23,
588–598.

Fuhlendorf, S.D., Engle, D.M., Elmore, R.D., Limb, R.F., Bidwell, T.G., 2012. Conservation
of pattern and process: developing an alternative paradigm of rangelandmanage-
ment. Rangeland Ecology & Management 65, 579–589.

Grisham, B.A., Boal, C.W., Haukos, D.A., Davis, D.M., Boydston, K.K., Dixon, C., Heck,
W.R., 2013. The predicted influence of climate change on Lesser Prairie-Chicken
reproductive parameters. PLoS ONE 8, e68225. http://dx.doi.org/10.1371/journal.
pone.0068225.

192 T.J. Hovick et al. / Rangeland Ecology & Management 68 (2015) 186–193



Author's personal copy

Guthery, F.S., Doerr, T.B., Taylor, M.A., 1981. Use of a profile board in sand shinnery oak
communities. Journal of Rangeland Management 34, 157–158.

Guthery, F.S., Rybak, A.R., Fuhlendorf, S.D., Hiller, T.L., Smith, S.G., Puckett Jr., W.H.,
Baker, R.A., 2005. Aspects of the thermal ecology of Northern Bobwhites in
north Texas. Wildlife Monographs 159, 1–36.

Hagen, C.A., Jamison, B.E., Giesen, K.M., Riley, T.Z., 2004. Guidelines for managing lesser
prairie-chicken populations and their habitats. Wildlife Society Bulletin 32, 69–82.

Hagen, C.A., Pitman, J.C., Loughin, T.M., Sandercock, B.K., Robel, R.J., Applegate, R.D.,
2011. Impacts of anthropogenic features on habitat use by Lesser Prairie-
Chickens. In: Sandercock, B.K., Martin, K., Segelbacher, G. (Eds.), Ecology, conser-
vation, and management of grouse. University of California Press, Berkeley, CA,
USA, pp. 63–75.

Harju, S.M., Dzialak, M.R., Taylor, R.C., Hayden-Wing, L.D., Winstead, J.B., 2010. Thresh-
olds and time lags in effects of energy development on Greater Sage-Grouse pop-
ulations. Journal of Wildlife Management 74, 437–448.

Hoekstra, J.M., Boucher, T.M., Ricketts, T.H., Roberts, C., 2005. Confronting a biome cri-
sis: global disparities of habitat loss and protection. Ecology Letters 8, 23–29.

Holloran, M.J., Kaiser, R.C., Hubert, W.A., 2010. Yearling Greater Sage-Grouse response
to energy development in Wyoming. Journal of Wildlife Management 74, 65–72.

Hovick, T.J., Elmore, R.D., Dahlgren, D.K., Fuhlendorf, S.D., Engle, D.M., 2014a. Evidence of
negative effects of anthropogenic structures on wildlife: a review of grouse survival
and behavior. Journal of Applied Ecology http://dx.doi.org/10.1111/1365-2664.12331.

Hovick, T.J., Elmore, R.D., Fuhlendorf, S.D., Engle, D.M., Hamilton, R.G., 2014b. Spatial
heterogeneity increases diversity and stability in grassland bird communities. Eco-
logical Applications http://dx.doi.org/10.1890/12-1067.1 (in press).

Hovick, T.J., Elmore, R.D., Fuhlendorf, S.D., 2014c. Structural heterogeneity increases di-
versity of non-breeding grassland birds. Ecosphere 5, 62. http://dx.doi.org/10.
1890/ES14-00062.1.

Hovick, T.J., Elmore, R.D., Allred, B.W., Fuhlendorf, S.D., Dahlgren, D.K., 2014d. Land-
scapes as a moderator of thermal extremes: a case study from an imperiled
grouse. Ecosphere 5, 35. http://dx.doi.org/10.1890/ES13-00340.1.

Intercontinental Panel on Climate Change (IPCC), 2013. Climate change 2013: the
physical science basis. Contribution of Working Group I to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change. In: Stocker,
T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A.,
Xia, Y., Bex, V., Midgley, P.M. (Eds.), Cambridge University Press, Cambridge,
UK and New York, NY, USA (1535 pp.).

Jarnevich, C.S., Laubhan, M.K., 2011. Balancing energy development and conservation:
a method utilizing species distribution models. Environmental Management 47,
926–936.

Johnsgard, P.A., 1983. The grouse of the world. University of Nebraska Press, Lincoln,
Nebraska, USA.

Johnsgard, P.A., 2002. Grassland grouse and their conservation. Smithsonian Institute,
Washington, DC, USA.

Kociolek, A.V., Clevenger, A.P., St. Clair, C.C., Proppe, D.S., 2011. Effects of road networks
on bird populations. Conservation Biology 25, 241–249.

Kunz, T.H., Arnett, E.B., Erickson, W.P., Hoar, A.R., Johnson, G.D., Larkin, R.P., Strickland,
M.D., Thresher, R.W., Tuttle, M.D., 2007. Ecological impacts of wind energy devel-
opment on bats: question, research needs, and hypotheses. Frontiers in Ecology
and the Environment 5, 315–324.

Kuvlesky Jr., W.P., Brennan, L.A., Morrison, M.L., Boydston, K.K., Ballard, B.M., Bryant,
F.C., 2007. Wind energy development and wildlife conservation: challenges and
opportunities. Journal of Wildlife Management 71, 2487–2498.

Larsson, L.C., Pruett, C.L., Wolfe, D.H., Patten, M.A., 2013. Fine-scale selection of habitat
by the Lesser Prairie-chicken. The Southwestern Naturalist 58, 135–149.

Lawler, J.J., Ruesch, A.S., Olden, J.D., McRae, B.H., 2013. Projected climate-driven faunal
movement routes. Ecology Letters 16, 1014–1022.

Loss, S.R., Blair, R.B., 2011. Reduced density and nest survival of ground-nesting song-
birds relative to earthworm invasions in northern hardwood forests. Conservation
Biology 25, 983–992.

Lyon, A.G., Anderson, S.H., 2003. Potential gas development impacts on Sage Grouse
nests initiation and movement. Wildlife Society Bulletin 31, 486–491.

Manly, B.F.J., McDonald, L.L., Thomas, D.L., 1993. Resource selection by animals: statis-
tical design and analysis for field studies. Chapman & Hall, London, UK (177 pp.).

McGranahan, D.A., Engle, D.M., Fuhlendorf, S.D., Winter, S.J., Miller, J.R., Debinski, D.M.,
2012. Spatial heterogeneity across five rangelands managed with pyric-herbivory.
Journal of Applied Ecology 49, 903–910.

McNew, L.B., Preby, T.J., Sandercock, B.K., 2012. Effects of rangeland management on
the site occupancy dynamics of prairie-chickens in a protected prairie preserve.
Journal of Wildlife Management 76, 38–47.

McNew, L.B., Gregory, A.J., Sandercock, B.K., 2013. Spatial heterogeneity in habitat
selection: nest site selection by greater prairie-chickens. Journal of Wildlife Man-
agement 77, 791–801.

McNew, L.B., Hunt, L.M., Gregory, A.J., Wisely, S.M., Sandercock, B.K., 2014. Effects of
wind energy development on nesting ecology of greater prairie-chickens in
fragmented grasslands. Conservation Biology 28, 1089–1099.

Noss, R.F., Quigley, H.B., Hornocker,M.G.,Merrill, T., Paquet, P.C., 1996. Conservation biology
andcarnivore conservation in theRockyMountains. ConservationBiology10, 949–963.

Nudds, T.D., 1977. Quantifying the vegetative structure of wildlife cover. The Wildlife
Society Bulletin 5, 113–117.

Obermeyer, B., Manes, R., Kiesecker, J., Fargoine, J., Sochi, K., 2011. Development by de-
sign: mitigating wind development’s impacts on wildlife in Kansas. PLoS One 6,
e26698. http://dx.doi.org/10.1371/journal.pone0026698.

Otsfeld, R.S., Pickett, S.T., Shachak, M., Likens, G.E., 1997. Defining the scientific issues.
In: Pickett, S.T.A., Otsfeld, R.S., Shachak, M., Likens, G.E. (Eds.), The ecological basis
for conservation: heterogeneity, ecosystems, and biodiversity. Chapman and Hall,
New York, NY, USA, pp. 167–186.

Partners in Flight Science Committee (PIF), 2012. Species assessment database, version
2012. Available at, http://rmbo.org/pifassessment (Accessed 10 January, 2013).

Patten, M.A., Shochat, E., Wolfe, D.H., Sherrod, S.K., 2007. Lekking and nesting response
of Greater Prairie-Chicken to burning of tallgrass prairie. Proceedings of the Tall
Timbers Fire Ecology Conference 23, 149–155.

Pearce-Higgins, J.W., Stephen, L., Douse, A., Langston, R.H.W., 2012. Greater impacts of
wind farms on bird populations during construction than subsequent operation:
results of a multi-site and multi-species analysis. Journal of Applied Ecology 49,
386–394.

Poiani, K.A., Merrill, M.D., Chapman, K.A., 2001. Identifying conservation priority areas
in a Minnesota landscape based on the umbrella species concept and selection of
large patches of vegetation. Conservation Biology 15, 513–522.

Pruett, C.L., Patten, M.A., Wolfe, D.H., 2009. Avoidance behavior by prairie grouse:
implications for development of wind energy. Conservation Biology 23,
1253–1259.

R: A language and environment for statistical computing. [computer program]. R
Development Core Team, R Foundation for Statistical Computing, Vienna,
Austria.

Robbins, M.D., Townsend Peterson, A., Ortega-Huerta, M.A., 2002. Major negative
impacts of early intensive cattle stocking on tallgrass prairies: the case of the
Greater Prairie-chicken (Tympanuchus cupido). North American Birds 56,
239–244.

Robinson, M.B., Peterson, A.T., Ortega-Huerta, M.A., 2002. Major negative impacts of
early intensive cattle stocking on tallgrass prairies: the case of the greater prairie-
chicken (Tympanuchus cupido). North American Birds 56, 239–244.

Sauer, J.R., Hines, J.E., Fallon, J.E., Pardieck, K.L., Ziolkowski Jr., D.J., Link, W.A., 2012. The
North American Breeding Bird Survey, Results and Analysis 1966–2011. Version
07.03.2013USGS. Patuxent Wildlife Research Center, Laurel, MD, USA.

Schroeder, M.A., Braun, C.E., 1991. Walk-in traps for capturing Greater Prairie-
Chickens on leks. Journal of Field Ornithology 62, 378–385.

Schroeder, M.A., Robb, L.A., 1993. Greater prairie-chicken (Tympanuchus cupido). Ac-
count 36 in. In: Poole, A., Stettenheim, P., Gill, F. (Eds.), The birds of North
America. The Birds of North America, Inc., Philadelphia, PA, USA.

Sexton, J.P., McIntyre, P.J., Angert, A.L., Rice, K.J., 2009. Evolution and ecology of
species range limits. Annual Review of Ecology, Evolution, and Systematics
40, 415–436.

Storch, Ilse, 2007. Grouse: status, survey, and conservation action plan 2006–2010.
IUCN and Fordingbridge, UK, World Pheasant Association (114 pp.).

Tingley, M.W., Koo, M.S., Moritz, C., Rush, A.C., Beissinger, S.R., 2012. The push and pull
of climate change causes heterogeneous shifts in avian elevational ranges. Global
Change Biology 18, 3279–3290.

Veneir, L.A., McKenney, D.W., Wang, Y., McKee, J., 1999. Models of large-scale
breeding-bird distribution as a function ofmacro-climate in Ontario, Canada. Jour-
nal of Biogeography 26, 315–328.

Vickery, P.D., Tubaro, P.L., Cados Da Silva, J.M., Peterjohn, B.G., Herkert, J.R., Cavlacanti,
R.B., 1999. Conservation of grassland birds in the Western Hemisphere. Studies in
Avian Biology 19, 2–26.

Walker, B.L., Naugle, D.E., Doherty, K.E., 2007. Greater Sage-Grouse population response
to energy development and habitat loss. Journal of Wildlife Management 71,
2644–2654.

Webb, D.R., 1987. Thermal tolerance of avian embryos: a review. Condor 89, 874–898.
Westemeier, R.L., 1979. Factors affecting nest success of prairie-chickens in Illinois.

Proceedings of the Prairie Grouse Technical Council 13, 9–15.
White, G.C., Burnham, K.P., 1999. Program MARK: survival estimation from popula-

tions of marked animals. Bird Study 46, 120–138 (Supplement).
Wiens, J.A., 1997. The emerging role of patchiness in conservation biology. In: Pickett,

S.T.A., Ostfeld, R.S., Shachak, M., Likens, G.E. (Eds.), The ecological basis for conser-
vation: heterogeneity, ecosystems, and biodiversity. Chapman andHall, New York,
NY, USA, pp. 93–107.

Winder, V.L., McNew, L.B., Gregory, A.J., Hunt, L.M., Wisley, S.M., Sandercock, B.K.,
2013. Effects of wind energy development on survival of female Greater Prairie-
Chickens. Journal of Applied Ecology 51, 395–405.

Winder, V.L., McNew, L.B., Gregory, A.J., Hunt, L.M., Wisley, S.M., Sandercock, B.K.,
2014. Space use by female Greater Prairie-Chickens in response to wind energy
development. Ecosphere 5, 1–17.

With, K.A., King, A.W., Jensen, W.E., 2008. Remaining large grasslands may not be suf-
ficient to prevent grassland bird declines. Biological Conservation 141,
3152–3167.

Wolfe, D.H., Patten, M.A., Shochat, E., Pruett, C.L., Sherrod, S.K., 2007. Causes and pat-
terns of mortality in Lesser Prairie-Chickens Tympanuchus pallidicinctus and impli-
cations for management. Wildlife Biology 13 (Suppl. 1), 95–104.

Zeiler, H.P., Grünshanchner-Berger, V., 2009. Impact of wind power plants on black
grouse, Lyrurus tetrix in Alpine regions. Folia Zoology 58, 173–182.

193T.J. Hovick et al. / Rangeland Ecology & Management 68 (2015) 186–193


