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Evaluating the influence of energy development on pronghorn (Antilocapra americana) winter mortality risk is
particularly critical given that northern populations already experience decreased survival due to harsh environ-
mental conditions and increased energetic demands during this season. The purpose of our studywas to evaluate
pronghorn mortality risk over 3 winters (2010, 2010–2011, 2011–2012) on a landscape developed in 2010 for
wind energy production (Dunlap Ranch) in south-central Wyoming, United States. We obtained locational
data and survival status of 47 adult female pronghorn captured and equipped with Global Positioning System
(GPS) transmitters. Overall, 17 pronghorndiedduringwinter seasons,with 76.4% (13) of deaths occurring during
the winter with highest snow accumulation (2010–2011). Survival (Ŝ) was lowest in winter 2010–2011 (Ŝ =
0.53, 90% confidence interval [CI]: 0.37–0.70) and highest in winters 2010 (Ŝ = 0.97, 90% CI: 0.92–1.00) and
2011–2012 (Ŝ = 0.91, 90% CI: 0.82–1.00). We modeled mortality risk for pronghorn using Cox’s proportional
hazards model inclusive of time-dependent and time-independent covariates within anthropogenic, environ-
mental, and wind energy variable classes. Across winters, pronghorn winter mortality risk decreased by 20%
with every 1.0-km increase in average distance from major roads (hazard ratio = 0.80, 90% CI: 0.66–0.98), de-
creased by 4.0% with every 1% increase in average time spent in sagebrush (Artemisia spp. L.; hazard ratio =
0.96, 90% CI: 0.95–0.98), and decreased by 92% with every 1 unit (VRM × 1000) increase in terrain ruggedness
(hazard ratio= 0.08, 90% CI: 0.01–0.68). Pronghorn winter survival was not influenced by exposure to wind en-
ergy infrastructure; however, pronghorn survival may be impacted by larger-scale wind energy developments
than those examined in our study. We recommend wildlife managers focus on conserving sagebrush stands in
designated pronghorn winter range.

© 2016 The Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

Pronghorn (Antilocapra americana) winter range in northern lati-
tudes is typified by harsh environmental conditions resulting in in-
creased thermoregulatory costs and overall energy expenditure
(Schwartz et al., 1977; Byers, 1997). Pronghornmay compensate for de-
pleting fat reserves and higher energetic demands relative to body size
by spending up to 55% of their time foraging in winter (Wesley et al.,
1970; Byers, 1997). Nevertheless, malnutrition and starvation are prev-
alent among wintering pronghorn populations where exposure to se-
vere weather often results in high mortality rates (Martinka, 1967;
Barrett, 1982; Pyrah, 1987; O’Gara, 2004a). Pronghorn may reduce
chances of mortality by utilizing more rugged terrain (ridges, draws,

and swales) during local weather events (Richardson, 2006) or areas
with less snow during harsh winters (Barrett, 1982). In addition, avail-
ability and nutritional quality of forage may influence survival for
pronghorn during winter months.

While pronghorn winter survival is often impacted by severe envi-
ronmental conditions, anthropogenic factors such as vicinity to fences
and roads may also impact pronghorn mortality risk on winter range.
Besides resulting in direct mortalities due to collisions with vehicles
and entanglement in fences (Harrington and Conover, 2006), fences
and roads may also act as barriers, increase risk of predation
(Whittington et al., 2011), and increase perceived risk of predation
(Frid and Dill, 2002), potentially resulting in increased energy expendi-
ture and increased risk of mortality. Fences and roads have been known
to inhibit pronghorn from reaching areas utilized during harsh weather
events (Oakley and Riddle, 1974; O’Gara, 2004b). In addition, prong-
horn closer to roads may be exposed to higher rates of poaching and
predation by coyotes (Canis latrans), a common predator of pronghorn
fawns (Brown and Conover, 2011) and adults (deVos and Miller,
2005; Jacques et al., 2007). Finally, pronghorn may perceive high levels
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of disturbance as predation risk resulting in tradeoffs between fitness
behavior and avoidance of disturbance (Frid and Dill, 2002). On winter
landscapes where additional energy expended could result in energy
deficits, increasing exposure to high levels of traffic, predation, and
movement barriers may result in negative consequences to pronghorn
survival.

The addition of anthropogenic disturbances associated with the re-
cent increase in the demand for renewable energy has raised concerns
about potential impacts to wildlife (Erickson et al., 2001). Response to
novel infrastructure and increased human activity may have short-
and long-term impacts to wildlife populations. Elk (Cervus elaphus),
caribou (Rangifer tarandus), and mule deer (Odocoileus hemionus)
have been known to avoid oil and gas developments or high levels of
disturbance associated with these developments (Dyer et al., 2001;
Sawyer et al., 2009; Buchanan et al., 2014); however, studies evaluating
the impacts of wind energy development to wild ungulates are limited
(e.g., Walter et al., 2006; Dzialak et al., 2011; Taylor, 2014).

To understand potential impacts wind energy may have on winter-
ing pronghorn populations, we evaluated mortality risk for pronghorn
exposed to wind energy development on winter range over winters
2010, 2010–2011, and 2011–2012 within the Dunlap Ranch and sur-
rounding areas in south-central, Wyoming, United States. Dunlap Ranch
was developed for wind energy from September 2009 to September
2010. Regulated hunting of pronghorn in this region occurred in fall,
before the winter period included in our analyses. Specific objectives of
our study were to identify environmental and anthropogenic predictor
variables influencing pronghorn mortality risk. By analyzing findings
from other studies, we evaluated five predictions relative to pronghorn
winter survival in our study. This set of predictions provided us a frame-
work within which we developed individual and combined regression
models that best explained winter mortality risk for pronghorn in our
study area. First, given that pronghorn experience high energetic de-
mands on winter range (Schwartz et al., 1977; O’Gara, 2004a) and
incur high mortality associated with winter weather events (Martinka,
1967; Barrett, 1982; Pyrah, 1987), we predicted that mortality risk
would increase with increasing exposure to cold temperatures and in-
creasing snow depth. Second, because it has been observed that fences
may prevent pronghorn from accessing areas vital to survival during se-
vere winter weather (Oakley and Riddle, 1974), we predicted that mor-
tality risk would increase with decreasing distance to fences or
increasing density of fences. Third, because roadsmay increase exposure
to predation and perceived predation risk (Frid and Dill, 2002; Gavin
and Komers, 2006; Whittington et al., 2011), as well as increase
access for poachers, we predicted that mortality risk would increase
closer to roads. Fourth, woody browse, in particular sagebrush
(Artemisia spp. L.), is the primary dietary component for pronghorn on
winter range in northern climates (Bayless, 1969; Beale and Smith,
1970; Mitchell and Smoliak, 1971); thus, we predicted that pronghorn
spending greater proportions of time in sagebrush-dominated habitats
would decrease mortality risk. Finally, it has been reported that other
ungulate species avoid infrastructure associated with energy develop-
ment (Sawyer et al., 2009; Buchanan et al., 2014). With the potential of
avoidance behavior resulting in increased energy expenditure, we thus
predicted that mortality risk would increase with increasing exposure
to wind energy development.

Study Area

We evaluated mortality risk for pronghorn in the vicinity of the
Dunlap Ranch, 11.8 km north of Medicine Bow in Carbon County,
Wyoming, United States. Our study focused on a 36.5-km2 wind energy
facility completed on the Dunlap Ranch sited within a larger area that
included 1452.3 km2 of rangeland (22.6% Bureau of Land Management,
7.6% state of Wyoming, and 69.7% private ownership) delineated by the
WyomingGame and Fish Department as crucialwinter range for prong-
horn. PacifiCorp owned and operated the Dunlap Ranch wind-powered

generation facility. Dunlap Ranch included the construction of wind en-
ergy infrastructure on pronghorn crucial winter range from September
2009 to September 2010. Construction of the Dunlap I wind-powered
generation facility included installation of 74 General Electric Company
1.5-MW sle1 wind turbine generators (119 m tall), 28.3 km of access
roads, 3meteorological towers (79.9m tall), an onsite 34.5/230-kV sub-
station, and onsite maintenance buildings. Construction began in fall
2009 and concluded with the erection of wind turbines from April
2010 to September 2010 (PacifiCorp Energy, 2009). Although construc-
tion of turbines did not begin until April 2010, access roads and other
wind energy facilities were completed and wind turbine assembly
was ongoingwithin the Dunlap Ranch duringwinter 2010. Thus, winter
2010 represented the Dunlap Ranch during development or construc-
tion phase, whereas winter 2010–2011 and winter 2011–2012
represented the Dunlap Ranch during operation phases. Highway 487
extended north and south through the center of the Dunlap Ranch
and pronghorn crucial winter range. We began studying pronghorn in
winter 2010 before wind turbines were erected at Dunlap I. In addition
to Dunlap I, three other nearby wind energy facilities consisting of 347
turbineswere potentially accessible by pronghorn in Carbon andAlbany
Counties. The Seven Mile Hill wind energy facility maintained produc-
tion of 79 (1.5 MW) wind turbines (66 in Seven Mile Hill I and 13 in
Seven Mile Hill II), the High Plains and McFadden Ridge wind energy
project maintained production of 85 (1.5 MW) wind turbines (66 in
High Plains I and 19 in McFadden Ridge I), and the Foote Creek Rim
wind energy project maintained production of 183 (600 kW) wind tur-
bines (69 in Foot Creek I, 3 in Foot Creek II, 33 in Foot Creek III, 28 in Foot
Creek IV, and 50 in Rock River I) throughout the study period from
January 2010 to May 2012.

Dunlap Ranch is located in the southern portion of the broad, inter-
montane Shirley Basin, dominated by arid shrublands and grasslands.
The Little Medicine Bow and Medicine Bow Rivers run just south of
the Dunlap Ranch with Muddy Creek, a tributary of the Medicine Bow
River, flowing within the eastern border of the wind energy facility
(PacifiCorp Energy, 2009). The region is marked by flats, high hills,
and low mountains with Wyoming big sagebrush (Artemisia tridentata
Nutt. ssp. wyomingensis Beetle & Young) as a prevalent cover type. The
FreezeoutMountains to thewest support alderleafmountainmahogany
(Cercocarpus montanus Raf.), aspen (Populus tremuloides Michx.), and
limber pine (Pinus flexilus). Elevations within the Dunlap Ranch range
from 2 000 to 2 530 m. We acquired climate data from the nearest
High Plains Regional Climate Center weather station in Medicine Bow,
Wyoming. Total winter (November–April) snow fall for 2009–2010
was 136.6 cm, for 2010–2011 was 212.6 cm, and for 2011–2012 was
90.7 cm. Average minimum and maximum temperatures for winter
(November–April) 2009–2010 were –10.2°C and 3.2°C, for winter
2010–2011 were –8.8°C and 2.9°C, and for winter 2011–2012 were
–9.7°C and 5.4°C (HPRCC, 2012).

Methods

Capture and Monitoring

We contracted with Leading Edge Aviation, LLC (Lewiston, ID) to
capture 35 adult female pronghorn in the Dunlap Ranch using helicop-
ter net gunning in early January 2010 and an additional 17 adult female
pronghorn in December 2011. The deaths of two pronghorn in 2010 and
two in 2011 were attributed to capture stress and were not included in
survival modeling. We also were unable to recover one transmitter ei-
ther due to collar failure or the individual moving out of the area; we
thus estimated survival and mortality risk for 47 females. Protocols
were approved by the University of Wyoming Institutional Animal
Care and Use Committee (protocol 01012010) and Wyoming Game
and Fish Department (Chapter 33-742 Permit) to capture, handle,
mark, and monitor female pronghorn. Each captured animal was fitted
with an Advanced Telemetry System (Isanti, Minnesota 55040) store-
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on-board Global Positioning System (GPS) neck collar (model G2110B)
in or within the general vicinity of the Dunlap Ranch study area. Collars
were programmed to fix locations every 7 hours from 16 November to
15 May and every 11 hours from 16 May to 15 November. Locations
were collected from January 2010 to April 2012. Aerial relocation flights
were conducted four times annually to record the survival status of
study animals. We recovered collars transmitting a mortality signal to
download locational data collected up to time of death. We assessed
the cause of mortality for each dead pronghorn; however, the delayed
recovery of collars made this assessment difficult in most cases. The re-
maining collars detached from the animals in late April 2012 and were
recovered by late May 2012.

Survival Analysis

We estimated survival rates of collared pronghorn by month over
each winter (2010, 2010–2011, and 2011–2012) utilizing the Kaplan-
Meier product-limit estimator (Kaplan and Meier, 1958), modified for
staggered entry (Pollock et al., 1989). We computed the variance for
Kaplan-Meier survival estimates following Greenwood (1926) and
used a log-rank test to compare survival rates between winters (Cox
and Oakes, 1984:105).

Mortality Risk Covariates

We used the Andersen–Gill (A–G) formulation of Cox’s (1972) pro-
portional hazards regression to evaluate pronghorn survival across all

winters (2010, 2010–2011, and 2011–2012) for Dunlap Ranch prong-
horn. This method evaluates survival time as intervals of risk where
each individual may be represented by multiple observations (Cox,
1972; Andersen and Gill, 1982). Winter locations were defined sepa-
rately for each individual pronghorn based on timing of movement to
and from winter range. For resident individuals, winter locations were
defined by the time frame in which the majority of nonresident prong-
horn elicitedmovement to and fromwinter range for a given year. Mor-
tality risk modeling included pronghorn locations ranging from 8
January to 26 May 2010 for winter 2010, from 24 October 2010 to 15
April 2011 for winter 2010–2011, and from 1 November 2010 to 26
April 2012 for winter 2011–2012.

We predicted pronghornmortality risk using time-independent and
time-dependent covariates of survivorship within three variable clas-
ses: environmental, anthropogenic, and wind energy. Time-
independent covariates included age of pronghorn, fences, land cover,
major roads, minor roads, average movement rate of pronghorn, per-
cent exposure to wind energy development, and terrain (Table 1).
Time-dependent covariates included snow depth, temperature, and a
winter severity index (Brinkman et al., 2005; see Table 1). To account
for exposure to covariates between location fixes (every 7 hours from
16November to15Mayandevery11hours from16May to15November),
we summarized predictor variables within set spatial scales using a
moving window. Average movement for pronghorn between 7-hour
locations was 980 m, and for 11-hour locations it was 1085 m. Thus,
we summarized predictor variables within 980 m of locations collected
every 7 hours and 1085 m of locations collected every 11 hours. We

Table 1
Predictor variables considered in modeling mortality risk using Cox proportional hazards regression for pronghorn exposed to wind energy development in south-central Wyoming,
United States, 2010–2012

Variable class Covariate Description

Environmental
Age Age class 2 age categories: pronghorn ≤ 5.5 yr (0) and pronghorn N 5.5 yr (1)
Movement
rate

MovRateAvr Distance moved between sequential locations for individual pronghorn averaged over all winters (meters ∙ hr)

Terrain VRMAvr Mean Vector Ruggedness Measure (vector ruggedness index [VRM]; Sappington et al., 2007) scaled to 1 000 (VRM × 1 000) calculates terrain
ruggedness within a 3−cell size neighborhood

SlopeAvr Mean slope of the landscape derived from a 30-m DEM
Temperature Temp Number of observations from the beginning of each respective winter to time t where daily low temperatures were b−12°C (HPRCC, 2012)

Temp_wk Number of observations within week before time t where daily low temperatures were b−12°C (HPRCC, 2012)
Temp_mnth Number of observations within month before time t where daily low temperatures were b−12°C (HPRCC, 2012)

Snow depth Snowd Daily snow depth average, accumulation and standard deviation (suffix: avr, acc, sd) from the beginning of each respective winter to time t
(NOHRS, 2004; 30-m cell size)

Snowd_wk Daily snow depth average, accumulation and standard deviation (suffix: avr, acc, sd) from the week before time t
(NOHRS, 2004; 30-m cell size)

Snowd_mnth Daily snow depth average, accumulation and standard deviation (suffix: avr, acc, sd) from month before time t (NOHRS, 2004; 30-m cell size)
Winter
Severity
Index (WSI)

WSI Accumulation of WSI points from beginning of respective winter to time t, where 1 point was given when daily low temperatures were
b−12°C (HPRCC, 2012) and 1 additional point was given when daily snow depth was ≥ 35 cm for each day

WSI_wk Accumulation of WSI points within week before time t, where 1 point was given when daily low temperatures were b−12°C (HPRCC, 2012)
and 1 additional point was given when daily snow depth was ≥ 35 cm for each day

WSI_mnth Accumulation of WSI points within month before time t, where 1 point was given when daily low temperatures were b−12°C (HPRCC, 2012)
and 1 additional point was given when daily snow depth was ≥ 35 cm for each day

Land cover SagePerc Percent of total locations for individual pronghorn found within sagebrush, derived from classified land cover data (sagebrush or other; USGS
GAP, 2011)

Anthropogenic
Fences FenceDenAvr Density of fences (km ∙ km2), digitized using NAIP imagery (2009)

FenceDistAvr Mean Euclidean distance to nearest fence (km; digitized using NAIP imagery [2009])
Major roads MajorRdAvr Mean Euclidean distance to nearest major road (U.S. highways, state highways, and interstate highways) derived from a 30-m DEM

MajorRd_Decay Decay distance at 3000 m of mean Euclidean distance to nearest major road (U.S. and state highways and Interstate highways) derived from a
30-m DEM

Minor roads MinorRdAvr Mean Euclidean distance to nearest county road derived from a 30-m DEM
Wind energy
Percent
exposure

ExpAccrd_1km Percent of total locations for individual pronghorn found within 1 km of access roads associated with wind energy infrastructure
ExpFac_1km Percent of total locations for individual pronghorn found within 1 km of facilities (employee and maintenance buildings and substations)

associated with wind energy infrastructure
ExpTurb_1km Percent of total locations for individual pronghorn found within 1 km of wind turbines associated with wind energy infrastructure
ExpAccrd_2km Percent of total locations for individual pronghorn found within 2 km of access roads associated with wind energy infrastructure
ExpFac_2km Percent of total locations for individual pronghorn found within 2 km of facilities (employee and maintenance buildings and substations)

associated with wind energy infrastructure
ExpTurb_2km Percent of total locations for individual pronghorn found within 2 km of wind turbines associated with wind energy infrastructure
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used three temporal scales to account for variable durations of exposure
to time-dependent covariates on pronghornmortality risk. For each ob-
servation or 7- to 11-hour time step in the model (time = t), time-
dependent covariates were summarized (average, standard deviation,
and sum): 1) over the week prior to time = t, 2) over the month prior
to time = t, and 3) from the beginning of each respective winter to
time= t. Time-independent spatial variableswerefirst averagedwithin
their respective moving window for each observation and then aver-
aged across locations for each respective winter for each individual.

Pronghorn age class was assessed at the time of capture via tooth
eruption and wear. We grouped pronghorn into two age classes:
1) young (≤5.5 years) and 2) old (≥5.5 years). Due to conflicting docu-
mentation on lifespans for pronghorn in different regions (Byers, 1997;
O’Gara, 2004c),we tested several different classifications of age; howev-
er, we found the most predictive classification of age to be “old” ≥ 5.5
years and “young” ≤ 5.5 years.

We categorized land cover types as 1) sagebrush or 2) other (includ-
ing agriculture, marshland, mixed grassland, riparian, salt desert shrub,
and rocky soils). We used the USGS GAP Land Cover dataset to catego-
rize land cover types for survival modeling (U.S. Geological Survey
GAP, 2011) because sagebrush is the primary component of winter
diets for many pronghorn populations in northern latitudes
(e.g., Bayless, 1969; Beale and Smith, 1970; Mitchell and Smoliak,
1971). Due to the low composition of riparian and agricultural lands
(0.02%) within our study area, we did not designate separate categories
for these land cover types as previous studies evaluating pronghorn re-
source selection have done (Beckmann et al., 2012).

We developed spatial layers in ArcGIS 10.0 for distance to nearest
major road (interstate highways, U.S. highways, and state highways),
distance to nearest minor road (county roads), slope, and vector rug-
gedness measure (VRM; Sappington et al., 2007) using a 1-arc-second
(30-m) National Elevation Dataset (NED; U.S. Geological Survey).
VRM, known as terrain ruggedness, accounts for variation in slope and
aspect to measure heterogeneity in landscape terrain (Sappington
et al., 2007). We used 2009 National Agriculture Imagery Program
(NAIP) imagery to digitize and develop a spatial layer for distance to
nearest fence and density of fences.

To represent the impact of wind energy development on pronghorn,
we quantified percent exposure to energy infrastructure components.
Following similarmethods outlined byHarju et al. (2011),we calculated
the percent of total locations per individual within 1 km of wind tur-
bines, access roads, and wind energy facility buildings (i.e., substations
and employee and maintenance buildings; see Table 1). We also calcu-
lated the percent of exposure within a 2 kmbuffer to account for poten-
tial impacts to pronghorn beyond 1 km.

We acquired daily snow depth measurements from the Snow Data
Assimilation System (SNODAS; NOHRS, 2004). SNODAS integrates sat-
ellite and airborne platforms and ground stations to model snow
cover−associated data. We acquired daily temperature lows for
Chugwater, Medicine Bow, Rawlins, and Shirley Basin, Wyoming
weather stations to represent weather conditions that pronghorn in
the Dunlap Ranch study area may have encountered (HPRCC, 2012)
and paired each individual’s locations with the daily low temperature
for the nearest weather station. We only considered temperatures at
or below pronghorn lower critical temperatures identified as –12°C by
Wesley et al. (1973) and assigned them a value of 1. We also calculated
a winter severity index (WSI) value using a combination of snow depth
and temperature. Each daywas given a value of 1 if the snow depthwas
≥ 35 cm or the temperature was ≤ –12°C. A value of 2 was given to days
where both simultaneously occurred (Brinkman et al., 2005).

Mortality Risk Modeling

We examined mortality risk at hourly intervals for pronghorn on
winter range in the Dunlap Ranch study area (winter 2010,
2010–2011, 2011–2012) as a function of covariates of survivorship.

We utilized intervals of risk, rather than a single value for survival
time, to accommodate discontinuous intervals of risk (Guo et al.,
2008). Because we focused on winter locations specifically, time spent
on summer 2010 and 2011 rangeswas represented as discontinuous in-
tervals of risk in themodel,meaning summer locationswere not used to
predict mortality risk. In addition to accommodating discontinuous in-
tervals of risk, theA-Gmodel allows for left, right, and interval censoring
(Andersen andGill, 1982; Johnson et al., 2004). Pronghorn that survived
the duration of the study period were right censored and pronghorn
that died while on summer ranges were interval censored (Allison,
2010:103). We used staggered entry for left-truncated data (Allison,
2010:183) to accommodate pronghorn not introduced into the study
until December 2011. Several locations were recorded daily for each
pronghorn; thus, we evaluated survival on anhourly time scale to retain
all locational data for use in themodel. We conducted statistical model-
ing using the packages AICcmodavg, Dynpred, Regression Modeling
Strategies (RMS), and Survival in Program R version 2.12.2
(Putter, 2011; R Core Team, 2012; Therneau, 2012; Harrell, 2013;
Mazerolle, 2013).

We tested covariates of survivorship for correlation (r N |0.6|) and
did not allow correlated covariates to be included in any same model.
In addition, multiple scales of the same time-dependent covariates
were not considered in the same model to avoid biased model esti-
mates. We calculated the variance inflation factor for coefficients in all
top models, which measures variance inflation caused by collinearity
between variables. Variance inflation factor values ≤ 5 indicate that var-
iance of coefficients is not inflated as a result of collinearity between
variables in the model (Heiberger and Holland, 2004). Individual vari-
ables were considered uninformative and not included in model build-
ing if their respective 85% confidence intervals for hazard ratios
overlapped 1 (Arnold, 2010). We tested all model combinations within
each variable class. We identified themost supported model for each of
the three variable classes using Akaike’s Information Criterion (AIC;
Burnham and Anderson, 1998, 2004). We calculated differences in AIC
from the top model (ΔAIC). The model with the lowest AIC score was
identified as being the most supportedmodel; however, models within
4 AIC points of the most supported model were considered competitive
models (Arnold, 2010). All competitive models within variable classes
were considered top models and allowed to compete against top
models for each of the other categories (Carpenter et al., 2010; Smith
et al., 2014) to determine the overall most supported model for prong-
horn survival at the Dunlap Ranch. Because our final top models were
competitive (ΔAIC b 4), we model averaged across the 90% confidence
sets to estimate coefficients and standard errors for variables occurring
in all competitive model subsets (Burnham and Anderson, 2002). We
used the c (concordance) index to assess discrimination for all models
within the90% subset. The c index is capable of evaluating thepredictive
ability of survival models using time-dependent covariates and
censored data (Harrell et al., 1996; Pencina and D’Agostino, 2004). A
c value equal to 0.5 indicates no concordance between observed and
predictive responses, c values equal to 1.0 indicate perfect concordance
between observed and predictive responses (Harrell et al., 1996), and
models with c values ≥ 0.8 are considered to have good predictive
discrimination for the modeled data (Pencina and D’Agostino, 2004).
We calculated relative importance for each variable within the 90%
subset by summing the Akaike weights of the models in which each
respective variable occurred.

Cox’s proportional hazard regression assumes that hazard ratios are
proportional over time (Cox, 1972); further, the effect of each covariate
in the model should be the same throughout time (Allison, 2010:172).
The proportional hazards assumption is satisfied when Schoenfeld re-
siduals for a given covariate are not correlated with time (Schoenfeld,
1982). Schoenfeld residuals have a separate residual for each covariate
and each individual that experiences an event (Allison, 2010:175). To
test the proportional hazards assumption, we calculated Schoenfeld re-
siduals for each covariate in the top model and plotted them against
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survival time (Hess, 1995). We inspected residuals for uniform dis-
tribution and tested the fitted line for a nonzero slope (Johnson
et al., 2004). All covariates examined within our model met the pro-
portional hazards assumption.

Results

Survival

During our study (January 2010 to April 2012), 17 of 47 (36.2%)
adult female pronghorn died. One female pronghorn died duringwinter
2010, 13 during winter 2010–2011, and 3 during winter 2011–2012.
Causes of winter mortalities were unknown in all cases. We left cen-
sored two females with collars that detached early due to low battery.
Survival (Ŝ) in the Dunlap Ranch study area in winter 2010 was 0.97
(90% CI: 0.92–1.00), winter 2010–2011 was 0.53 (90% CI: 0.37–0.70),
and winter 2011–2012 was 0.91 (90% CI: 0.82–1.00). Survival in the
Dunlap Ranch was lower during winter 2010–2011 than winters 2010
(X12=14.46, P b 0.001) and 2011–2012 (X12=5.37, P=0.021), whereas
survival did not differ between winters 2010 and 2011–2012 (X1

2 =
0.81, P = 0.368).

Mortality Risk

We evaluated mortality risk for 47 adult female pronghorn using 26
765 observations and 17 mortality events. Observations were acquired
over 3 winters with 10 461 observations in winter 2010 (n = 32 fe-
males, mean locations per animal = 334, range: 92–466), 7 705 obser-
vations in winter 2010–2011 (n = 27 females, mean locations per
animal = 293, range: 31–485), and 8 599 observations in winter
2011–2012 (n = 23 females, mean locations per animal = 381, range:
32–577). There were three top models for the environmental variable
class, 2 for the anthropogenic class and 4 for the wind energy class
(Table 2); however, we only considered a single best model for the an-
thropogenic and wind energy class due to variables across competing
univariate models being highly correlated (r=0.71–0.99) and their ef-
fect in combination with variables in other classes being similar. Thus,
we selected the anthropogenic and wind energy model with the lowest
AIC value to compete with the top models in the environmental class.

There were eight competitive models (ΔAIC ≤ 3.829) for pronghorn
winter mortality risk (Table 3). Relative importance was highest for
percent time spent in sagebrush (1.00) and terrain ruggedness (1.00)
and lowest for locations within 1 km of wind facility access roads
(0.37). In addition, relative importance was similar for number of

Table 2
Model fit statistics for environmental, anthropogenic, and wind energy variable classes used to evaluate pronghorn winter mortality risk at the Dunlap Ranch, south-central Wyoming,
United States, 2010–2012. Number of parameters in each model (K), log likelihood (LL), Akaike’s Information Criteria (AIC), difference in AIC from the top model (ΔAIC), and Akaike’s
weights (wi) are also reported. Refer to Table 1 for variable descriptions

Variable class model K LL AIC ΔAIC wi Rank

Environmental (16 candidate models)
SagePerc + SnowdSD_mnth + VRMAvr 3 −36.09 78.176 0.000 0.502 1
SagePerc + SnowdSD_mnth + Temp_mnth + VRMAvr 4 −35.98 79.954 1.778 0.206 2
SagePerc + Temp_mnth + VRMAvr 3 −37.58 81.159 2.982 0.113 3
SnowdSD_mnth + VRMAvr 2 −39.44 82.888 4.712 0.048 4
SagePerc + SnowdSD_mnth 2 −39.99 83.983 5.807 0.028 5
SagePerc + VRMAvr 2 −40.03 84.069 5.893 0.026 6
SnowdSD_mnth + Temp_mnth + VRMAvr 3 −39.19 84.377 6.200 0.023 7
SagePerc + SnowdSD_mnth + Temp_mnth 3 −39.41 84.814 6.638 0.018 8
Null 0 −61.68 123.354 45.178 0.000 16

Anthropogenic (3 candidate models)
MajorRdAvr 1 −44.04 90.078 0 0.641 1
MajorRd_Decay3000 1 −44.62 91.236 1.158 0.359 2
Null 0 −61.68 123.354 33.276 0.000 3

Wind Energy (5 candidate models)
ExpAccrd_1km 1 −47.29 96.572 0 0.281 1
ExpTurb_1km 1 −47.35 96.704 0.131 0.263 2
ExpTurb_2km 1 −47.05 96.941 0.369 0.234 3
ExpAccrd_2km 1 −47.53 97.054 0.482 0.221 4
Null 0 −61.68 123.354 26.782 0.000 5

Table 3
Model fit statistics for subsets or combinations of environmental, anthropogenic, andwind energy variable classes predictive of pronghornwintermortality risk in the Dunlap Ranchwind
energy study area, south-central Wyoming, United States, 2010–2012. Predictor variables forming each variable class model appear in parentheses. Number of parameters in eachmodel
(K), log likelihood (LL), Akaike’s Information Criterion (AIC), difference in AIC from the top model (ΔAIC), and Akaike’s weights (wi) are also reported. Refer to Table 1 for variable
descriptions

Class model (predictor variables) K LL AIC ΔAIC wi

Anthropogenic + Environmental 3 4 −34.06 76.124 0.000 0.198
Anthropogenic + Environmental 2 5 −33.22 76.439 0.315 0.169
Anthropogenic + Environmental 1 4 −34.36 76.717 0.593 0.147
Anthropogenic + Environmental 3 + Wind 5 −33.72 77.432 1.308 0.103
Anthropogenic + Environmental 1 + Wind 5 −33.79 77.584 1.460 0.095
Anthropogenic + Environmental 2 + Wind 6 −32.98 77.956 1.832 0.079
Environmental 1 (SagePerc + SnowdSD_mnth + VRMAvr) 3 −36.09 78.176 2.052 0.071
Environmental 1 + Wind 4 −35.32 78.648 2.523 0.056
Environmental 2 (SagePerc + SnowdSD_mnth + Temp_mnth + VRMAvr) 4 −35.98 79.954 3.829 0.029
Environmental 2 + Wind 5 −35.29 80.576 4.451 0.021
Environmental 3 (SagePerc + Temp_mnth + VRMAvr) 3 −37.58 81.159 5.034 0.016
Environmental 3 + Wind 4 −36.60 81.192 5.067 0.016
Anthropogenic (MajorRdAvr) 1 −44.04 90.078 13.953 0.000
Anthropogenic + Wind 2 −43.53 91.054 14.930 0.000
Wind (ExpAccrd_1km) 1 −47.29 96.572 20.448 0.000
Null 0 −61.68 123.354 47.229 0.000
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days ≤ –12°C within prior month (0.63), variation in snow depth within
prior month (0.67), and average distance to major roads (0.79). Model
fit for environmental, anthropogenic, and environmental + anthropo-
genic models did not improve with the addition of wind energy (see
Table 3); rather, AIC values increased 0.033–1.517 with the addition of
wind energy to these models (see Table 3). Model-averaged parameter
estimates from 90% confidence sets indicated predictor variables for
variation in snow depth within prior month (SnowdSD_mnth), number
of days ≤ –12°C within prior month (Temp_mnth), and percent of loca-
tions within 1 km of wind energy facility access roads (ExpAccrd_1km)
were uninformative (90% CI’s for hazard ratios overlapped 1; Table 4).
Formodel-averaged 90%model subsets, the hazard ratio for average dis-
tance to nearest major road was 0.80 (SE= 0.12, 90% CI: 0.66–0.98), for
time spent in sagebrushwas 0.96 (SE= 0.01, 90% CI: 0.95–0.98), and for
terrain ruggedness (VRM × 1000) was 0.08 (SE = 1.30, 90% CI:
0.01–0.68). Pronghorn winter mortality risk decreased by 20.0%
with every 1-km increase in distance from nearest major road. In
addition, mortality risk for pronghorn on winter range decreased by
4.0% with every 1% increase in average time spent in sagebrush and de-
creased by 92.0% with every 1 unit (VRM × 1000) increase in terrain

ruggedness (see Table 4, Fig. 1). All variance inflation factor values for
coefficients within the eight competitive models were ≤ 5, indicating
variance of coefficients did not increase as a result of collinearity
between variables in themodel (Heiberger and Holland, 2004). In addi-
tion, all c index values for the eight competitive models were ≥ 0.8,
indicating our models had good concordance between observed
and predictive survival of pronghorn on winter range (Pencina and
D’Agostino, 2004).

Discussion

We examined mortality risk for pronghorn on a winter landscape
that includedwind energy development in south-centralWyoming. Be-
cause previous studies have attributed increased risk of mortality in
other ungulate species to proximity to industrial development
(Dzialak et al., 2011), construction of wind facilities on pronghorn cru-
cial winter range is a relevant and major concern. Pronghorn on winter
range already experience high energy demands and increasedmortality
rates (Barrett, 1982; Pyrah, 1987; Byers, 1997; O’Gara, 2004a); thus, the
introduction of novel developments to these landscapes could lead to
increased stress and avoidance behavior by pronghorn, potentially
resulting in further energy losses and increasedmortality risk. Assessing
the impacts of wind energy development to pronghorn survival is par-
ticularly critical given the recent growth of the industry and the poten-
tial for these sites to coincide with suitable wintering habitats. We
identified time spent in sagebrush habitats, average distance to major
road, and terrain ruggedness as influential predictors for pronghorn
winter mortality risk. Contrary to our predictions, exposure to wind en-
ergy infrastructure was not an informative predictor of pronghornmor-
tality risk on winter range in the Dunlap Ranch study area.

Little is known about the impacts of wind energy development on
ungulate populations (Walter et al., 2006; Webb et al., 2013). If prong-
horn avoided wind energy infrastructure at Dunlap Ranch as has been
documented by other ungulate species in oil and gas fields (Sawyer
et al., 2009; Buchanan et al., 2014), increased mortality risk may have

Table 4
Model-averaged parameter estimates for the 90% model subset predictive of pronghorn
winter mortality risk in the Dunlap Ranch wind energy study area, south-central
Wyoming, United States, 2010–2012

Variable Coefficient SE Hazard ratio Hazard ratio
90% CI

[exp(coefficient)] Lower Upper

SagePerc −0.04 0.01 0.96 0.95 0.99
SnowdSD_mntha −0.20 0.17 0.81 0.62 1.08
Temp_mntha −0.04 0.03 0.96 0.91 1.01
VRMAvr −2.53 1.30 0.08 0.01 0.68
MajorRdAvr −0.22 0.12 0.80 0.66 0.98
ExpAccrd_1kma 0.02 0.02 1.02 0.99 1.05

a Uninformative predictor variable.

Figure 1.Hazard rates for themost supportedmodel (average distance tomajor roads, percent of locationswithin sagebrush, and terrain ruggedness) predictive of adult female pronghorn
survival in the Dunlap Ranch, south-central, Wyoming, United States. Hazard rates were plotted with 90% confidence intervals. Terrain ruggedness (Vector Ruggedness Measure) was
rescaled by 1 000 to adjust for small units.
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resulted for individuals with increased exposure to wind energy; how-
ever, we did not detect an influence of wind energy on pronghorn mor-
tality risk. Model fit for anthropogenic and environmental models
decreased with the addition of the wind energy variable class. Further-
more, wind energy had the lowest relative importance of all predictor
variables within the top eight competitive models and was an uninfor-
mative predictor of pronghorn mortality risk (90% CI for hazard ratio o-
verlapped 1; see Table 4). Thus, exposure towind energywas not useful
for predicting pronghorn mortality risk on winter range in our study
area. This result may suggest adult pronghorn tolerance to wind devel-
opment; however, other factors may have influenced the vulnerability
of pronghorn to wind energy infrastructure.

Key differences between wind energy and oil and gas infrastructure
may provide insights into why exposure to wind energy did not influ-
ence mortality risk in our study. Generally, density of wind turbines
within wind facilities (2.03 turbines ∙ km2 at Dunlap Ranch) may be
greater than well pads within oil and gas fields (Pinedale Anticline Pro-
ject Area [PAPA] may allow up to 0.75 well pads ∙ km2; BLM, 2008);
however, wind energy project areas are generally much smaller than
oil and gas fields (e.g., the PAPA is 22× larger than the Dunlap Ranch
wind energy facility). Pronghorn may more readily avoid wind-energy
disturbed areas by using habitats beyond development perimeters,
but large expanses of diffused oil and gas infrastructure could result in
more individuals being relegated to negotiate terrain within these
fields. A recently approved wind energy project in Carbon County,
Wyoming plans to encompass up to 1 000 wind turbines within
889.1 km2 (1.1 turbines ∙ km2 –1; BLM, 2012). Although our study did
not indicate that wind energy development negatively impacted mor-
tality risk of adult female pronghorn on winter range, it is possible
that larger-scale wind energy development could negatively affect
pronghorn mortality risk. In addition, the length of our study period
may have played a key role in determining the outcome of our study.
For example, lag effects extending beyond the 3-year duration of our
study may have prevented us from detecting an influence of wind
energy exposure on pronghorn to survival.

Although previous studies have documented avoidance of fences by
pronghorn and high mortality rates for animals using habitat closer to
fences during harsh weather events (Oakley and Riddle, 1974; deVos
and Miller, 2005; Sheldon, 2006), we found no evidence for distance
to fences or density of fences being influential predictors for pronghorn
mortality risk in our study. Distance to major roads, however, was an
important anthropogenic and overall predictor variable for pronghorn
mortality risk. Pronghorn mortality risk was elevated for individuals
closer to major roads. Although we did not determine that any mortal-
ities of collared pronghorn were due to collisions with vehicles, risk of
mortality may have been elevated closer to major roads as a result of
greater exposure to predators (Yoakum, 1957; Jacques et al., 2007;
Brown and Conover, 2011) or pronghorn perceiving high levels of dis-
turbance around highways as a predation risk (Frid and Dill, 2002). Per-
ceived risk may result in tradeoffs being made between behavior
leading to higher fitness and avoidance of disturbance. For example,
Gavin and Komers (2006) observed pronghorn increasing vigilance
and decreasing feeding time when exposed to roads with high traffic
levels. If pronghorn on the Dunlap Ranch selecting habitats closer to
major roads elicited these same behaviors, reduced foraging time and
increased vigilance could have resulted in increased energy expenditure
and increased mortality risk.

In addition to major roads, we note the importance of sagebrush in
reducing pronghorn mortality risk. Lower mortality risk observed in in-
dividuals that spentmore timewithin sagebrush substantiates previous
studies identifying sagebrush as a primary component in pronghorn
winter diets (Bayless, 1969; Beale and Smith, 1970; Mitchell and
Smoliak, 1971) and by resource selection analyses documenting ungu-
late species’ selection for sagebrush and shrub cover (Beckmann et al.,
2012; Webb et al., 2013). A decrease in mortality risk for pronghorn
spending more time within sagebrush not only signifies the prevalence

of consumption of this shrub by pronghorn, but more importantly de-
notes its intrinsic value for survival. Further, assumingmore rugged ter-
rain encompassed steeper slopes, our findings corroborate previous
studies identifying higher survival rates for migrant pronghorn in
areas with steeper slopes (Barnowe-Meyer et al., 2010) and observa-
tions that pronghorn may utilize ridges, draws, and swales to avoid ex-
posure to harsh weather events (Richardson, 2006), thus potentially
reducing mortality risk.

Lower survival rates during winter 2010–2011 on the Dunlap Ranch
likely resulted from harsh weather conditions. Total snowfall for Medi-
cine Bow, Wyoming from December to February was 1.4–1.9×
(30.2–53.1 cm) greater duringwinter 2010–2011 (114.6 cm) than win-
ters 2010 (61.5 cm) and 2011–2012 (84.4 cm; HPRCC, 2012). Similarly,
previous studies have identified lower survival rates for pronghorn dur-
ing winters with increased snow accumulation (Barrett, 1982; Pyrah,
1987). In contrast, more recent studies documented high survival
rates during winter months and attributed the leading cause of annual
mortality to hunter kills; however, low snow accumulation and mild
winter weather documented during these study periods may have re-
sulted in high survival for these populations (Jacques et al., 2007;
Kolar et al., 2012). Over the course of our study we documented two
hunter kills and no unknown mortalities during hunting seasons. Al-
though variables associated with winter severity (temperature or
snow depth) were not supported in our mortality risk models, the
timing of deaths (11 of 17 pronghorn that died did so in January–
March 2011) suggests that winter severity, rather than hunting, was
the primary factor limiting pronghorn survival in our study.

Although high mortality rates observed during winters with in-
creased snow depth, documented here and in previous studies
(Barrett, 1982; Pyrah, 1987), may suggest climate conditions influence
survival, pronghorn mortality risk was not influenced by climate vari-
ables included within our study. Also, time scales other than weekly,
monthly, and from the beginning of each winter that we examined
may better represent the effect of snow depth and temperature on
pronghorn mortality risk. Due to large variations in climatic conditions
across years and seasons, examining survival separately by winter
may offermore insights into the effects ofweather conditions on prong-
horn mortality; however, in the case of our study, limited mortality
events during winters 2010 (n = 1) and 2011–2012 (n = 3) would
have prevented us from adequately evaluating pronghorn mortality
risk for these winters.

Implications

Our results suggest wind energy development did not influence
pronghorn winter mortality; rather, pronghorn mortality on winter
range was largely influenced by environmental (average time spent in
sagebrush habitat and terrain ruggedness) and nonwind energy anthro-
pogenic (distance to major roads) variables. We recommend managers
focus on conservation strategies for environmental factors found to in-
fluence pronghorn mortality risk. Mitigating the effects of major roads
for pronghorn survival may be difficult; however, maintaining large,
continuous sagebrush stands in areas of developmentmay be amore re-
alistic management strategy. We suggest wildlife managers prioritize
sagebrush conservation on pronghorn winter range, especially in areas
being developed for energy resources. In addition, we suggest manage-
ment strategies be implemented for maintaining connectivity between
seasonal ranges and crucial wintering areas utilized during harsh
weather events.
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