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Abstract

Fragmentation of the sagebrush (Artemisia spp.) ecosystem has led to concern about a

variety of sagebrush obligates including the greater sage-grouse (Centrocercus urophasia-

nus). Given the increase of energy development within greater sage-grouse habitats, map-

ping seasonal habitats in pre-development populations is critical. The North Park

population in Colorado is one of the largest and most stable in the state and provides a

unique case study for investigating resource selection at a relatively low level of energy

development compared to other populations both within and outside the state. We used

locations from 117 radio-marked female greater sage-grouse in North Park, Colorado to

develop seasonal resource selection models. We then added energy development vari-

ables to the base models at both a landscape and local scale to determine if energy vari-

ables improved the fit of the seasonal models. The base models for breeding and winter

resource selection predicted greater use in large expanses of sagebrush whereas the base

summer model predicted greater use along the edge of riparian areas. Energy development

variables did not improve the winter or the summer models at either scale of analysis, but

distance to oil/gas roads slightly improved model fit at both scales in the breeding season,

albeit in opposite ways. At the landscape scale, greater sage-grouse were closer to oil/gas

roads whereas they were further from oil/gas roads at the local scale during the breeding

season. Although we found limited effects from low level energy development in the breed-

ing season, the scale of analysis can influence the interpretation of effects. The lack of

strong effects from energy development may be indicative that energy development at cur-

rent levels are not impacting greater sage-grouse in North Park. Our baseline seasonal

resource selection maps can be used for conservation to help identify ways of minimizing

the effects of energy development.
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Introduction

Fragmentation from energy development may result in changes in land cover and could alter the
spatial patterns of a species’ habitat use [1]. The ability to identify priority habitat, particularly for
species of conservation concern, is an important and urgent management concern [2]. The
greater sage-grouse (Centrocercus urophasianus) (GRSG) is a species of conservation concern due
to population declines and range contraction and is dependent on the sagebrush ecosystem [3].
In 2015, the Fish and Wildlife Service (USFWS) determined that GRSG were not warranted for
protections as a threatened or endangered species, but a status reviewwill be conducted in five
years [4]. GRSG habitat associations have beenwell documented at multiple scales and are
strongly tied to sagebrush landscapes although utilization of those landscapes can differ depend-
ing on the season and the bird’s life stage [5]. In general, seasonal habitats for GRSG are based on
life stages including breeding (including lekking and nesting), summer (including late brood-rear-
ing), and winter [5]. Seasonal habitat use is an important consideration when developing models
to predict habitat use as GRSG use distinct seasonal habitats throughout their annual cycle [2].
Developing these seasonal habitat maps for GRSG is a necessary component of managing human
disturbance [6], but even more important in areas where development has not yet begun.

Loss and degradation of native vegetation has affectedmuch of the sagebrush ecosystem in
Western North America and it has become increasingly fragmented [2]. The sagebrush ecosys-
tem only occupies about 56% of its historic range and is being degraded and fragmented by
multiple factors including anthropogenic development [7]. One such anthropogenic develop-
ment is the infrastructure associated with energy extraction [7]. Infrastructure associated with
energy development including pipelines, roads, and well pads not only directly impacts native
sagebrush, but also can serve as a vector for the introduction of invasive species which furthers
fragmentation [8]. In the United States, domestic energy production is encouraged to reduce
dependence on foreign energy sources and much of this development will occur in sagebrush
and grassland habitat [9].

Energy development has emerged as a major issue in GRSG conservation because areas cur-
rently under development for energy contain some of the highest densities of GRSG [10]. The
number of producing wells within the range of GRSG has tripled from the 1980s to 2007 and
the impacts at conventional well densities (8 well pads per 2.6 km2 on public lands) are exceed-
ing the species’ threshold of tolerance [10]. Previous research examining the effects of energy
development on habitat use suggests that GRSG populations are negatively affected by energy
development activities, especially those that degrade important sagebrush habitat [10–12]. This
often results in a decrease in available habitat or the avoidance of critical seasonal habitat [13–
15]. Most of these studies have been conducted in areas where energy development already
exists at high levels of development.

North Park is 1 of 6 distinct populations of GRSG in Northwestern Colorado (Fig 1) and is
considered one of the largest and most stable consisting of approximately 20% of the statewide
population [16]. North Park is subject to a relatively low level of energy development compared
to other populations both within and outside the state. There was an estimated 4.1% of the 1,606
km2 land surface for this population directly classified as an oil/gas field (ColoradoOil and Gas
ConservationCommission (COGCC) [17]) during the period of our study. The highest well pad
density in North Park is located within the McCallum Field [18], which constitutes< 2% of the
surface area and 66% of the wells in North Park, with an estimate of 3.9 wells per km2 during
our study period (119 wells in 30.4 km2). In all of North Park the density is much lower at 0.11
wells per km2 during our study period (181 wells in 1,606 km2) and without including McCal-
lum field, the estimate is reduced to 0.04 wells per km2. In contrast, other GRSG populations in
Colorado and Wyoming have more extensive development with well densities ranging from
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0.19–1.58 wells/km2 (Table 1). Most of these studies indicated negative relationships between
energy development variables and resource selection for GRSG (Table 1). Although the current
energy development situation in North Park is mostly low and concentrated in a few oil/gas
fields, 99% of North Park is considered high for potentially valuable oil/gas resources [17] indi-
cating a huge potential for development. Given the relatively low level of existing energy devel-
opment in North Park and the potential for more oil/gas leases, current seasonal habitat

Fig 1. Study Area. The North Park study area in Northwest Colorado, USA along with the associated energy

development during our study period (2010–2012). Energy development includes active well locations, oil and

gas fields, 2 km boundaries used for local scale development models, McCallum field, and the Niobrara

formation.

doi:10.1371/journal.pone.0165399.g001
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selection could provide a useful baseline with which to examine the effects future energy devel-
opment may have on GRSG distribution and habitat use [10]. North Park provides a unique
case study to look at seasonal habitat selection of a healthy GRSG population in an area with low
level energy development prior to what could be expanded energy extraction.

We had two main objectives for this study. First, we developed baseline seasonal habitat
selectionmodels using GRSG radio-telemetrydata collected in the North Park population. We
predicted that sagebrush (Artemisia spp) would be an important factor for habitat selection
during the breeding, summer, and winter seasons and most of North Park would be suitable
habitat. Second, we used energy development variables to evaluate the degree, if any, to which
low levels of energy development in North Park currently influences GRSG habitat selection at
two scales. We predicted that GRSG would avoid energy development particularly given that
there is abundant habitat in the region far from oil and gas infrastructure and activities.

Materials and Methods

Study area

Our study area was located in Jackson County, Northwestern Colorado (Fig 1). Jackson County
is bounded on the north by Wyoming, the west by the Park Range, the south by the Rabbit
Ears Range, and the east by the Medicine Bow Range. This semi-arid basin is commonly
referred to as North Park. GRSG occupied range in North Park encompasses approximately
1,606 km2 and includes the majority of the North Park basin. The North Park basin is largely
comprised of a mix of big sagebrush (A. tridentata) uplands interspersed with riparian and
wetland communities and irrigated agriculture located along multiple waterways throughout
North Park that are the headwaters for the North Platte River. The human population in Jack-
son County is considered rural with less than one person per 2.59 km2 and a total population
of 1,392 reported in 2010 Census [21].

Data

GRSG were captured and radio-marked during April 2010 and April 2011 using spot-lighting
techniques [22–23] and ATVs. Following release, the movements and survival of all radio-
marked GRSG were monitored approximately once per week until February 2012. We collected
telemetry locations from 117 female GRSG over the study period for this analysis. All GRSG
captured were weighed (±1 g) using an electronic scale and marked with uniquely numbered
aluminum leg bands. We fitted females with 17-g VHF necklace-mounted radio transmitters

Table 1. GRSG resource selection studies and their response to oil/gas wells.

Study Season State Density of wells per km2 in study area Overall response to oil/gas wells

Walker et al. 2016[19] All Seasons Colorado 0.28 (365 wells in 1290 km2) NA

Fedy et al. 2015[2] Breeding Wyoming 1.58 (2548 wells in 1612 km2) negative (pre-mitigation)

Kirol et al. 2015[1] All Seasons Wyoming 0.54 (600 wells in1093 km2) negative

Smith et al. 2014[15] Winter Colorado/Wyoming 0.41 (2512 wells in 6093 km2) negative

Dzialak et al. 2012[20] Winter Wyoming 0.19 (1052 wells in 5625 km2) negative

Doherty et al. 2008 [14] Winter Wyoming/Montana 1.21 (29,000 wells in 24,000 km2) negative

Walker et al. 2007 [11] Breeding Wyoming/Montana 1.12 (28,000 wells in 24,000 km2) negative

Resource selection studies for greater sage-grouse that evaluated responses to anthropogenic disturbance due to oil/gas wells including the season of use,

the state of the study area location, density of wells in the study area, and overall pattern of resource selection to oil/gas wells. The overall pattern indicates

whether GRSG had a positive, neutral, or negative impact due to oil/gas wells.

doi:10.1371/journal.pone.0165399.t001

Resource Selection of Greater Sage-Grouse in the Presence of Low Level Energy

PLOS ONE | DOI:10.1371/journal.pone.0165399 October 27, 2016 4 / 20



(Model A4330; Advanced Telemetry Systems, Inc., Insanti, MN) with a 30 cm antenna lying
between the wings and down the back of the grouse. Transmitters had a minimum battery life
of 18 months and a 4-hour mortality signal. The radio transmitter package was 1.0% and 1.2%
of the body weight for adult and yearling females, respectively. Trapping and handling proto-
cols were approved by the Colorado Parks and Wildlife Animal Care and Use Committee (Per-
mit # 01–2010). The study species was not federally protected during the period of our study.
Our GRSG research was conducted on a combination of public (U. S. Fish and Wildlife Arapa-
hoe National Wildlife Refuge and Bureau of Land Mangement) and private land. We gained
permissions for access to property from the appropriate landowner.

Incubating females were monitored more frequently (>1 time per week) to determine nest
fate. Each time a grouse was located, it was circled at a 50–100 m radius to determine habitat
type while at the same time avoiding flushing the bird. This radius could be larger during the
winter months when birds were grouped in flocks and flushed more easily. A precise Universal
Transverse Mercator (UTM) location was not possible at the time of location (the birds were
not intentionally flushed). To obtain more precise locations, the observermarked a waypoint
approximately 50 m in one of the 4 cardinal directions from the estimated location of the bird
then manually corrected the location. At each location, date, time, UTM coordinates, slope and
aspect were recorded. A fixed-wing aircraft assisted to locate any grouse not located from the
ground or lost during ground monitoring efforts.

Locations were assigned to one of three seasons: breeding (1 April– 15 July), summer (16
July– 1 September), and winter (1 October–1 March). We estimated the average daily move-
ment distances across all the birds in each season by dividing the average distance between
locations by the average days between locations. We used these distances to buffer all presence
locations within that season (150.8 m in the breeding season, 203.6m in the winter season, and
83.1m in the summer season).We used this buffer to account for possible error in the telemetry
locations as well as to summarize the environmental covariates at a biologically relevant scale.
We randomly generated a sample of “available” locations within the same geographical extent
of the North Park basin [24]. We conducted a sensitivity analysis of the available sample size
for each season [25]. To do this, we generated a resource selection function (RSF) for an avail-
ability sample of N = 1,000, 2,000,. . .10,000. We found that RSF coefficients converged at
N = 7,000 available samples in the breeding and winter seasons and at N = 6,000 in the summer
season. We applied the same daily movement buffer specific to each season to these available
locations. We summarized all habitat variables within these buffers.

We classified vegetation type into 15 biologicallymeaningful categories (S1 Appendix)
using the basinwide vegetation layer (i.e. sagebrush, forest, etc). This land cover layer was con-
structed from 25-m resolution landsat imagery as part of the Colorado Vegetation Classifica-
tion Project administered by the former ColoradoDivision of Wildlife (currently Colorado
Parks and Wildlife) in collaboration with the BLM and the U.S. Forest Service and was com-
pleted in 2005. BecauseNorth Park is sparsely populated, has low anthropogenic disturbance,
and no relevant environmental perturbations (e.g. wild or managed fire), we believe the vegeta-
tion cover types still reflect current conditions in this area. From those 15 categories, we
excluded those that consisted of< 0.1% of the land surface within the buffers (e.g. residential,
bare, greasewood/herbaceous(Sarcobatus vermiculatus), bitterbrush (Purshia tridentata),
talus, alpine, and water). In addition, we removed aspen (Populus tremuloides) and forest
becausemodels did not converge due to the lack of these variables in the presence buffers in all
seasons. Thus, the vegetation categories we used in model development were irrigated agricul-
ture, sagebrush, grassland, sagebrush/grassland, and riparian, which have all been shown to be
important predictors of GRSG habitat in previous studies (S1 Appendix; [15, 19, 26–28]). We
also updated the irrigated agriculture vegetation class from the basinwide layer using the
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ColoradoDivision of Water Resources District 47 irrigated agriculture shapefile from 2011
[29]. We did this to accurately reflect the locations of irrigated agriculture during the specific
time period of our study. The proportion of each of these vegetation categories were summa-
rized within the seasonal buffers for use in the models.

We obtained elevation data from the U.S. Geological Survey (USGS) digital elevation model
and used the national hydrography dataset to measure the average distance to perennial water
sources as well as the density of water within each buffer [20]. We also included the Normal-
ized Difference Vegetation Index (NDVI), a measure of plant primary productivity which has
been used in recent GRSG studies [1, 26, 30]. A plant that is actively photosynthesizing will
absorb most of the visible light resulting in a higher NDVI value and higher plant productivity
[31]. We also measured the distance to sagebrush for those locations that did not contain sage-
brush within their buffers. Particularly in the summer, GRSG use other habitat types within the
sagebrush complex [5, 20, 32–34] and Dunn and Braun [35] found that managers might use
150–200 m as a guideline for the interspersion of cover types on GRSG summer range. Dunn
and Braun [35] reported observations of GRSG feeding on the edges of vegetation cover that
was higher in vertical and horizontal structure. In addition, Klott and Lindzy [36] reported that
GRSG avoided large openings in meadows while feeding near the ecotone with sagebrush.
Although most of our presence locations included sagebrush within their buffers, it was impor-
tant to know the distance to sagebrush from those locations without a direct sagebrush compo-
nent. We also included a distance to irrigated agriculture as there are large riparian corridors
with irrigated agriculture in North Park that dissect the study area. The distance to agriculture
and the distance to sagebrush variables were included as a way to measure possible edge effects
between habitats in North Park (Table 2).

Model building by season

We first calculated Pearson Correlation Coefficients (r) for all the habitat variables. In all three
seasons, irrigated agriculture and NDVI were highly correlated with sagebrush (r>0.65) and
we removed them from furthermodel development and consideration. We also removed dis-
tance to sagebrush from the breeding and winter models and elevation was removed from the
summer model, as these variables were correlated with sagebrush. We used a binomial general-
ized linear model with a logit link using the lme4 package in program R [37]. We used a ran-
dom intercept for each individual grouse within each season to account for unbalanced
sampling among animals [38].

We constructed a set of alternative models from all linear combinations of the habitat vari-
ables in each season [39]. We generated predictions from each of the models with weights that
sum to 95% and averaged the predictions into a final model for each season to strengthen infer-
ence when there was not a clear combination of variables to construct a set of competing mod-
els (S2 Appendix, [40]). We reported the top model for each seasonal model as we did not use
averaged coefficients, but rather averaged predictions. The coefficients for each of the seasonal
models are equivalent to selection ratios [41] and exp(βi) can be interpreted directly as the
odds ratios. Additionally, we calculated standardized coefficients to assess the relative effects of
different covariates measured at different scales [42]. To do this we centered and scaled all vari-
ables in each season (mean = 0, SD = 1) [39].

We re-calculated the weights from the models in the 95% set to sum to 1 and we used each
model within the set to create a model prediction surface [43]. We then multiplied each predic-
tion surface within the model set by its weight and then added these models together to pro-
duce a final model averaged prediction surface [44]. This process allows all plausible models in
a set to be used in multimodel inferences for spatial predictions [43].
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We used the final model averaged prediction surface for each season to create a prediction
surface in ArcMap 10.1 based on the associated habitat variables (ArcGIS 10.1; Environmental
Research Systems Institute, Redlands, CA). We used the logistic function to create a surface
proportional to probability of presence (hereafter relative probability) with values between 0
and 1 across the study area for each season (1 = high, 0 = low).

Energy development impact analysis

Since energy development occurs in isolated patches in North Park, we approached the energy
development analysis using two scales of analysis. First, we evaluated the impact for each sea-
son across all of North Park using the same presence and available buffers used in the base
models (hereafter landscape scale). Second, since oil/gas wells in North Park were concentrated
in smaller areas within our North Park study area and in an effort to not diffuse the influence
of energy development across North Park, we conducted a second analysis at a smaller scale
(hereafter local scale). This analysis restricted our dataset to only those GRSG presence and
available buffers located near the oil/gas fields ([17]; Fig 1).

To delineate energy development, we obtained a shapefile from the COGCCwebsite which
outlined locations for wells, ownership, and well ID information [17]. Next, we determined his-
torical dates for all 677 wells from the COGCCwebsite and incorporated well status, spud date,
completion date, first production date, last production date, and expiration date. We only
included wells that were active (n = 181) during our study period and where the well pad could
be seen visually on satellite and/or NAIP imagery [6].

Due to the lack of digital transportation data in Jackson County, Colorado, we created a
database of historical road networks versus roads created for energy development purposes.
We obtained shapefiles with existing highways, major county roads, and local roads [45]. We
digitized roads utilized for energy development with the assistance of hard copy maps and digi-
tal topographic maps (Google Earth 6; Google Inc., Mountain View, CA). We used well pad
coordinates and identified those roads leading towards oil/gas wells or those within an oil/gas

Table 2. Habitat variables used to model greater sage-grouse selection.

Variable Breeding Summer Winter Available

Sagebrusha 0.80 0.47 0.78 0.50

Grasslanda 0.03 0.09 0.03 0.07

Sagebrush/grasslanda 0.11 0.13 0.10 0.10

Ripariana 0.01 0.02 0.00 0.01

Irrigated agriculturea 0.04 0.24 0.04 0.21

Elevation 8251.1 8200.9 8204.7 8320.6

NDVIb 0.28 0.45 0.01 0.33

Water density (km/km2) 1.90 2.64 2.27 2.08

Distance to water (km) 0.25 0.15 0.20 0.24

Distance to sagebrush (km)c 0.01 0.05 0.01 0.09

Distance to agriculture (km)c 0.95 0.37 0.89 0.59

Variables used in greater sage-grouse habitat models with the mean value for presence and available buffers in the breeding (1 April- 15 July), summer (16

July– 1 September), winter (1 October– 1 March) seasons, and available buffers in North Park, Colorado, U.S.A (2010–2012).
aproportion of area covered by vegetation type
bNormalized Difference Vegetation Index
cif vegetation located within buffer, then distance is equal to “0”.

doi:10.1371/journal.pone.0165399.t002
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field and classified these as roads created for the purpose of energy production (unless they
were already classified as a county/local road by Colorado Department of Transportation).

We were also interested in the overall energy development intensity within the energy devel-
opment areas and created an energy development index by combining both the density of oil/
gas roads leading to active wells and the density of active wells within 1 km2. We first created
an active oil/gas well pad density layer in ArcMap followed by an oil/gas road density layer. By
combining these two layers, we created an index of energy development which was used to
assess the effect of energy development within each season. We also included distance to oil/
gas roads and distance to active well pads to evaluate distance effects in the models.

For the landscape scale analysis, we added energy development variables (distance to oil/gas
roads, distance to active well pads, and energy development index) to the best base model for
each season to evaluate if energy development variables were informative predictors of GRSG
habitat use in North Park based on a reduced AICc [14]. We re-evaluated any correlations and
found distance to oil/gas roads and distance to well pads were correlated for all seasons, so we
removed distance to well pads. We used the base seasonalmodels as a starting point because we
were interested in the influence of energy development variables on our “best” prediction surface.
If the seasonalmodel fit improved with the addition of energy development variables, we applied
the average predicted model to the raster surfaces to evaluate changes in the prediction surface.

For the local scale analysis, we delineated a focus area based on energy development analysis
using oil/gas fields identified by the COGCCand then we applied a 2 km buffer around active
wells [17]. We selected this distance because Remington and Braun [46] found that coal mining
and oil field development in North Park resulted in decreased lek attendance on leks within 2
km of development activities. Although this information is dated, we feel that local information
is superior and more informative than more general buffers [47]. We then selectedwithin each
season those presence and available buffers that overlapped the 2 km energy development
buffer. We then followed the same procedure for adding energy variables as in the landscape
scale analysis. At the local scale there was a correlation between distance to active wells and the
energy development index so distance to wells was removed.

Model validation

Common methods of evaluating model performance including Kappa and receiver operating
curves are inappropriate for presence/available data as the distribution of used sites is drawn
directly from the distribution of available sites [48]. Therefore, we performed a k-fold cross val-
idation 5 times withholding 20% of data randomly for each iteration in program R [48–49].
We placed all locations for individual birds in either the model building set or the training set
(i.e. locations for a single bird could not be in both the model building and training set). We
assessed model evaluation for presences only as available locations were randomly chosen and
not true absences [50]. For each data fold, the withheld data can be assessed against the model
predictions of the training data using correlations between bin rank of the RSF values and the
frequency of independent, withheld observations in the same bin rank standardized for area
[51]. We assessed the relationship between predicted occurrence for withheld GRSG locations
and their frequencywithin 10 incrementally higher relative probability of use bins of equal size
adjusted for area [52–53].

Results

Bird capture and movements

We collected a total of 3,985 locations from GRSG in North Park from 95 female GRSG radio-
marked during 2010 and 22 additional females in 2011. There were a total of 1,480, 874, and
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1,631 breeding, summer, and winter locations, respectively (S1 Dataset). On average our move-
ment buffers based on bird movement were 150.8 m, 203.6 m, and 83.1 m in the breeding, win-
ter, and summer seasons and we were able to collect a telemetry location on each bird every
12.6 days, respectively. Our movement buffers for GRSG in North Park were larger during the
winter season and smaller during the summer season. We found the only habitat variable com-
mon among all 3 seasons was distance to sagebrush, which was closer to presence locations
than available locations (Table 2). We found that the summer season exhibited the most differ-
ences from the breeding and winter seasons based on mean values including a lower propor-
tion of sagebrush and a higher proportion of grass, riparian, and irrigated agriculture in the
presence buffers and the presence buffers being closer to irrigated agriculture (Table 2).

Seasonal models

Our model-averaged breeding season model included elevation, grassland, sagebrush, sage-
brush/grassland, distance to irrigated agriculture, and distance to water (Table 3). The most
important predictor was a positive relationship with sagebrush. We found the largest effects in
the breeding season model came from strong positive relationships with sagebrush, grassland,
and sagebrush/grassland vegetation and being further from irrigated agriculture (Table 3).
Birds also showed a slight preference for lower elevations and closer to water (Table 3). The
averaged prediction surface indicated large continuous landscapes of high quality sagebrush
habitat in non-riparian areas (Fig 2A).

Our model-averaged summer model indicates that GRSG strongly selected for grassland
cover type, being closer to sagebrush, and higher water density (Table 4). The most important
variable was that female GRSG were closer to sagebrush, but had a negative relationship with
sagebrush indicating that they were not necessarily located directly within the sagebrush, but
along the edges. In addition, female GRSG appeared to be positively influenced by access to
water and the edges of irrigated agriculture. The resulting averaged prediction surface illus-
trates areas along riparian corridors closer to patches of sagebrush were selected by female
GRSG during the summer season (Fig 3).

Our model-averaged winter model includes strong effects of birds selecting sagebrush and
sagebrush/grassland landcovers, areas with high water density, and further from irrigated agri-
culture (Table 5). Smaller effects includes selection for slightly lower elevations, and close to
water (Table 5). Sagebrush and sagebrush/grasslandwere the most important variables for
female GRSG in the winter. The averaged prediction surface was very similar to the breeding

Table 3. Coefficients for the top model for the breeding season.

STANDARDIZED COEFFICIENTS UNSTANDARDIZED COEFFICIENTS

Variable β SE LCI UCI β SE LCI UCI Odds Ratio

Intercept - 2.183 - 0.400

Sagebrush (proportion) 1.283 0.071 1.180 1.386 3.161 0.176 2.908 3.413 23.585

Grassland (proportion) 0.162 0.054 0.085 0.240 1.456 0.481 0.764 2.148 4.289

sagebrush/grassland (proportion) 0.427 0.039 0.371 0.483 2.775 0.252 2.412 3.138 16.039

Elevation (ft) - 0.118 0.062 - 0.208 - 0.029 - 0.001 0.0002 - 0.001 0.000 0.999

distance to agriculture (km) 0.124 0.037 0.071 0.177 0.167 0.049 0.096 0.238 1.181

distance to water (km) - 0.094 0.038 - 0.148 - 0.040 - 0.435 0.174 - 0.686 - 0.184 0.647

Top model standardized and unstandardized coefficients for greater sage-grouse resource selection in North Park, Colorado, U.S.A. (2010–2011) in the

breeding season (1 April- 15 July), including the standard error (SE), lower (LCI) and upper (UCI) 95% confidence intervals, and odds ratios.

doi:10.1371/journal.pone.0165399.t003
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season prediction surface, although there were more patches of non-habitat within sagebrush
dominated landscapes especially in the southern portion of the study area (Fig 4).

All 3 of our base model-averaged seasonal models validated well based on R2 values
greater than 0.893 (Table 6). The breeding, winter, and summer models had high average R2

values (breeding R2 = 0.969; winter R2 = 0.928; summer R2 = 0.947) indicating good model fit
in all seasons. These results emphasize the robustness of the models for all of the seasonal
models.

Fig 2. Relative probability of presence during the breeding season. Relative probability of female greater sage-

grouse presence in North Park, U.S.A. (2010–2011) during the (A) breeding season (1 April– 15 July), (B) breeding

season with the addition of the distance to oil/gas roads variable at a local scale, and (C) breeding season with the

addition of the distance to oil/gas roads variable at the landscape scale.

doi:10.1371/journal.pone.0165399.g002
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Energy Development models

For the landscape scale energy development analysis, we ran the model-averaged seasonal
models with the addition of uncorrelated energy development variables (distance to oil/gas
roads and the energy development index). We found that none of the energy development
variables improved fit (based on lower AICc) in the summer or winter season, so we did
not continue with producing a prediction surface for these two seasons. We found a small
effect using the distance to oil/gas roads variable in the breeding season which was the only
energy variable that improved model fit (base breeding model AICc = 7436, landscape breed-
ing model with energy variables AICc = 7382, Table 7). The pattern of variable effects was
similar to the base breeding model, except for the presence buffers being slightly closer to
oil/gas roads than the available buffers (Table 7). The averaged prediction surface from the
landscape breeding energy development model indicates very little change from the base
breeding model as shown by the similar variable coefficients and the small odds ratio of the
oil/gas roads variable (Table 7 and Fig 2B). The model validation R2 value for the landscape
breeding model including the energy variables performed similarly to the base model
(R2 = 0.979).

For our local scale energy development analysis, we restricted locations (both presence and
available) to within 2 km of an active oil well. This clearly reduced the number of locations and
we used 455, 333, and 218 breeding, winter, and summer presence locations and 1,700 available
locations, respectively. For the summer and winter models, we found that none of the energy
development variables improved fit (based on lower AICc). Therefore, we did not generate
summer or winter prediction surfaces including the energy development variables.

In contrast, our local breeding season model was improved with the distance to oil/gas
roads energy development variable (base breeding model AICc = 1859, breeding model with
energy variables AICc = 1845; Table 8). This model suggests that female GRSG select areas fur-
ther from oil/gas roads within the energy development field (within 2 km of energy develop-
ment). The averaged prediction surface from the local breeding energy development model
suggests a loss of breeding habitat especially in the McCallum field area but only in the north-
east section of North Park (Fig 2C). The model validation R2 value for the breeding model
including the energy variables was not as high as the base model (R2 = 0.911), but still indicated
a robust model.

Table 4. Coefficients for the top model for the summer season.

STANDARDIZED COEFFICIENTS UNSTANDARDIZED COEFFICIENTS

Variable β SE LCI UCI β SE LCI UCI Odds Ratio

Intercept - 2.622 - 2.046

Sagebrush (proportion) - 0.209 0.080 - 0.365 - 0.053 - 0.517 0.196 - 0.901 - 0.132 0.600

Grassland (proportion) 0.152 0.042 0.070 0.234 1.270 0.348 0.587 1.953 3.562

sagebrush/grassland (proportion) 0.078 0.042 - 0.005 0.160 0.499 0.270 - 0.030 1.027 1.646

distance to sagebrush (km) - 1.026 0.130 - 1.282 - 0.771 - 6.294 0.800 - 7.861 - 4.727 0.002

distance to agriculture (km) - 0.468 0.070 - 0.605 - 0.331 - 0.663 0.099 - 0.857 - 0.469 0.515

distance to water (km) - 0.257 0.059 - 0.373 - 0.142 - 1.186 0.272 - 1.719 - 0.652 0.306

water density (km/km2) 0.385 0.056 0.275 0.495 0.354 0.052 0.253 0.455 1.425

Top model standardized and unstandardized coefficients for greater sage-grouse resource selection in North Park, Colorado, U.S.A. (2010–2011) in the

summer season (16 July– 1 September), including the standard error (SE), lower (LCI) and upper (UCI) 95% confidence intervals, and odds ratios.

doi:10.1371/journal.pone.0165399.t004
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Discussion

The GRSG we studied in North Park selected similar habitat variables during the winter and
breeding seasons. In both the breeding and winter seasons, sagebrush was the most important
variable and in both cases the odds ratio for sagebrush was>19. Another important variable
that influenced selection in both seasons was sagebrush/grassland vegetation with odds ratios
>10. We found that the averaged relative probability of presence prediction surfaces for breed-
ing and winter seasons were quite similar. Although distance to sagebrush was not considered
in either the breeding or winter models due to a correlation with sagebrush, we found that
telemetry locations were always within 0.49 km or 0.48 km of sagebrush during the breeding
and winter season, respectively (versus up to 1.97 km for available locations). GRSG are sage-
brush obligates during both the breeding and winter periods and although lekking occurs in
small open areas, nearby sagebrush is critical for escape cover and feeding [33, 54]. Our results

Fig 3. Relative probability of presence during the summer season. Relative probability of female greater

sage-grouse presence in North Park, U.S.A. (2010–2011) during the summer season (16 July– 1

September).

doi:10.1371/journal.pone.0165399.g003
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highlight the importance of sagebrush and sagebrush/grassland habitats to GRSG in North
Park in the breeding and winter seasons and further supports previous landscape scale research
(see [5] for review).

Our summer season average prediction surface was different from the other two seasons,
mostly because of the slight avoidance of sagebrush. The avoidance we observed is not unex-
pected based on previous research where sagebrush consists of only a portion of diverse sum-
mer habitats [5, 35, 55–58]. Further supporting previous research [3, 35, 55–58], GRSG in
North Park used a greater variety of vegetation cover types during summer, but variables asso-
ciated with water and grassland vegetation types were the most important. Even though non-
sagebrush vegetation was important during the summer season, female GRSG were close
(< 0.61 km) to sagebrush. As the summer season advances and the understory vegetation
begins senescence [56, 58–59], GRSG typically respond by moving to a greater variety of habi-
tats, particularly mesic habitats [5, 27, 35–36, 55–58, 60]. In addition, riparian habitats devoid
of woody vegetation provide an abundance of forbs and insects in the summer [27, 33, 54].

Our energy development analysis resulted in conflicting results between the two scales.
First, neither the summer nor winter base seasonal models had improved fit by including any
of the energy development variables at either scale. Second, distance to oil/gas roads was the
only development variable with a slightly significant impact during the breeding season at both
scales, but GRSG were closer to roads at a landscape scale, and further from roads at a local
scale. Because of the conflicting result, we suggest that overall energy development in North
Park may not be at a level that could be significantly impacting female GRSG habitat selection.
In the summer and winter seasons, energy development variables had no impact while in the
breeding season the impact at both scales was small (odds ratios< 1.5).

Thus, while the breeding season base model was improved with the inclusion of distance to
oil/gas roads, we found a positive effect at the landscape scale and a negative effect at a local
scale. This resulted in the landscape scale breeding prediction surface showing very little
change to the base model whereas the local scale prediction surface showed a reduction in
higher relative probability value in energy development areas especially around McCullum
Field (Fig 2B). The base breeding model indicates large areas of sagebrush in North Park and
many of the oil/gas fields are located within these sagebrush patches (Fig 1). Therefore, one
possible explanation for this pattern of use in the landscape breeding energy development
model in North Park is that most of the energy development takes place within sagebrush dom-
inated patches relative to the entire study area. The percentage of sagebrush located within 2

Table 5. Coefficients for the top model for the winter season.

STANDARDIZED COEFFICIENTS UNSTANDARDIZED COEFFICIENTS

Variable β SE LCI UCI β SE LCI UCI Odds Ratio

Intercept - 2.202 - 2.038

Sagebrush (proportion) 1.179 0.062 1.057 1.301 2.967 0.156 2.660 3.273 19.427

Grassland (proportion) 0.087 0.054 - 0.018 0.192 0.816 0.501 - 0.166 1.800 2.262

sagebrush/grassland (proportion) 0.345 0.039 0.270 0.421 2.337 0.262 1.823 2.850 10.035

Elevation (ft) - 0.433 0.075 - 0.581 - 0.285 - 0.002 0.0003 - 0.002 - 0.001 0.998

distance to agriculture (km) 0.288 0.043 0.203 0.372 0.386 0.058 0.274 0.499 1.472

distance to water (km) - 0.236 0.04 - 0.320 - 0.151 - 1.111 0.203 - 1.509 - 0.713 0.329

water density (km/km2) 0.404 0.051 0.305 0.503 0.382 0.048 0.288 0.475 1.465

Top model standardized and unstandardized coefficients for greater sage-grouse resource selection in North Park, Colorado, U.S.A. (2010–2012) in the

winter season (1 October– 1 March) including the standard error (SE), lower (LCI) and upper (UCI) 95% confidence intervals, and odds ratios.

doi:10.1371/journal.pone.0165399.t005
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km of active well pads is much higher with 65% versus all of the North Park study area
(34.1%). This could be indicative that although on a landscape scale in the breeding season
birds are closer to oil/gas roads, this could be an artifact of the higher amounts of sagebrush
which drive the overall model (sagebrush odds ratio = 23). This pattern of energy development
within good sagebrush patches along with a slight avoidance of roads within 2 km of active
well pads should cause some concern for wildlife and habitat managers.

Copeland et al. [9] predicted a 7–19% population decline in GRSG across their range from
future energy development in sagebrush habitats. Over 68% of the land surface within North
Park is sagebrush or sagebrush/grasslandmix. North Park has one of three major oil/gas pro-
ducing basins in Colorado, thus a large portion of North Park has high potential for energy
development [61]. For the period of 2008–2027 a range of up to 370 wells could be developed
with a possible 1,198 new hectares of disturbance expected [62]. One of the areas considered to
have the greatest potential for development and currently in the early stages of exploration is

Fig 4. Relative probability of presence during winter season. Relative probability of female greater

sage-grouse presence in North Park, U.S.A. (2010–2012) during the winter season (1 October– 1 March).

doi:10.1371/journal.pone.0165399.g004
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the Niobrara formation in the southern portion of North Park (Fig 1, [62]). One of the limita-
tions to energy development in North Park is the lack of an existing pipeline infrastructure, so
if production increases, this could lead to increased development in North Park [62].

Our case study supports the notion that it is critically important for wildlife managers to
analyze seasonal habitat use for a species before anthropogenic development occurs. By doing
this, we have a better understanding of GRSG habitat selection before intensive energy develop-
ment. Therefore, we suggest that our initial estimate of seasonal habitat selection for GRSG in
North Park at a relatively low energy development level provides a unique way to examine
potential impacts of future energy development scenarios. The lack of large effects from our
added energy variables also supports using these seasonal resource selectionmodels as baseline
data. We suggest that wildlife managers now have an advantage by having our pre-energy (or
low density) development seasonal habitat models so they can investigate and monitor future
management and conservation scenarios using varying levels of energy development. Our
models can help inform future siting of energy development infrastructure to minimize the

Table 6. Model cross validation.

Breeding Summer Winter Breeding with ED

landscape

Breeding with ED local

AUC rs AUC rs AUC rs AUC rs AUC rs

Entire dataset 0.732 0.712 0.754 0.729 0.751

Validation 1 0.722 0.967 0.692 0.954 0.711 0.893 0.713 0.998 0.735 0.924

Validation 2 0.732 0.964 0.720 0.952 0.741 0.979 0.735 0.985 0.747 0.936

Validation 3 0.728 0.976 0.743 0.952 0.720 0.915 0.719 0.967 0.719 0.851

Validation 4 0.744 0.988 0.684 0.942 0.717 0.948 0.751 0.952 0.797 0.942

Validation 5 0.724 0.952 0.726 0.933 0.706 0.906 0.722 0.994 0.711 0.900

Average 0.730 0.969 0.713 0.947 0.719 0.928 0.728 0.979 0.742 0.911

Cross validated Spearman-rank correlations (rs) between resource selection function (RSF) bin ranks and area-adjusted frequencies for individual and

average model sets by breeding, summer, and winter seasons and breeding season with energy development (ED) at both the landscape and local scale in

North Park, Colorado, U.S.A (2010–2011). Each validation set was based on 20% of the data randomly excluded for model development and then

predicting the withheld data. Included are the Area Under the Curve (AUC) estimates for each model set to compare with the original model.

doi:10.1371/journal.pone.0165399.t006

Table 7. Coefficients for the top model for the breeding season including energy development variables at the landscape scale*.

STANDARDIZED COEFFICIENTS UNSTANDARDIZED COEFFICIENTS

Variable β SE LCI UCI β SE LCI UCI Odds Ratio

Intercept - 2.189 - 3.512

Sagebrush (proportion) 1.272 0.071 1.134 1.411 3.135 0.174 2.794 3.475 22.983

Grassland (proportion) 0.183 0.053 0.078 0.287 1.638 0.477 0.703 2.573 5.144

sagebrush/grassland (proportion) 0.419 0.039 0.343 0.500 2.722 0.253 2.225 3.218 15.210

Elevation (m) - 0.008 0.035 - 0.160 0.090 - 0.0001 0.0002 - 0.0004 0.002 1.000

distance to agriculture (km) 0.154 0.039 0.078 0.230 0.207 0.052 0.105 0.309 1.230

distance to water (km) - 0.139 0.037 - 0.211 - 0.067 - 0.644 0.168 - 0.973 - 0.315 0.525

water density (km/km2) 0.007 0.024 - 0.093 0.108 0.007 0.048 - 0.088 0.102 1.007

distance to oil roads (km) - 0.397 0.055 - 0.504 - 0.290 - 0.150 0.021 - 0.191 - 0.110 0.860

Top model standardized and unstandardized coefficients for greater sage-grouse resource selection in North Park, Colorado, U.S.A. (2010–2011) in the

breeding season (1 April– 15 July) with additional development variables including the standard error (SE), lower (LCI) and upper (UCI) 95% confidence

intervals, and odds ratios.

*Landscape scale analysis includes presence and available buffers across the North Park study area.

doi:10.1371/journal.pone.0165399.t007
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effects of energy development as well as informing potential mitigation actions [1] throughout
the GRSG lifecycle in North Park.

Lastly, our analysis suggests that the scale of analysis can affect the interpretation of the
impact of energy development and there have been numerous studies that have found impacts
from energy development on GRSG at multiple scales using lek data [6,11,63–65]. The studies
document the scale of energy development impact on GRSG from 0.4 km to 20 km [6,11,63–
65]. Thus, research designs that specifically focus on management efforts at varying levels of
energy development at multiple scales are needed to better understand energy development
impacts and the conservation of GRSG.

Supporting Information

S1 Appendix. Vegetation classifications.Basinwide vegetation layer developed by Colorado
Division and Wildlife from landsat imagery. Vegetation categories were clipped and grouped
specifically for our study area in North Park, Colorado, U.S.A.
(DOCX)

S2 Appendix. Top model results.Top models with weights that sum to 95% for the (a) breed-
ing, (b) summer, (c) winter, (d) breeding with energy development at a landscape scale, and (e)
breeding with energy development at a local scale for greater sage-grouse in North Park, Colo-
rado, U.S.A. (2010–2012).
(DOCX)

S1 Dataset. Seasonal variable values.Values for variables extracted for each seasonal buffer
and available buffer used to run the models in this analysis. There are tabs for breeding season,
summer season, winter season, and available (7,000 for the breeding and winter season and 6,000
in the summer season were randomly selected). The columns are as follows: bird identifies the
individual bird, proportion of irrigated agriculture, proportion of grassland, proportion of sage-
brush, proportion of sagebrush/grasslandmix, proportion of riparian, elevation (m), distance to
water (km), water density (km/km2), distance to sagebrush (km), distance to agriculture (km),
distance to oil/gas roads (km), distance to well pads (km), and the energy development index.
(XLSX)

Table 8. Coefficients for the top model for the breeding season including energy development variables at the local scale*.

STANDARDIZED COEFFICIENTS UNSTANDARDIZED COEFFICIENTS

Variable β SE LCI UCI β SE LCI UCI Odds Ratio

Intercept - 1.638 - 1.357

Sagebrush (proportion) 1.095 0.141 0.893 1.298 2.784 0.357 2.270 3.298 16.185

Grassland (proportion) 0.250 0.075 0.142 0.358 2.846 0.853 1.617 4.074 17.214

sagebrush/grassland (proportion) 0.707 0.084 0.586 0.828 4.249 0.504 3.524 4.975 70.067

Elevation (ft) 0.207 0.111 0.047 0.368 0.001 0.0008 - 0.0002 - 0.002 1.001

distance to agriculture (km) - 0.180 0.102 - 0.327 - 0.368 - 0.262 0.149 - 0.476 0.048 0.769

distance to water (km) - 0.282 0.087 - 0.408 - 0.156 - 1.096 0.341 - 1.587 - 0.605 0.334

water density (km/km2) - 0.500 0.124 - 0.678 - 0.321 - 0.476 0.117 - 0.645 - 0.308 0.621

distance to oil roads (km) 0.347 0.084 0.225 0.468 0.480 0.118 0.311 0.649 1.617

Top model standardized and unstandardized coefficients for greater sage-grouse resource selection in North Park, Colorado, U.S.A. (2010–2011) in the

breeding season (1 April– 15 July) with additional development variables including the standard error (SE), lower (LCI) and upper (UCI) 95% confidence

intervals, and odds ratios.

* Local scale includes only the presence and available buffers within a 2 km buffer of active well pads.

doi:10.1371/journal.pone.0165399.t008
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