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ABSTRACT

Energy infrastructure has been associated with altering wildlife community dynamics by
influencing survival, reproduction, and movements of individuals. Power lines, specifically, may
indirectly impact habitat selection, beyond the immediate footprint of the corridor, through
avoidance behaviors related to increased harassment of predators that are positively associated
with elevated structures. In addition to avoidance responses, power lines may indirectly suppress
various vital rates for certain species as a function of increased predator abundance or predator
foraging performance along power line corridors. Greater sage-grouse (Centrocercus
urophasianus), a species of conservation concern across western North America, have been
suspected to be indirectly affected by power lines related to changes in predator dynamics
associated with power lines. Previous studies, however, have failed to provide evidence
regarding the causal mechanism directly influencing vital rates, nor have they controlled for
variation in demographic rates related to environmental heterogeneity. Here, our primary
objective was to assessing the influence of power lines on multiple sage-grouse vital rates, based
on Greater sage-grouse and Common raven (Corvus corax) demographic data collected from
2003-2012 in central Nevada, that accounted for various sources of underlying environmental
heterogeneity. We focused primarily on a single transmission line that was constructed at the
beginning of our monitoring efforts, however, we also determined if similar patterns were
observed with all other nearby power lines. We found that numerous demographic rates (e.qg.,
nest site selection, nest survival, recruitment, and population growth) were indirectly affected by
power lines, and that these negative effects were predominantly explained by variation in
Common raven abundance or distribution. More importantly, we found that latent environmental

heterogeneity in this system, if unaccounted for, could either mask or exacerbate the negative
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effects attributed to power lines for half of the analyses considered, highlighting the importance

of both study and analytical design.

Keywords: power lines, indirect anthropogenic effects, sage-grouse, common ravens, elevated

structures, environmental heterogeneity
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INTRODUCTION

Energy infrastructure has been associated with altering wildlife population dynamics by
influencing survival, reproduction, and habitat use, as well as the spread of invasive species and
acerbating habitat fragmentation (Naugle et al. 2011a, Northrup and Wittemyer 2013). Overhead
power lines, specifically, can negatively influence wildlife populations directly through the
immediate loss of habitat (i.e., the physical footprint of power line towers and line rights of way;
Jones et al. 2015) or increased mortality (e.g., bird collisions with guy wires, towers, or lines;
Bevanger 1998, Janss 2000, Bevanger and Broseth 2001, Loss et al. 2014). Power line towers,
however, may also enhance habitat for some organisms by creating nesting (Steenhof et al. 1993,
Howe et al. 2014) and perching habitat for bird species, such as raptors and ravens (Coates et al.
2014b). Additionally, construction and tower footprints can disturb the underlying soil and
vegetation, promoting the spread of non-native species (Lathrop and Archbold 1980). Although
less studied, power lines are hypothesized to indirectly impact habitat selection through
avoidance behaviors beyond the physical footprint of the structure potentially related to the
increased presence of electromagnetic fields (Balmori and Hallberg 2007), avoidance of elevated
structures, or increased harassment of predators associated with elevated structures (Pruett et al.

2009, Silva et al. 2010).

In addition to avoidance responses, power lines may indirectly suppress various vital
rates [e.g., nest success (DeGregorio et al. 2014); adult survival (Hovick et al. 2014)] for certain
species as a function of increased predator abundance or predator foraging behavior (Plumpton
and Andersen 1997) along power line corridors. Beyond species-specific susceptibilities, the
overall impact of power lines on wildlife populations may be influenced by surrounding

environmental characteristics. For example, relative to woodlands, transmission lines may have a
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greater effect in open habitats (e.g., shrub- or grasslands), which may be related to differences in
flight behavior (Rollan et al. 2010), power line visibility (Benitez-Lopez et al. 2010), or changes

in local predator densities (Howe et al. 2014).

Placement of power lines on the landscape is not random, as it is influenced by local
topography and geology (Vajjhala and Fischbeck 2007). In the absence of conservation
constraints utility corridors are typically placed along least cost routes, which usually minimize
changes in slope and elevation (Bagli et al. 2011). This non-random distribution of power lines
across a landscape, results in covariance between proximity to, or density of, power lines and
other environmental features (e.g., elevation, slope, hydrology) that may influence the structure
of surrounding habitat, thereby complicating assessment of impacts of power lines themselves.
For example, changes in demographic rates in proximity to a power line could result from a
gradient in habitat features, rather than an impact of the line itself but such potential covariances

between environmental conditions and anthropogenic disturbances are often ignored.

Greater sage-grouse (Centrocercus urophasianus; hereafter sage-grouse) are of
conservation concern that have been negatively influenced by anthropogenic disturbances,
including energy development and its supporting infrastructure (Naugle et al. 2011b, Hovick et
al. 2014). Sage-grouse are endemic to sagebrush (Artemisia spp.) ecosystems of western North
America (Connelly et al. 2011), which are characterized by large expanses of woody shrubs,
with trees occurring in either low densities or localized patches. In these systems, anthropogenic
structures including utility lines can provide novel perches or nest sites otherwise unavailable in

the local landscape (Steenhof et al. 1993, Coates et al. 2014b, Howe et al. 2014).

Although sage-grouse, like other Galliformes, are susceptible to fatal collisions with

power lines (Borell 1939, Bevanger 1998), numerous telemetry based studies (Connelly et al.
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2000, Beck et al. 2006, Blomberg et al. 2013a, Dinkins et al. 2014b) have reported low numbers
of bird strikes of radio-marked individuals, which suggest this source of mortality is unlikely to
be meaningful at the population level. Site-specific mortality may be appreciable, however, if
elevated structures are placed perpendicular to a corridor of high sage-grouse use during
crepuscular periods (Stevens et al. 2011). Recent work has suggested that indirect effects of
elevated structures, such as either causing avoidance of habitat near lines (Doherty et al. 2008,
Dinkins et al. 2014b), or lower vital rates due to increased predation (Ellis 1984, Bui et al. 2010),
may important at the population level. Sage-grouse and other grouse species have been reported
to avoid habitat near elevated structures, primarily other types of energy infrastructure (Doherty
et al. 2008, Pruett et al. 2009, Silva et al. 2010, Hovick et al. 2014, Lebeau et al. 2014). Authors
have speculated that the perceived threat of predation associated near power lines may explain

this potential avoidance of habitat (Hall and Haney 1997, Braun 1998, Holloran et al. 2015).

Common ravens (Corvus corax; hereafter, raven) are important predators of sage-grouse
nests and chicks throughout the species range (Coates et al. 2008, Hagen 2011, Lockyer et al.
2013). Raven populations have steadily increased across western North America over the last 50
years, associated with increases in anthropogenic subsidies (Bui et al. 2010, Webb et al. 2011).
Power poles, and other elevated structures have increased nesting substrate in shrublands and
grasslands where nest sites are typically less abundant (Steenhof et al. 1993, Howe et al. 2014).
Consequently, raven densities are higher near elevated structures compared to the surrounding
landscape (Knight and Kawashima 1993, Coates et al. 2014b). Therefore, we expect that effects
of power lines on sage-grouse habitat use or reproductive success should depend on raven

abundance near power lines.



130 Relatively few studies have addressed impacts of elevated structures on sage-grouse (e.g.;
131 Johnson et al. 2011, Dinkins et al. 2014a) , in contrast to the case of oil and gas development
132 (e.g.; Walker et al. 2007, Doherty et al. 2008, Holloran et al. 2010, Naugle et al. 2011a, Fedy et
133 al. 2015, Holloran et al. 2015). Effects of oil and gas development cannot be extrapolated to
134  those of utility lines because the former is often associated with substantial human activity and
135  noise (Blickley et al. 2012) and the infrastructure differs between the two kinds of disturbance
136 (Copeland et al. 2011). Although some studies have reported negative effects of distances from
137  elevated structures on individual vital rates (e.g., adult survival, nest success, brood survival;
138  Dinkins et al. 2014, Lebeau et al. 2014), these studies have not generally controlled for

139  confounding effects of variation in habitat. Additionally, no studies have causally linked utility
140  lines, predator abundance and behavior, with sage-grouse demography and population

141  trajectories (Hagan et al. 2011). Furthermore, large-scale patterns in population dynamics in

142 relation to utility lines are not consistent (Johnson et al. 2011, Wisdom et al. 2011).

143 As avoidance of habitat near power lines is the most consistently reported effect, the lack
144  of evidence for negative effects of power lines on vital rates may be may be related to reduced
145  statistical power owing to low numbers of individuals using habitat near power lines (Kirol et al.
146 2014). A corollary is that potential negative effects of power lines are partially mediated by sage-
147  grouse behavior, and the absolute cost of power lines on the landscape is related to the extent of
148  avoidance. Interpreting previously reported patterns in habitat use or reproductive success related
149  to power lines are complicated by the fact that earlier studies did not control for potential

150  confounding habitat effects. Therefore, we cannot be certain that negative effects of power lines
151  are not an artifact of an association between location of utility lines and habitat quality (see Fig.

152 1 for a reconstruction analysis of data originally presented in Hall and Haney 1997) or spatial



153  autocorrelation (e.g., including multiple individuals from a single breeding area; Gillan et al.

154  2013).

155 Here, we define transmission line as any overhead structure that is capable of transmitting
156  voltages > 69 kV (Hamilton and Schwann 1995), and overheard structures transmitting < 69 kV
157  as subtransmission and distribution lines. We use the term “power line’ to refer to all elevated
158  energy transmission structures (i.e., transmission, subtransmission, and distribution lines)

159  regardless of voltage. Our primary objective was to assess the influence of power lines on

160  multiple sage-grouse demographic rates after accounting for other sources of environmental

161  heterogeneity in demography. Our goal was to provide as complete an assessment as possible of
162  influences of utility lines on population dynamics of sage-grouse. We used ten years of data on
163  sage-grouse demography following construction of a 345 kilovolt transmission line in central
164  Nevada in our assessment. Because recent studies have indicated that impacts of utility lines on
165  grouse may occur largely through the association of avian predators with such lines (Doherty et
166  al. 2008, Lebeau et al. 2014, Fedy et al. 2015, Holloran et al. 2015), we also determined if

167  variation in sage-grouse reproductive success was related to raven abundance or distribution.
168 STUDY AREA

169 The study site was located in east central Nevada within Eureka County (Fig. 2). The
170  study area encompasses approximately 7000 km? of sagebrush steppe and pinyon-juniper

171 mountain ranges. Within this system, sage-grouse occur in habitat that varies along an elevation
172 gradient. At lower elevations (< 2000m), the shrub community is dominated by Wyoming big
173 sagebrush (Artemisa tridentata wyomingensis), with localized patches of black sagebrush (A.
174  nova) and basin big sagebrush (A. tridentata tridentata). Rubber rabbitbrush (Chrysothamnus

175  nauseosus), greasewood (Sarcobatus vermiculatus), and scattered Utah juniper (Juniperus

8
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osteosperma) were also relatively common. At higher elevations (> ~2000m), the dominant
shrub community is a mixture of mountain big sagebrush (A. tridentata vaseyana) and low
sagebrush (A. arbuscula), with some intermixed common snowberry (Symphoricarpos albus),
western serviceberry (Amelanchier alnifolia), and bitterbrush (Purshia tridentata). Large
expanses of singleleaf pinyon (Pinus monophylla)/Utah Juniper forest often occurs at mid-
elevation sites between the low and high elevation sagebrush communities. Structure and
composition of understory vegetation, primarily grasses and forbs (e.g., richness and biomass)
was also positively correlated with elevation (Gibson et al. in review-a). Common annual and
perennial forb taxa included phlox (Phlox spp.), lupine (Lupinus spp.), mustard (Descurainia
spp.), and vetch (Astragalus spp.). Common grasses consisted of blue grass (Poa spp.),
cheatgrass (Bromus tectorum), crested wheat (Agropyron cristatum), Indian rice grass
(Achnatherum hymenoides), and squirrel tail (Elymus elymoides). Patterns in seasonal habitat use
(Atamian et al. 2010) and genetic structure (Jahner et al. in review) indicate that sage-grouse in
our study system can be classified into at least two distinct populations: individuals associated

with the Cortez mountains or the Roberts Creek Mountain (hereafter Cortez or Roberts).

Falcon-Gondor transmission line

In fall 2003, Sierra Pacific Power Company (now NV Energy) began construction of a
345 kilovolt transmission line between the Falcon and Gondor (hereafter FG transmission line)
substations located in White Pine and Lander Counties, respectively, in Nevada, U.S.A.
Construction of the FG transmission line was completed in the spring of 2004 and was energized
in May of that year. The completed FG transmission line was approximately 299km long and
consisted of 734 towers that varied in height (23-40m), and design (2-pole H-frame or 3-pole

guyed angle-transposition towers; Fig. 3), depending on topography and projection. Towers in
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areas of historic or active sage-grouse habitat were fit with experimental perch deterrents that
were fixed on sections of towers where avian predators were most likely to perch. Deterrents
consisted of 16-gauge steel in an inverted-Y design fit on horizontal tower arms, and steel plate

deterrents fit on the tops of vertical tower arms and crossarms (Lammers and Collopy 2007).

The FG transmission line runs through the middle Eureka County’s prime sage-grouse
habitat (M. Podborny, NDOW, personal communication). We defined our study area as anything
within a 10km buffer surrounding the minimum convex-hull polygon that encompassed all
female sage-grouse telemetry locations from 2003-2012 (Fig. 2). The study area includes 134km
of the FG transmission line and focuses primarily on individuals associated with 13 leks at
various distances from the FG transmission line. Six study leks were within 5km of the Falcon-
Gondor transmission line, and ten study leks were within 10km of the Falcon-Gondor

transmission line.

Study lek descriptions

We monitored 10 to 13 breeding areas, or leks located within 20 km of the Falcon-
Gondor transmission line (see below) from 2003-2012. Male sage-grouse establish territories
within these leks and attempt to attract potential mates with a mating display (Wiley 1973). Lek
activity began in late February and ceased in mid-May, with male lek attendance peaking in both
early and late April associated with high female attendance (Blomberg et al. unpublished data).
Leks were selected by evaluating previously collected data from the Bureau of Land
Management (BLM) and the Nevada Department of Wildlife (NDOW). Five leks were
monitored by NDOW and BLM over the past thirty years. Long term data show male lek
attendance at these leks has declined over the last five decades (NDOW unpublished data).

Although long term lek monitoring suggested that populations stabilized during the 1990’s, the

10
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abundance of sage-grouse within this system declined over the course of this study (Gibson et al.
2014), similar to population trends across the southern Great Basin (Garton et al. 2011, Garton et

al. 2015).

Other anthropogenic disturbances

Other power lines

The study area also included approximately 243km of additional power lines, of which
42km were associated with a second transmission line, and 201km were either subtransmission
or distribution lines. The other transmission line, which runs east-west through the southern
portion of the study system, was substantially older (~circa 1980), but of similar design and
structure to the FG transmission line. Subtransmission and distribution lines were similarly older,
and were typically one- or two-pole structures that facilitated transmission to mines, ranches, and

residences. Eight study leks were within 5km of any power line.

Highways and roads

The study area included two major paved roads, which were both two lane state highways
that intersected in the southeast portion of the study area, and combined were 162km in length.
Four study leks were within 5km of a highway. There was an additional 430km of maintained
gravel or dirt roads, and 3,500km of unmaintained single-lane dirt access roads (two-tracks). All
study leks were within 5km of a maintained or unmaintained road. In this system, each
transmission line corridor ran parallel (although not always immediately adjacent to) one of the
two previously established highways, creating spatial correlation between highways and

transmission lines.

Mining

11
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Mineral extraction (primarily gold or other rare earth metals) is common throughout
northern Nevada. Approximately 46,000 ha (~6.6%) of the study system was currently, or had
recently been, within the physical footprint of mining activities (Nevada Department of Wildlife,
unpublished data). The level of disturbance associated with mining is spatially heterogeneous,
and ranges from complete loss of functional habitat (e.g., creation of open pit mines) to minor
disturbances (e.g., increased noise; Blickley et al. 2012). However, it was unclear what
percentage of the study area was comprised of actual surface disturbance, versus less intrusive
activities (e.g., prospecting) or previously mined areas with no current disturbance. Additionally,
the area associated with mining was not completely additive to other forms of disturbance, as the

acreage associated with mining typically included roads, power lines, and/or recent wildfire.

Wildfire

Wildfires have disturbed approximately 85,000 ha (~12.1%) of our study system since
1999, with 90% of this disturbance occurring before the onset of this study. Burned areas were
primarily colonized by exotic grasses, predominantly cheatgrass, but also planted crested
wheatgrass. Exotic grasslands typically suppress the suppresses establishment of native
vegetation (Miller et al. 2011), and are negatively associated with sage-grouse population

trajectories (Blomberg et al. 2012).

Ranching and agricultural use

The majority (88%; ~619,000 ha) of the study system was federal lands that were
primarily managed by the BLM. Livestock grazing (primarily cattle and to a lesser extent sheep)
were prevalent on BLM managed lands. Of the ~ 82,500 ha of study system under private

ownership, approximately 10,500 ha (1.5% of total study area) had been converted to cropland

12
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agriculture, primarily irrigated fields planted with alfalfa (Medicago sativa cv.) or grass hay.
These areas were generally located in the southeastern portion of the system. Alfalfa fields that
bordered by sagebrush were used as early brood rearing habitat, however radio-marked sage-
grouse were never observed in the interior of fields (D. Gibson et al., unpublished data). The
remaining private land holdings were primarily in a checkboard pattern intermixed with BLM
land localized in the northern portion of the study system, or were associated with mesic, lower

elevation sites scattered throughout the system, often associated with grazing operations.

METHODS

Field Methods

Mark-Capture

We captured male and female sage-grouse on, or near, 10 to 13 leks during the mating
season (March-May) from 2003-2012 and in seasonal high-elevation habitat during the fall from
2005-2011. Upon capture, birds were aged, sexed, weighed, and a series of morphological
measurements were taken (i.e., length of 1st primary, 5th primary, wing chord, tarsus, foot, and
number of tail feathers). Each female was banded with a size 14 National Band and Tag metal
band, and most females were equipped with either a 22g or 129 radio with necklace-style
attachment (A4060, A3950, Advanced Telemetry Systems, Isanti, MN). Radios were equipped
with a mortality sensor that doubled the signal pulse rate if the transmitter remained motionless
for >8 h. Each male was banded with a size 16 National Band and Tag metal band, and all adults
and those young that were large enough were banded with a colored plastic tarsal band engraved
with a unique three character alpha-numeric code for re-sighting during lek observations

(described below). Individually marked male sage-grouse were re-encountered by recapture, re-
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sightings of tarsal bands during morning lek observations, or from images of tarsal bands

recorded by trail cameras placed on leks (Gibson et al. 2013).

Lek observations

Each study lek was observed approximately once weekly during the mating season
(March- May) from 2003-2012. Observers arrived on the leks 1/2 hour before morning nautical
twilight, and remained until strutting activity ceased or birds dispersed. During these periods,
observers monitored leks from trucks or mobile blinds with spotting scopes and binoculars. We
occasionally included a mobile observation tower to facilitate band reading where terrain
permitted and vegetation characteristics required it. Observers counted the number of males and
females, marked and unmarked, on leks every 30 minutes during each observation period.
Observers also recorded individual tarsal band codes (resights) and behavioral interactions with
potential predators. Observers recorded all disturbances at the lek, which included sage-grouse
reaction, time of day, number of birds affected, and type of predator/disturbance (e.qg., visual or

audible detection of a mammalian or avian predator).

Female monitoring

Radio-marked females were located at least once weekly during the nesting season (end
March — mid June) from 2003-2012 using a handheld receiver and YAGI antenna. Once nesting
was confirmed, observers visited nests approximately twice a week until the nest hatched or
failed. Our full nest monitoring protocols are described in (Gibson et al. 2015). From 2005-2012,
we continued to monitor females that successfully hatched a nest to assess brood status and
habitat use. We assessed brood foraging habitat by locating brood-rearing females weekly during

diurnal hours (i.e., 700-1700). We monitored each female’s current brood status through weekly

14
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brood flush counts conducted the morning after the diurnal location. We performed weekly flush
counts until 42 days after hatch (hereafter, pre-fledging period) or after two weeks of consecutive
counts of zero chicks, which ever occurred first. Our full brood monitoring protocols are
described in (Gibson et al. in review-b). After all radio-collared females had fledged young or
failed, we continued to monitor survival of radio-marked females approximately once a month

using fixed-wing aircraft.

Vegetation surveys

We measured vegetation at each nest site, weekly diurnal brood locations, and at random
points temporally associated with the nesting and brood rearing periods, which all followed
similar protocols. We measured nest vegetation at all monitored nest sites within 3 days of either
the predicted or actual date of hatch. Nest site vegetation was sampled along 10m intersecting
transects centered at the nest bowl (Gregg et al. 1994), using the line-intercept (Canfield 1941)
and Daubenmire (1959) frame methods. The line-intercept method was used to estimate total
shrub cover, sagebrush shrub cover, and non-sagebrush shrub cover. We used Daubenmire
frames placed along each transect to classify ground cover of grass, forbs, and total cover (grass,
forb, and shrub). See Gibson et al. (2015) for detailed nest vegetation protocols. We also
measured vegetation at each weekly diurnal brood location, which were conducted
approximately one week after the initial brood location, and centered approximately (£ 5 m)
where the brood was located the week prior. Brood vegetation surveys followed the same
protocols as nest vegetation surveys, however from 2008-2012, brood vegetation surveys were
sampled along 20m intersecting transects. See Gibson et al. (in review-b) for detailed brood
vegetation protocols. Lastly, we randomly selected four points each year for each monitored

study lek that were generated within a 5 km buffer around each study lek. We began random
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vegetation surveys after the first predicted hatch date in a given year, and completed them
haphazardly throughout the nesting and brood rearing seasons to coincide with sampling at nest

and brood locations.

Raven monitoring

During March-May from 2003-2012, we performed avian point counts along three
transects (i.e., south, central, north) that paralleled the Falcon-Gondor transmission line corridor.
The average distance between two points within a single transect was 3.36 km (sd = 0.70 km).
The north and central transects had 9 points, and the south transect had 5 points. The nearest
points in the central and north transects were 10.9 km apart, and the nearest points in the the
central and south transects were 20.2 km apart. Observers attempted to survey each transect once
every 10 days from March - May. We alternated transect start times (between 1 hour after
sunrise and at 13:00 hrs), and survey start point (between northernmost and southernmost point
of a transect). Surveys were not conducted if there was precipitation, fog, or if wind speeds
exceeded 19 km/hr. Observers spent 10 minutes at each point, identified all observed raptor and
corvid species, number of individuals, and whether the observed individual was within 400m of

the line or beyond.

Quantitative Methods

Sage-grouse demographic processes

We estimated the following demographic rates from radio-telemetered female sage-
grouse data: 1) nesting propensity; 2) re-nesting propensity; 3) nest site selection; 4) nest
success; 5) brood site selection; 6) pre-fledging chick survival; and 7) adult female survival. We

estimated the following demographic rates from capture-mark-recapture data of male sage-
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grouse: 1) adult male survival; 2) male lek movements; 3) per capita recruitment; and 4)
population growth. Each analysis is outlined in detail within the Demographic Analyses sub-

section.

Approach to inference

The underlying hypothesis for each analysis was that a particular demographic rate (e.g.,
nest success, female survival) was not influenced by an individual’s proximity to either the FG
transmission line or any other power line. Environmental impact studies often employ a Before-
After-Control-Impact (BACI) study design to account for correlations between various temporal
or spatial variables and the potential disturbance. Such an experimental design presumably
accounts for factors that may otherwise mask or inflate impacts. Although BACI study designs
are ideal for disentangling variables that are spatially confounded (Green 1993), the pace at
which disturbances occur, even those of anthropogenic origin, often occur prior to sufficient data
collection, which precludes BACI approaches. In such cases, post-disturbance data sampled
across sufficient spatial and temporal scales represent the only viable approach to assessing

disturbance (Johnson et al. 2005).

We developed a two stage approach for assessing impacts of power lines on sage-grouse
habitat use and demography. First, we developed functional relationships between habitat
variables (e.g., elevation, shrub cover, etc.) and the response variable of interest (e.g., daily nest
survival), which allowed us to establish a predictive surface for each response variable for the
entire study area based entirely on features of the natural environment. We refer to values from
this surface as reference values, as they represent estimates of demographic rates based solely on
features of the natural environment. Second, we compared the predicted value of each response

variable to the estimated value, including effects of distance to anthropogenic features in models.
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The second set of models allowed us to assess the impact of anthropogenic features on potential
demographic rates, while controlling for habitat and other environmental effects. Spatial
correlation between anthropogenic features and habitat variables has the potential to render our
approach conservative but the approach we adopted produces less biased assessments of the

impacts of anthropogenic disturbance than approaches that do not account for effects of habitat.

For this study, a BACI study design was not possible because the period between
permitting and construction of the FG transmission line did not allow for adequate collection of
pre-construction data. Additionally, other anthropogenic disturbances (e.g., highways, other
transmission lines), as well as other natural environmental variation (e.g., elevation, Fig. 4), were
associated with the location of power lines. Therefore, our modeling approach had to account for
potential correlations between an individual’s distance from all power lines and other
confounding sources of variation. Although modeling interactions between covariates can be an
appropriate method for accounting for correlations in models with a few covariates, complex
models with numerous parameters and multiple interactions are both difficult to interpret and are

sensitive to sparse or outlier data (Zuur et al. 2010).

Accounting for confounding sources of variance in demographic data

Our approach to account for demographic heterogeneity among individuals, while
minimizing the number of estimated parameters and interactions among parameters, was to use
the parameter coefficients from the most competitive model structure that did not consider the
distance from the FG transmission line covariate, to create a reference value, and use this value
as a weighting factor. This reference value represented the predicted demographic probability
(e.g., survival) for an individual, given the characteristics of the individual and its environmental

(e.g. associated habitat), in the absence of any transmission line effects. Reference values were
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then used as an individual covariate in a second analysis where we considered a series of models
designed to evaluate whether an individual’s proximity to a utility line influenced their
demographic rates, while explicitly accounting for the individual’s underlying demographic

state.

Demographic analyses used to generate reference values were conducted in the Program
MARK (White and Burnham 1999) or in R (R Core Team 2012) using generalized linear mixed
effects models with the Ime4 package (Bates and Maechler 2009). We primarily developed
analysis-specific reference values from ecological relationships based on analyses previously
conducted in this study system (Blomberg et al. 2012, Blomberg et al. 2013a, Gibson et al. 2014,
Gibson et al. 2015, Gibson et al. in review-a;b, Gibson et al. in review-c). However, we modified
some analyses by considering additional environmental variables that were not included in the
original publications. We were not able to use a uniform suite of environmental variables across
all analyses because spatial (e.g., landscape- versus local-scale), organizational (e.g., individual-
versus lek-specific) and temporal resolution (e.g., daily versus annual time-steps) varied among
analyses. See supplemental material for all covariates considered (Table S1) for each reference

value analysis.

Description of primary disturbance covariates

We were primarily interested in assessing if sage-grouse demographic rates varied as a
function of their distance from the FG transmission line. We digitized the FG transmission line
corridor from UTM coordinates of all tower locations in our study system, and created a spatial
surface that represented the Euclidian distance each pixel was from the FG transmission line
using the spatial analyst toolbox in ArcMap 10.0 (Environmental Systems Research Institute,

Redlands, CA). We used this surface to assign individuals a distance from FG transmission line
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value, where assignment depended on temporal resolution of each analysis. We were also
interested in whether individuals responded to a new transmission line differently than
previously existing power lines, and thus we considered two power line covariates for each
analysis; 1) distance from the FG transmission line; and 2) distance from any power line. We
digitized all known power lines from satellite imagery, and created a spatial surface of Euclidian
distances from any power line for our study system, which was assigned to each individual in
each analysis. We also allowed for diminishing effects on demographic rates of distance to a
power line by considering models containing both linear and quadratic effects of distance from

utility lines.

Lastly, as an important hypothesis underlying the influence of power lines on sage-grouse
demography is that power lines positively influence sage-grouse predators (e.g., reproductive
success, foraging efficiency), we used estimates of raven abundance and raven disturbance (see
below) as covariates to investigate the linkage between utility lines, the distribution and

abundance of avian predators, and sage-grouse.

Raven abundance

We used a modified robust design N-mixture model in a Bayesian hierarchical
framework (Kery and Schaub 2012) in JAGS accessed through program R using the rjags
package (Plummer 2013) to estimate raven abundance (n), finite rate of increase (r), and
detection (p) from avian point count data collected along the FG transmission line corridor from
2003-2012. We summarized point count data to represent the maximum number of ravens
observed within 400m of the FG transmission line per transect survey. Each survey was assigned
to a transect group (i.e., north, central, south), and to a 10-day secondary occasion based on the

ordinal date of the survey (OD: 61-140; no. secondary occasions = 8) within each year, and a
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primary occasion based on year (no. primary occasions = 10). For this analysis, we allowed
raven populations to be open among years (primary occasions), but closed within primary
occasions; however, as raven territory behavior is heterogeneous, and individuals range along a
continuum from permanent residents to seasonal transients (Webb et al. 2011). We, therefore,
acknowledge that we likely violated the assumption of population closure inherent to the
secondary occasions of the robust design, because some counted individuals were most likely
transients and thus not available for detection during all secondary occasions within a primary
occasion. However, we suggest that the violation of this assumption results in our estimates of
raven abundance nevertheless represent the superpopulation size, or the total number of ravens
that were available for detection at least once during a single year near the FG transmission line
(Kéry and Schaub 2012). Furthermore, even though the overall estimate of raven abundance
shifts as a function of a models constraints on population closure, patterns in population
trajectories across years (e.g., lambda), which we were primarily interested in, should remain
unaffected. We report the mean and standard errors for each parameter. The model code and

specifications can be found in Supplemental Material B.

Raven disturbance

We used a site-dynamic occupancy model in a Bayesian hierarchical framework (Kéry
and Schaub 2012) in JAGS accessed through program R using the rjags package, based on raven
observation data collected during morning sage-grouse lek observations from 2003-2012 to
estimate the following: probability 1) of a lek being visited by a raven (ypjs) in year; 2) that a
lek not visited by a raven in year; would be visited in yeari.1 (ypis); 3) that a lek visited by a
raven in year; would not be visited in year.1 (¢pis), and 4) of detecting of a raven visitation

(ppis). We summarized raven visitations recorded during lek observations as a Bournoulli
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(presence or absence) response variable describing whether a lek was disturbed at least once by a
raven during a morning lek observation. Each study lek was considered to be independent (no.
leks = 13), and each lek observation was assigned to a to a 20-day secondary occasion based on
the ordinal date of the survey (OD: 61-140; no. secondary occasions = 4) within each year, and a
primary occasion based on year (no. primary occasion = 10). We used 20-day lengths for
secondary periods to both increase the probability that at least one full survey per lek was
completed per occasion (e.g., not cancelled due to weather) and decrease the absolute variation
in survey observation length. Although both raven analysis share an assumption of closure
among secondary occasions, this analysis was less sensitive to violations of this assumption,
because it was highly likely that each lek was available to be visited by at least one raven during
each secondary occasion. We report the mean and standard errors for each parameter. The model

code and specifications can be found in Supplemental Material C

Model selection - maximum likelihood

We used an information theoretic approach to evaluate support for competitive models
preformed in a maximume-likelihood framework (Burnham and Anderson 2002), and considered
covariate effects to be meaningful if 85% confidence intervals of B coefficients did not overlap
0.0 (Arnold 2010). For generation of the reference values, we used an iterative process in model
creation whereby we applied individual covariates to assess various potential sources of
heterogeneity in each demographic rate. Covariates were added to a model one covariate at time,
and those that improved model fit were retained in the model structure. Covariates that were
correlated with each other (Pearson's r >0.50) were not included simultaneously in models. We
then performed backwards model selection; each covariate in the current model structure was

removed singularly to assess its influence on model performance in the presence of other
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covariates. If exclusion of a single covariate improved model performance, that covariate was
removed from consideration. All covariates in all analyses were z-standardized (mean = 0.0, SD

= 1.0; White and Burnham 1999).

Model selection — Bayesian hierarchical model

The appropriate methods for model selection in Bayesian hierarchical model framework
are still under debate (Hooten and Hobbs 2015). However, we were not interested in assessing
model support for explanatory variables in either Bayesian analysis, but instead only interested in
developing less-biased estimates of raven abundance and spatial distribution. Therefore, it was
only necessary that our models were both realistic and reached convergence. As such, we
developed a series of models of increasing prior parameter complexity, and derived demographic
estimates from the most complex model that was both biologically reasonable and converged

based on Gelman’s diagnostic (Brooks and Gelman 1998).

Modeling power line covariates

For each analysis, we considered linear effects of distance from the FG transmission line
and any power line. Additionally, if the underlying data was sufficient we considered the effect
of distance from either any power line or FG transmission line, specifically, as a non-linear
relationship (i.e., quadratic) or allowed for interactions between the reference valueand each
distance variable. Post-hoc, we report the inflection point for all supported non-linear effects of
distance from a power line or FG transmission line to provide an estimate of the distance at
which an effect began to dissipate. For analyses that measured metrics of reproductive success
(e.g., nesting propensity, nest success, population growth), we also considered linear and

quadratic effects of estimated maximum raven population size and raven disturbance as well as
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interactions between raven population size or disturbance and distance from power lines. Lastly,
post-hoc, for the nest site selection and nest survival models, we considered models that allowed
for full annual variation in the effects of distance from the FG transmission line to assess if
female nesting behavior or hatching success was influenced by annual shifts in raven population
size. We considered disturbance effects to be meaningful if 85% confidence intervals of

coefficients did not overlap 0.0 (Arnold 2010).
Demographic Analyses
Nesting propensity

We used spring (April 1s —May 31st) locations from radio-marked female sage-grouse
from 2003-2012 in multi-state framework in Program MARK to assess the influence of power
lines on probabilities of nest initiation. We formatted encounter histories and model state
specifications following methods outlined in Gibson et al. (in review-c), which used the recorded
nesting state from each check of a radio-marked female to generate an encounter history for each
female in each study year. In this analysis, year-specific nesting states were defined as a female
not yet observed on a nest (PreNest), a female observed on her first nest (Nest;), a female
observed not on a nest following failure of a first nest (PostNest), and a female observed on a
second nest (Nest;). We were primarily interested in estimating the probabilities of transitioning
(wnest) @mong nesting states, which can be used to derive an overall probability of nest initiation
and re-nest initiation conditioned on failure of a first nest. We developed the reference value
variable (NP) for nest initiation as an occasion specific covariate (30 2-day occasions) and
included the following variables (and direction of effect): 1) male population size (-); 2)
minimum female age (+); 3) minimum female age” (-), and 4) a quadratic time trend. The

reference value variable (RNP) for re-nest initiation was modeled with no temporal variation
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within years and included the following variables (and direction of effect): 1) male population
size (-); and 2) total precipitation recorded for the previous year (August-July). See (Gibson et al.

in review-c) for methods, parameter estimates, and model results for the reference value analysis.

For the power line component of this analysis, we calculated the average distance to the
closest power line or the FG transmission line, for all unique locations for each female (i.e. a
single nest was only considered once, and not for every visit) during each spring. We used these
values as a covariates for both the nest and re-nest initiation parameters. We also assigned each
individual a covariate that represented the estimate raven population size for that year, as well as
a covariate that represented the average probability of raven disturbance associated with the

study lek that a female was most often closest to each spring.

Nest site and brood site selection

We used vegetation and location data collected from nest sites, brood sites, and random
locations from 2004-2012 (nest site selection) and 2005-2012 (brood site selection) to assess the
influence of power lines on probabilities of habitat use during the nesting and brood rearing
periods at multiple scales using resource selection functions implemented with methods
described by Boyce and McDonald (1999) and Hebblewhite and Merrill (2008). We performed
two separate resource selection analyses based on the spatial scale of the habitat characteristics
considered for the both nesting and brood rearing periods. The local scale selection analyses
considered predictor variables derived from fine-scale vegetation surveys, and the landscape
scale selection analyses used predictor variables derived from more broad-scale Geographic
Information Systems data. We performed each resource selection function analysis in a
generalized linear mixed model framework (Zuur et al. 2009) using the Ime4 package (Bates and

Maechler 2010) in R. The reference value variable (Landscape Nest Site Selection) for nest site
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selection at the landscape scale included the following variables (and direction of effect): 1) nest
site elevation (+); 2) slope (+); 3) slope * elevation (-); 4) amount of habitat classified as
sagebrush with 1000m (+); 5) distance from nearest lek (-); 6) amount of habitat classified as
sagebrush * distance to lek (-); 7) amount of habitat classified as pinyon-juniper woodlands (+);
8) amount of habitat classified as pinyon-juniper woodlands® (-); 9) distance from nearest water
source (-); and 10) distance from nearest water source’ (-). The reference value variable (Local
Nest Site Selection) for nest site selection at the local scale included the following variables (and
direction of effect): 1) sagebrush shrub cover (+); 2) non-sagebrush shrub cover (+); 3)
sagebrush shrub cover * non-sagebrush shrub cover (+); 4) forb cover (+); 5) forb height (+); 6)
forb cover * forb height (+); 7) forb taxa richness (+); 8) live grass height (+); 9) residual grass
height (+); and 10) shrub height (-). See (Gibson et al. in review-a) for methods, parameter

estimates, and model results for the nest site selection analyses used to generate reference values.

The reference value variable (Landscape Brood Site Selection) for brood site selection at
the landscape scale included the following variables (and direction of effect): 1) nest site
elevation (+); and 2) slope (-). The reference value variable (Local Brood Site Selection) for
brood site selection at the local scale included the following variables (and direction of effect): 1)
non-sagebrush shrub cover (-); 2) total vegetation cover (+); 3) forb height (+); 4) forb taxa
richness (+); 5) live grass height (+); and 6) residual grass height (+). See Supplemental Material
(Tables S4-6) for parameter estimates and model results for the brood site selection analyses

used to generate reference values.

For each of power line components of these analyses, we used the distance each nest,
brood location, or a random location was from any power line and the FG transmission line as

covariates. Additionally, for the brood rearing habitat selection models, we allowed the effect of
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distance from either power line covariate to vary as a function of survey date to assess if habitat
selection varied as a function of brood age. Landscape brood-rearing selection models allowed
for weekly variation, however we only allowed local brood-rearing selection models to vary by
early and late brood-rearing, which was delineated by the median survey date. Post hoc, we
estimated the effect of distance to FG transmission line variable to estimate independently for
each year of the study in the landscape-level nest site selection analysis to assess how patterns in
nest site selection changed over time. We only considered a year by distance from FG interaction

for the landscape nest site selection analysis due to data limitations in other analyses.

Nest survival

We used the ‘nest survival’ module in Program MARK to model the influence of power
lines on daily nest survival probabilities based on data collected from nests monitored from
2004-2012. We did not censor research related abandonments for this analysis, which biased our
estimates of overall nest survival low (~0.07; Gibson et al. 2015), however, this bias should not
substantially influence observed covariate relationships. The reference value variable (Success)
for nest survival analysis included the following variables (and the direction of the effect): 1)
percent non-sagebrush shrub cover (+); 2) percent forb cover (+); 3) average shrub height (+); 4)
the amount of surrounding habitat classified as pinyon—juniper woodlands (+); and 5) the
population the female was associated with [i.e. Roberts (+) or Cortez (-)]. See Supplemental

material (Tables S2-3) for parameter estimates and model results for the reference value analysis.

For the power line component, we used the distance each nest was from either a power
line or the FG transmission line as covariates. Post hoc, we also allowed the distance to FG
transmission line variable to be estimated independently for each year of the study to assess how

patterns in nest survival changed over time. We also assigned each nest a covariate that
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represented the estimated raven population size for that year, as well as a covariate that
represented the average probability of raven disturbance associated with the study lek nearest to

the nest.

Pre-fledging chick survival

We used the Lukacs young survival of marked adults module (Lukacs-survival; Lukacs et
al. 2004)) in Program MARK to assess the influence of power lines on the pre-fledging chick
survival based on brood flush count and brood-site vegetation survey data collected from 2005—
2012. Lukacs’s et al. (2004) model uses repeated counts of unmarked individuals (i.e., chicks)
that are completely associated with a marked individual (i.e., radio-marked female) who is
available for detection, to estimate apparent offspring survival (¢) accounting for imperfect
detection (p) of offspring. We modeled the reference value variable (Survivalck) for the pre-
fledging chick survival analysis as a weekly time-varying covariate (no. weeks = 6) and included
the following variables (and the direction of the effect): 1) total percent vegetative cover (+); 2)
average grass height (-); 3) distance from spring or water source (+); 4) distance brood moved
during previous week (-); 5) mean maximum summer temperature (-); 6) nest site quality (+);
and 7) a quadratic effect (+) of minimum female age (+). Each weekly value for Survival chjck ,
which is an interval-specific survival probability, was estimated using habitat characteristics
from the previous weeks brood location, as well as additive terms for current week (i.e., chick
age) and year. See Gibson et al. (in review-b) for methods, parameter estimates, and model

results for the reference value component for this analysis.

For the power line component, we calculated the distance a female and her brood was
located from either the nearest power line or FG transmission line at the beginning each week,

and used each of these values as a weekly time-varying covariate. Additionally, we also assigned
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630 each brood a covariate that represented the estimated raven abundance for that year. We did not
631  use probability of raven disturbance as a covariate in this analysis as broods tended to
632  congregate, and were not spatially associated with leks, which together reduced variation in

633  possible covariate values.
634  Adult Female survival

635 We used the ‘nest survival’ module in Program MARK to assess the influence of

636  proximity to power lines on monthly female survival probabilities (S) based on year round

637  telemetry data collected from radio-marked females from 2003-2012. We used nest survival

638  models as they more appropriately assign timing of mortality when telemetry data is collected at
639 irregular intervals (Dinsmore et al. 2002, Mong and Sandercock 2007, Blomberg et al. 2014).
640 Individual encounter histories were 12 intervals (months) long, beginning March 1st in year;, and
641  terminating February 28/29th in year.1. Each year (nyears = 10) was defined as a group; females
642  that were monitored across multiple years had a unique 12-occasion encounter history for each
643  year they were monitored. We modeled the reference value variable (Survivaltemae) for the

644  female survival analysis as a monthly time-varying covariate during the months we had ground-
645  based telemetry locations (March—August; Nmonth = 6), and included the following variables (and
646 the direction of the effect): 1) average monthly elevation (-); 2) minimum female age (-); 3) nest
647  success (- ; a binomial variable (yes/no) modeled on June-July survival); and 4) brood success (-
648 ; a binomial variable (yes/no ) modeled on August survival). Elevation was the average monthly
649  value from all telemetry locations during each monthly occasion. The reference value model also
650  consisted of additive terms for the current season [i.e., spring (Mar-May); summer (June-July);
651  fall (August)]. The reference value covariate was based on results published in (Blomberg et al.

652  2013b), but see Supplemental Material (Table S7) for model modifications.
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For the power line component, we calculated the average distance a female was located
from either the nearest power line or FG transmission line based on all ground-based telemetry
locations collected for each female during a given month (March—-August), and used each of
these values as a monthly time-varying covariate. We did not assess the influence of distance
from a power line or FG transmission line from the beginning of September to the end of
February because we lacked precise location data for these months during all study years.
Additionally, we did not use either metric of raven abundance in this analysis, as ravens are not

known predators of adult sage-grouse.

Male survival and movement rates

We used the multistate robust design model in Program MARK to assess the influence of
proximity to power lines on annual male survival (¢mae) and male lek-lek movement rates
(wmovement) Dased on mark-recapture data collected from 2003-2012 during trapping events on
leks (captures/recaptures) and during lek observations (resights). Encounter histories were
generated from physical recaptures and band resights, and used in a two state, multistate robust
design framework, where males were grouped together by lek of capture (Njes = 13). As in
Gibson et al. (2014), state transition probabilities represented the annual probability of a male
moving to a lek different from it’s lek of original capture. To fit criteria necessary for robust
design analyses, we defined primary occasions as an annual breeding season, and subdivided
each breeding season into two 35-day secondary occasions. The reference value variable
(Survival nqe) for the male survival analysis was based on spatial covariate values at the lek-scale
(as opposed to individual), and should be interpreted as the average annual male survival for
each lek. The variables in Survivalnae (and the direction of the effect) included the following: 1)

lek elevation (+); 2) population the lek was associated with [(Roberts (+); Cortez (-)]; and 3) the
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total precipitation recorded for the year prior (+). We did not calculate a reference value variable
for wmovement @S the data were too sparse to reliably assess model structures more complicated
than the intercept-only model. See Gibson et al. (2014) for methods, parameter estimates, and

model results of the reference value component of this analysis.

We assigned each male was assigned annual time-varying covariates that represented the
distance between the lek he attended in year; and the nearest power line or FG transmission line
to assess the influence of power lines on either gmaie OF Wmovement from year, to year..;. We did
not use either metrics of raven abundance on either @male OF Wmovement fOr this analysis as ravens

are not known predators of adult sage-grouse.

Recruitment and population growth

We used robust design Pradel models in the Program MARK to assess the influence of
proximity to power lines on lek-specific population growth (1) and recruitment rates (f) based on
male encounters from 2003-2012 during trapping events on leks. Encounter histories were
generated from only physical captures of males at leks that were monitored from the entire
length of the study (njexs = 11). Similar to the multistate robust design analysis, we defined
primary occasions as an annual breeding season, and subdivided each breeding season into two
35-day secondary occasions. Additionally, both the reference value variables for A (PopGrowth)
and f (Recruit) were based on spatial covariate values at the lek-scale, and should be interpreted
as the average demographic rate for each lek. The variables in PopGrowth (and the direction of
effect) included the following: 1) lek elevation (+); 2) total precipitation recorded for the year
prior (+); and 3) proportion of surrounding habitat converted to exotic grasslands (-). The
variables in Recruit (and direction of effect) included the following: 1) lek elevation (+); 2) total

precipitation recorded for the year prior (+); 3) proportion of surrounding habitat converted to
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exotic grasslands (-); 4) an interaction between precipitation and exotic grasslands (-); and 5)
average percent vegetation cover from all random vegetation surveys performed within 5km of a
lek (+). The reference value models were based on results published in Blomberg et al. (2012),

but see Supplemental Material (Tables S8-9) for model modifications.

Each male was assigned annual time-varying covariates that represented the distance
between the lek he attended in year; and the nearest power line or FG transmission line to assess
the influence of power lines on 4 or f between years t and t+1. We also assigned each male a
time-varying covariate that represented the estimated raven population size for that year, as well
as a covariate that represented the average probability of raven disturbance at the study lek each
male was associated with to assess whether variation in raven abundance influenced sage-grouse

recruitment and population trajectories.

RESULTS

Descriptive Results

We captured and radio-marked 361 female sage-grouse and captured and banded 988
male sage-grouse over the course of the study (Table 1). Over the ten year period, we did not
attribute any mortalities of radio-marked individuals to a collision with a power line or pole. We
discovered and monitored 427 nests from 249 unique females from 2003-2012, of which 138
nests from 116 unique females were successful. We classified 355 of the nests as first nests, 66
as second nests, and 6 as third nest attempts. Adults initiated 312 of the nests, juveniles initiated
96, and 19 nests were from unknown-age females. We monitored 120 broods after hatch from 99
unique females, and observed 862 chicks at hatch, of which 163 chicks were associated with

their mothers at approximately 6 weeks after hatch. We completed 1364 vegetation surveys, of
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which 423 were associated with nests, 452 were associated with brood locations, and 488 were at
random sites. We completed 1067 lek observations at our 13 study leks (x = 8.73 observations

per lek per year).

Quantitative Results

Raven abundance

The most complex model we considered that converged allowed n (raven abundance) and
r (within-year growth rate) to vary independently among transects and years, and p (detection) to
vary independently among transects and secondary occasions, but constrained p to be constant
among years (Table 2). Raven populations in Eureka County, NV, have increased approximately
5-fold since the construction of the FG transmission line in 2004 (range: 69.50 — 318.39; Fig.
4A). On average, the annual rate of increase was 22.7 ravens/year, however this represents the
increase in the superpopulation of ravens, which relative to a geographic area we cannot spatially
delineate. Annual estimates of raven population size were used in subsequent models to assess

the influence of changes in common raven abundance on various sage-grouse demographic rates.

Raven occupancy

We had sufficient data to estimate probability of raven disturbance at 12 of the 13
monitored leks. After censoring data from the lek that failed to converge (i.e., Pony Express), the
most complex model that converged allowed yp;s to vary independently among leks and years,
where vpis, @pis, Ppis Were allowed to vary independently among years, but were constrained to
be similar among secondary occasions and leks (Table 3). We found that, across all leks, annual
probabilities of raven disturbances generally increased from 2003-2012, and were positively

associated with our annual estimates of raven abundance (Fig. 4B; Babun-occ = 0.73; 85% C.1.:
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0.38 — 1.08). Lek-specific probabilities of raven disturbances were variable across space, and
negatively covaried with distance from a power line or FG transmission line (Fig. 5). These
relationships, however, were based on limited data and were not well supported (Bocc-Power = -
0.046; 85% C.1.: -0.098 — 0.005; Boce-Fc = -0.044; 85% C.1.: -0.096 — 0.007) (Table Sx).
Nevertheless, the overall synchrony between our independently generated estimates of raven
abundance (i.e., abundance and disturbance rates) through time supported the use of these

metrics as variables in subsequent analyses.
Nesting propensity

Reference value variables for the nesting propensity analyses were predictive for both
probabilities of nest initiation (Bnp= 0.86; 85% C.1.: 0.76 — 0.93) and re-nest initiation (Brnp=
0.33; 85% C.I.: 0.09 — 0.56). We found that an individual’s distance from either the FG
transmission line or any power line did not influence her nesting propensity (Table 4); however
we found that probabilities of re-nesting (conditioned on initial failure) were highest in areas
most proximate to the FG transmission line (Fig. 6A). Annual estimated raven population size
was positively associated with re-nesting propensity but not nesting propensity (Fig.6B; Table 5).
We also found that the estimated probability of raven disturbance at the lek nearest to an
individual female was positively associated with nesting propensity, but was negatively

associated with re-nesting propensity (Fig. 6C).
Nest site selection

The reference value variables for the nest site selection analyses were predictive at both

1.42) scales. Contrary to our hypothesis, at the landscape scale, we found support for a positive
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linear effect of distance to any power line on nest site selection (Fig. 7A; Tables 6, 7), indicative
of avoidance. We also found support for a quadratic effect of distance from the FG transmission
line, which suggested that avoidance of the FG transmission line begins to dissipate, based on the
inflection point of the non-linear function, at approximately 10.5km from the line. At the local
scale, we found the most support for a positive linear effect of the FG transmission line on nest
site selection (Fig. 7B; Tables 8, 9), also indicative of avoidance behavior. We also found
support for a quadratic effect of distance from any power line, which suggested that avoidance of
power lines, based on the inflection point of the function, began to dissipate approximately

11.6km from the line.

Post hoc, we assessed whether the magnitude of the effects of distance from the FG
transmission line on nest site selection at the landscape scale was dependent on the current raven
population by developing a model that allowed for year-specific estimates of distance from the
FG transmission line. We found that year-specific parameter estimates for distance from the FG
transmission line on nest site selection positively covaried with estimated raven abundance (Fig.
8). This result indicates that females were more likely to nest further away from the line in years

with greater numbers of ravens present in the study landscape.

Nest survival

The reference value variable for the nest survival analysis was predictive of nest success
(Bsuccess= 0.27; 85% C.1.: 0.19 — 0.36). The best supported models included a quadratic effect of
distance from the FG transmission line on nest survival (Fig. 9; Tables 10, 11), which suggested
nests within 9.2km of the FG transmission line had reduced probabilities of hatching. We also
found support for a positive linear effect of distance from any power line on nest survival, which

suggested that nests distant from any elevated structures had higher probabilities of hatching. We

35



788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

did not find support for a non-linear effect of distance to any power line, which is most likely
related to the limited amount of habitat, and therefore nests, that were sufficiently distant from

all power lines to observe a threshold. We did not find that, individually, annual raven abundance
influenced nest survival, however we found support for an interaction (BFGZ-RavenAbun =0.21; 85%
C.1.: 0.11 - 0.31) between a non-linear effect of distance to FG transmission line (Brs = 0.13;
85% C.1.: 0.01 — 0.25; Bre’ = -0.17; 85% C.1.: -0.01 — -0.35) and raven abundance (Bravenabun = -
0.13; 85% C.I.: -0.27 — 0.01), which suggested nest survival near the FG transmission line was

decreased when raven abundance was higher.

Post hoc, we further assessed whether the magnitude of the effects of a nest’s distance
from the FG transmission line was dependent on the current raven population size by developing
a model that allowed for year-specific estimates of nest distance from the FG transmission line.
Similar to results from the nest site selection analysis, we found that year-specific parameter
estimates for distance effects nest survival positively covaried with estimated raven abundance
(Fig. 8). This suggests that either the reduction in nest survival, or the distance from the FG
transmission line in which nest survival was reduced, was positively correlated with annual raven

abundance.
Brood site selection

The reference value variables for the brood site selection analyses were predictive at both
the landscape (Boroodiandscape= 0.70; 85% C.I.: 0.62 — 0.77) and local (Boroodiocar= 1.40; 85% C.1.:
1.20 - 1.60) scales. At the landscape scale, we found the most support for an interaction
between brood age and a quadratic effect of distance from any power line on brood site selection
(Tables 12, 13), which suggested avoidance of habitat near power lines when chicks were very

young. The magnitude of effect of power lines, however, declined as chicks aged (Fig. 10). We
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did not find that distance from the Falcon-Gondor transmission line influenced site selection at
the landscape scale. However, at the local scale, we found strong support for an interaction
between chick age and a quadratic effect of distance from the FG transmission line, as well as
interaction between chick age and a linear effect of distance from any power line (Fig. 11). Both

effects suggested early avoidance of power lines, and that this effect dissipated as broods aged.
Pre-fledging chick survival

The reference value variable for the pre-fledging chick survival analysis was predictive of
pre-fledging chick survival (Bsyrvival-chick = 0.41; 85% C.I.: 0.34 — 0.48). We found that early pre-
fledging chick survival (i.e., first two weeks) was reduced near the FG transmission line (Table
14, 15). Furthermore, the effect of the FG transmission line on brood survival was greater in in
habitats associated with higher probabilities of chick survival than on broods in lower quality
habitat. We did not find that pre-fledging survival in later weeks (i.e., 3-6 weeks after hatch) was
substantially influenced by distance from the FG transmission line. Support for an effect of
distance to any power line on pre-fledging chick survival was marginal during both the early and
late pre-fledging period. We did find that chick survival during the first two weeks after hatch
was negatively impacted by raven abundance (Bravenchickearly = -0.46; 85% C.1.: -0.63 —-0.28),
however chick survival during subsequent weeks was positively associated with raven
abundance (BravenchickLate = 0.23; 85% C.I.: 0.07 — 0.39). We also found support for an interaction
(Braven*rc = 0.26; 85% C.1.: 0.11 — 0.41) between raven abundance (Bravenabundance= -0.65; 85%
C.1.: -0.90 — -0.41) and a non-linear effect of distance from the FG transmission line (Brcchick=
0.00; 85% C.1.: -0.12 — 0.12; Brochic® = -0.35; 85% C.1.: -0.45 — -0.25) (Fig. 12). This suggests
that when raven abundance was high, chick survival was low regardless of brood location

relative to the FG transmission line. However, during years of average or low raven abundances,
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chicks further from the FG transmission line survived at substantially higher rates than chicks

located near the FG transmission line.
Female survival

The reference value variable for the female survival analysis was predictive of monthly
female survival (Bsurvival-female = 0.59; 85% C.1.: 0.47 — 0.71). We found evidence of a weak
quadratic effect of distance from any power line on survival, however, in general, we found little
support for an influence of distance to the FG transmission line or any power line on female

survival (Fig. 13; Tables 16, 17).
Male survival and lek movement rates

The reference value variable for the male survival analysis was predictive of annual male
survival (Bsurvivai-male = 0.41; 85% C.1.: 0.25 — 0.57). We did not find that distance to FG
transmission line or any power line influenced male survival (Fig. 14; Tables 18, 19). Due to
rarity of observed movements among leks (Gibson et al. 2014), we did not estimate a reference
value variable for the male lek movement parameter. We found support for a marginal quadratic
effect of distance to any power line on male movement rates, which suggested that males
originally captured on leks closer to the transmission line were more likely to move to a different
lek than individuals from leks further away from transmission lines (Fig. 15). Overall, we did not

find that a lek’s distance to the FG transmission line influenced male movement rates.
Lek-specific recruitment and population growth rates

The reference value variable for the population growth analysis (Bpopcrowtn= 0.42; 85%
C.1.: 0.35 - 0.48) was predictive of population change within our study system. After accounting
for the effect of surrounding habitat quality on population growth, we found leks more distant
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from either the FG transmission line or any power line had higher population growth rates (Fig
16A; Tables 20, 21). The reference value variable for the recruitment analysis (Brecruit= 0.45;
85% C.1.: 0.36 — 0.54) was predictive of per capita recruitment. Overall, we found similar
patterns between the recruitment and population growth analyses. After accounting for
environmental conditions that influence recruitment, we found per capita recruitment was
substantially higher at leks more distance from any power line (Figs 16A; Tables 22, 23).
Alternatively, we did not find conclusive support for a relationship between distance of the FG

transmission line and per capita recruitment.

Our findings indicated that among year estimates of population growth and recruitment
were negatively influenced by annual raven abundance, and lek-specific estimates of population
growth and recruitment were negatively influenced by the probability of raven disturbance at
each lek (Fig. 16B). Models that included an interaction between distance from either the FG
transmission line or any power line and a non-linear effect of raven abundance were supported in
both analyses. Additionally, parameter estimates for distance from line variables in these
interaction models were reduced, relative to the additive model, and were not supported.
However, the raven abundance terms as well as the interaction between distance from line and
raven abundance term were consistently supported, which suggests the negative effect of power
lines on sage-grouse demographic rates were associated with raven population abundance and

spatial distribution.

Influence of latent environmental heterogeneity on detection of power line effects

Numerous analyses demonstrated substantial differences in parameter estimates for
distance from line covariates between models that accounted for environmental heterogeneity

and those that did not. The direction of effect switched signs for a third of the analyses that
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considered linear effects of distance to the FG transmission line (i.e., landscape-scale nest site
selection, nest survival, recruitment, population growth) between models that did, or did not,
include the reference value variable (Figs. 17, 18A,B). Additionally, confidence intervals
between estimates did not overlap for multiple analyses (i.e., recruitment, pre-fledging chick
survival, population growth, landscape-scale nest site selection). Similar inconsistencies were
also observed between models assessing the linear influence of distance to any power line in the
nest survival, recruitment, and population growth analyses. The effect of inclusion of the
reference value variable, however, was not consistent across all analyses, as it reduced the
observed negative effects of proximity to power lines (e.g., local nest site and brood selection),
as well as, negated support for an effect (e.g., female survival), but also suggested the existence
of a cryptic negative effect (e.g., nest survival, recruitment, population growth). As an example,
predicted nest survival based on habitat conditions were suggested, on average, to be higher near
power lines (Fig. 19A, B), which inhibited more simple model designs from detecting a

deleterious effect of utility lines (Fig. 17, 18A,B).

DISCUSSION

We found contrary to our initial hypotheses, that many demographic processes were
negatively influenced by an individual’s proximity to either the FG transmission line or any
power line. However across the 10 year study period, we did not attribute a single mortality
event of a radio-marked individual to a direct collision with a power line, pole, or guy wire.
Although collisions between Galliformes and power lines have been suggested to be
disproportionately high relative to other birds (Bevanger 1998). The observed lack of mortality
was consistent with other long term studies that have recorded low numbers of mortalities

associated with power lines, relative to other sources, of radio-marked sage-grouse (Connelly et
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al. 2000, Beck et al. 2006, Dinkins et al. 2014b) or other North American Galliformes (Pruett et
al. 2009). Thus, effect of power lines on sage-grouse population dynamics was associated with

indirect mechanisms, such as avoidance of habitat or suppressed vital rates, near power lines.

Avoidance of Habitat near Utility Lines

We found consistent support across spatial scales and seasonal habitat requirements that
female sage-grouse selected habitat more distant from power lines. That is, we found that areas
proximate to either the FG transmission line or any power line, which were otherwise predicted
to be appropriate habitats for either nesting or brood-rearing, were less likely to used by female
sage-grouse. Most notably, we found that the extent of avoidance during the nesting period was
positively associated with annual raven abundance. This novel result suggests that changes in
predator distribution across the landscape is the direct mechanism driving the avoidance of
nesting in habitat near power lines. Raven populations have been positively associated with
power lines (Knight and Kawashima 1993, Knight et al. 1995, Coates et al. 2014a, Howe et al.
2014), and sage-grouse have been found to avoid nesting in areas with high densities of avian
nest predators (Dinkins et al. 2012). To our knowledge this is the first study that both
demonstrates that sage-grouse avoid nesting near power lines, and that the magnitude of the

avoidance is related to abundance of nest predators.

Avoidance of habitat near power lines during the nesting period was greater than during
the brood-rearing period (Fig. 17). As selection for nesting habitat occurs before selection of
brood rearing habitat, and support for avoidance of power lines during the brood rearing period
dissipated as a function of chick age, it is likely that avoidance of power lines during the early
brood rearing period was an artifact of avoidance of nesting near power lines. That is, we expect

that reduced nest initiation and lower nest success near power lines would result in a distribution
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of initial brood locations across a landscape that appear to reflect avoidance of power lines. We
clearly cannot separate effects of lower nesting and nest success near lines from the potential that
females avoided using habitats near utility lines during early brood rearing. Regardless, even in
the absence of true avoidance behaviors during the brood rearing period, the combined effects of
avoidance during nesting and or reduced reproductive performance near power lines results in a
reduction in ‘quality’ of brood rearing habitat near power lines as brood rearing habitat is only
functional if it is physically accessible (i.e., near successful nests) by broods (Gibson et al. in
review-b) . Furthermore, as seasonal brood rearing habitat in our study system was rare (Atamian
et al. 2010), and its abundance and condition influence sage-grouse chick survival (Guttery et al.
2013), which strongly influences population growth (Blomberg et al. 2012), relatively small
losses of existing functional brood rearing habitat may result in substantial reductions in

recruitment and population growth.

Lastly, we found support for a marginal effect of distance a lek was from any power line
on the probability a breeding-aged male would move to a new lek the following year. Confidence
intervals associated with these estimates were wide due to the rarity of observed lek movements
within this system (Gibson et al. 2014), which also prevented us from developing more
sophisticated models that could partition the direction of lek movements (e.g., towards or away
from a power line) from absolute movements. Although these relationships indicate that power
lines may, over time, lead to lek abandonments through habitat avoidance alone, it is far more
likely extirpation of a lek would be a function of reduced recruitment of new individuals and
reduced survival of adults in addition to greater male lek movement rates (Wisdom et al. 2011,

Hess and Beck 2012).

Suppression of Individual Vital Rates
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We found variable support for reductions of vital rates as a function of distance from
power lines. Some vital rates (e.g., nesting propensity, male survival) were not influenced by an
individual’s distance from either FG transmission line or any power line. We found marginal
support for greater re-nesting rates near the FG transmission line, which was not observed with
other power lines. This relationship was not directly related to reduced nest survival near the FG
transmission line, as our model’s estimates of re-nesting propensity were conditional on nest
failure, and as such, did not directly increase as a function of increased nest failure. However,
increased nest predation may result in more nests failing earlier in the nesting season, which
could indirectly increase re-nesting propensity as the average unsuccessful female would have
more time to attempt a second nest, or be in better body condition for such an attempt. Although
sage-grouse nesting propensity has been found to be negatively influenced by other
anthropogenic disturbances (e.g., oil development; Lyon and Anderson 2003), these estimates
were reported as apparent nesting propensity and are not directly comparable with our results

(Gibson et al. in review-c).

Nest survival, on the other hand, was negatively impacted by proximity to both the FG
transmission line and any power line. Similar to the pattern of avoidance of habitats near utility
lines for nesting, the effect of the distance to FG transmission line covariate in the nest survival
analysis positively covaried with annual raven abundance. Together, these results suggests that
females selected nesting habitat more distant from power lines, because nesting near power lines
resulted in reduced nest survival. Additionally, both the reduction in nest survival and the
amount of habitat avoided was correlated with temporal changes in raven abundance, which to
the best of our knowledge are the first results to also demonstrate a negative relationship between

raven abundance and sage-grouse reproductive success. Furthermore, we observed a sharp
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increase in raven abundance associated with the FG transmission line corridor following its
construction and an increasing trend in raven abundance during our study. Having only one year
of pre-construction data limits our ability to draw inferences regarding raven responses to utility
lines but the patterns we observed are consistent with hypothesized responses of ravens to
elevated structures or other anthropogenic features (Knight et al. 1995, Kristan and Boarman

2003, Howe et al. 2014).

We also found reduced chick survival near the FG transmission line during the first two
weeks after hatch and the extent of the reduction varied as a function of raven abundance. Chick
survival was lower when raven abundance was higher, potentially related to increased predation.
Raven densities have been reported to be greater near sage-grouse brood rearing areas (Bui et al.
2010), indicative of increased predation pressure. However, female sage-grouse have also
exhibited avoidance of brood rearing habitat associated with greater raven densities (Dinkins et
al. 2012), which suggests behavioral mechanisms exist that reduce predation pressure.
Furthermore, and counterintuitively, we also found that chick survival during the end of the pre-
fledging period positively covaried with raven abundance, which we suspect may be related to
shared covariance between ravens and young-of-year sage-grouse with respect to how various

environmental conditions (e.g., forage conditions) affect productivity.

Similar to Dinkins et al. (2014a), we found a slight reduction in adult female survival for
females that occupied habitat associated with power lines, however we found no support for an
influence of power lines on adult male survival. We did not have sufficient data to estimate
variation in the abundances of predators of adult sage-grouse (e.g., raptors, coyotes, badgers)
within this system, therefore we could not design more targeted models related to adult survival.

Raptor abundances, however, were generally low and did not appear to increase following the
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construction of the FG transmission line (Lammers and Collopy 2007, Gibson et al. unpublished

data)

Did Power Lines Lead To Population-Level Effects?

Although increased raven density or abundance has been associated with reduced nest
survival across many taxa (Andren 1992, Kurki et al. 1997, Klausen et al. 2010), overall, support
is lacking for population-level effects of ravens on avian population trajectories in general
(Madden et al. 2015). We found that both habitat use (e.g., nest and brood site selection) and
reproductive success (e.g., nest survival, chick survival) were reduced for female sage-grouse
within ~10km of any power line, and this effect was clearly linked to raven abundance. Most
importantly, our male-centered analyses suggested that these negative relationships observed in
the female-centered analyses led to observable reductions in both recruitment of individuals into
the breeding population and population growth. We found lek-specific recruitment and overall
population growth rates were reduced near all power lines, and similar to results from the female
analyses, these relationships were primarily associated with raven abundance or distribution.
Although, we did not find the same level of support for reductions in lek-specific recruitment and
overall population growth rates as a function of distance from the FG transmission line compared
to distance from any power line, the patterns were consistent. Additionally, our ability to
observe a correlation between sage-grouse population trajectories and distance from the FG
transmission line was reduced, as leks more distant (>10km) from the FG transmission line
predominantly remained within 10 km of, and therefore negatively influenced by, other power

lines (Figs. 2, 6).

In summary, we found that multiple vital rates estimated from independent data sources

had the same general pattern; in that vital rates were reduced near utility lines. However, support
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for the distance from power line parameters waned when models also considered interactions
with raven abundance or distribution. Together, these analyses indicated utility lines indirectly
influenced various sage-grouse vital rates, and ultimately population growth, through the positive
association of ravens with utility lines. In other words, utility lines create an artificial selection
pressure on sage-grouse, which have instilled behavioral responses in sage-grouse (e.g.,

avoidance), however the long term consequences of this selective pressure are currently unclear.

Importance of Accounting for Environmental Conditions

Our results highlight the importance of considering the underlying, latent environmental
variability when assessing the influence of anthropogenic (or other) features. Here, we observed
inconsistencies in the effect size or direction of the influence of either the distance from the FG
line or any utility line. Over half of the analyses supported an effect of utility lines only with the
inclusion of a reference value parameter that represented variation in environmental conditions.
That is, we were substantially less likely to detect impacts of utility lines when we did not
control for other environmental variables. In our study, these patterns resulted from the fact that
the FG transmission line (and other lines) was placed in habitats that, would otherwise, be of
high quality for sage-grouse. Additionally, support for models that included interactions between
environmental conditions (e.g., shrub cover) and distance from power lines suggest complex
relationships exist, in which certain individuals, or individuals associated with certain
environmental conditions are more, or less, affected by their proximity to a power line.
Furthermore, accounting for environmental heterogeneity produced different effects across
demographic analyses, even within analyses based on similar data (e.g., landscape versus local
scale nest site selection), as environmental heterogeneity was observed to both mask and

exacerbate effects ultimately assigned to proximity to power lines.
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We suspect inconsistencies related to environmental heterogeneity were driven primarily
by two mechanisms; 1) study design (i.e., sampling variance), and 2) covariance among
environmental conditions (i.e., process covariance). First, contrary to the reference models
assessing the influence of distance to the FG transmission line at the landscape scale, models that
did not consider the reference value variable suggested individuals selected habitat closer to the
FG transmission line. This, however, was most likely an artifact of study design as this study was
primarily developed to assess the effects of the FG transmission line on sage-grouse
demographic rates. As such, study leks were selected (and therefore females were captured) as a
function of their proximity the FG line corridor relative to available area within the study system.
However, if leks nearest to the FG line were over represented as study leks relative to leks more
distant from the FG line (Fig 14), then regardless of the true effect of the FG transmission line on
nest site selection, models based on these data would inherently suggest females were attracted
to the FG line corridor (Fig 17). Alternatively, if leks had not been selected relative to their
proximity to power lines, we would have expected the bias in nest site selection (tending to be
nearer the line) would have disappeared. Inclusion of the reference value variable, which was
based on our earlier work using widely accessible environmental data allowed us to
parsimoniously account for this source of sampling variance associated with study design, and

provide less biased estimates of nest site selection.

Second, we suspect covariance among distance from either the FG transmission line or
any power line variables and other environmental variables both obfuscated and exacerbated the
true relationships between a vital rate and distance from a power line. For example, we have
illustrated that distance from power lines was correlated with site elevation (Fig. 2; Fig. 4), and

that elevation was correlated with habitat characteristics that influenced certain sage-grouse
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demographic rates (Gibson et al. in review-a; Figure S6), and therefore, was correlated with
those demographic rates (e.g., nest and brood site selection, population growth, recruitment). As
such, studies that have not accounted for environmental heterogeneity, in this case elevation,
may not be reliable (see Fig. 1), as we have demonstrated that either type 1 (e.g., male survival)
or type Il (e.g., nest survival, recruitment) error can occur. A specific example of underlying
habitat heterogeneity resulting in difficulties in interpretations was found in the nest survival
analysis, where we only found support for reduced nest survival related to proximity to a power
line in models that included the reference value parameter. We suspect that this was related to
patches of high quality nesting habitat, which by happenstance were located relatively near the
FG transmission line. In the absence of a line effect, these areas may be highly productive (see
Fig. 19). However, the negative effect of its proximity to the FG transmission line negated the
benefit of nesting in these habitats, and effectively reduced the spatial variability in nest survival,
leading to more support for models that did not consider the effects of common ravens or power

lines.

MANAGEMENT IMPLICATIONS

Here, we found support for both hypotheses (i.e., avoidance and demographic
suppression) regarding the mechanisms by which power lines influence sage-grouse
demographics. Additionally, we found that both the magnitude of the avoidance of utility lines,
as well as the extent to which vital rates were suppressed were correlated with common raven
abundance, which was, itself, positively associated with utility lines. Therefore, the geographical
extent to which utility lines would negatively influence sage-grouse demographic processes is
not completely generalizable as it is contingent on local raven abundance and behavior. In this

system, however, we found that effects of utility lines extended at least to 10 km, which exceeds
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current recommendations for reduced surface use in areas around sage-grouse leks (5-7.5km;

Coates et al. 2013).

Our finding that negative impacts of the transmission line were primarily associated with
raven abundance, suggests that mitigation of line effects might be accomplished by reducing
raven abundance near utility lines. Installation of deterrents to perching and nesting is one
approach to such reduction, although perch deterrents on the FG line were not completely
effective. Active removal of ravens in the area impacted by utility lines offers another potential
approach to mitigation. Across all avian taxa, predator control regimes, on average, have
successfully improved individual reproductive parameters (Smith et al. 2010), and tend to be
more effective if all predator taxa are removed, as reductions in predation risk from the removed
species may be compensated for by increased risk from another predator (Ellis-Felege et al.
2012). Meta-analyses on the effectiveness of predator control, however, have not found that
predator removal leads to observable population growth in prey populations (Cote and
Sutherland 1997, Smith et al. 2010), which suggest predator-related reductions in reproductive
success and survival can be compensatory, potentially related to density-dependent mechanisms
that regulate population growth. The effectiveness of raven control, primarily achieved through
deployment of poisoned eggs or meat, on sage-grouse demographic rates is also not conclusive
(Hagen 2011). Control measures (i.e., poison baits) can effectively reduce raven populations,
however numbers of ravens removed are widely overestimated (Coates et al. 2007).
Additionally, it is not clear if territorial ravens, which may disproportionately contribute more to
both population growth of ravens and reproductive failure in sage-grouse, are as susceptible to
control measures relative to migratory or juvenile ravens (Bui et al. 2010, Dinkins 2013).

Support for a positive impact of raven removal on individual sage-grouse reproductive vital rates

49



1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

is variable (Coates and Delehanty 2004, Dinkins 2013), however no studies have currently
quantified the effect of raven removal on population growth (Hagen 2011). As such, efficacy of
direct removal measures requires well designed studies to assess impacts of such removal on

raven populations and sage-grouse (Hagen 2011).

Perch deterrents have been extensively used to reduce the damage cause by perching
birds on power line towers or surrounding structures, reduce electrocutions for species of
conservation concern, as well as disconnect the positive association between avian predators and
elevated structures (Lammers and Collopy 2007, Seamans et al. 2007, Lopez-Lopez et al. 2011,
Dwyer and Leiker 2012). The overall effectiveness of perch deterrents on raven populations,
however, is questionable as some studies have reported short term reductions in perching or
habitat use related to perch deterrents (Slater and Smith 2010, Dwyer and Leiker 2012), while
others failed to find discernable reductions in perching or nesting behavior related to various
types of perch deterrents (Lammers and Collopy 2007, Prather and Messmer 2010). Furthermore,
as we observed reductions in sage-grouse vital rates associated with the portion of the FG
transmission line that was fit with perch deterrents; the use of currently available perch deterrents
as a management strategy for sage-grouse was not supported, especially given their monetary

cost (Dwyer and Doloughan 2014).

Alternatively, mitigation strategies could involve burying existing power lines within
sage-grouse habitat (Fedy et al. 2015, Kirol et al. 2015) or routing new lines through less
‘critical’ habitat (Bagli et al. 2011). The effectiveness of these two approaches are conditioned
on accurate delineations of “critical habitat’, defined as the “geographic area occupied by the
species” (U.S. Department of the Interior 2014), which are abundant for sage-grouse (Aldridge

and Boyce 2007, Doherty et al. 2008, Kaczor et al. 2011, Fedy et al. 2014). Both of these
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measures result in non-trivial initial costs to private industry (Fenrick and Getachew 2012).
However, some of these costs may be recouped as underground lines are often more reliable, less
susceptible to environmental damage, and require less maintenance (Hall 2009). Furthermore,
cost-benefit analyses suggest that realized cost differentials, after accounting for other costs (e.g.,
aesthetics, wildlife interactions, maintenance) between underground and overhead transmission
lines, may be less than previously thought (Navrud et al. 2008), as such many counties in Europe
have adopted this strategy (Lehman et al. 2007) . Sage-grouse have positively responded (e.g.,
reduced avoidance behavior, increased nest survival rates) to mitigation treatments, which
included burying power lines and other reductions in surface disturbance (Fedy et al. 2015, Kirol
et al. 2015). However, it is unclear what the individual response of removal of transmission
towers on individual vital rates was. Additionally, these studies could not quantify the overall
impact of mitigation efforts on population growth. As such, and given the costs of burying power
lines, additional research is required to determine if burying power lines 1) is an effective
strategy for reducing local raven population size or their effectiveness as predators; and 2) results

in improved probabilities of sage-grouse population persistence.

Other possible mitigation strategies include collocating proposed transmission lines into
existing power line right-of-ways. Although we doubt this approach, singularly, would reduce
the influence of existing corridors on sage-grouse demographic rates, it would result in less
habitat “influenced’ by a power line, relative to management plans that proposed multiple
spatially independent power line corridors. Future work, however, would be needed to assess
whether avian predator use of these ‘super-corridors’ scaled linearly with total number of
perching sites, or if other mechanisms influenced its attractiveness as habitat, which would

determine the overall effectiveness of this strategy. Mitigation plans should also consider
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alternative designs of power lines or poles. Although the design of power lines has been shown
to influence avian electrocution rates of primarily large-bodied birds (Janss 2000), studies that
demonstrate power line designs with reduced surface area of potential nesting substrate (e.g., no
horizontal crossbeams) are used less by avian predators relative to standard power pole line

designs are lacking.

In conclusion, there remain gaps in our knowledge of the efficacy of various power line
mitigation strategies for management of sage-grouse populations. As such, until the necessary
research has been completed, we recommend that 1) management agencies assume a 10km area
of disturbance when developing management plans for the placement of new power line
corridors, and 2) preferential treatment should be given to mitigation strategies that reduce the

number of elevated structures placed within 10km of critical sage-grouse habitat.
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1495

TABLES

Table 1. Summary of year specific greater sage-grouse and common raven monitoring data from 2003-2012 in Eureka County, NV,

Year  No. Radio- Unique Unique No. No. Active  No.New  No.Males No. Males Ravens Total Max
Marked females that  females that Hatched broods at Males Recaptured Resighted persurvey Male Lek
Females nested re-nested nests 6 weeks Captured (unique) (unique) point Count
2003 15 11 1 5 na 146 26(20) 12(11) 0.87 227
2004 21 16 3 7 na 106 43(36) 41(26) 0.41 266
2005 35 28 8 12 9 104 55(48) 37(25) 1.03 316
2006 62 41 1 20 11 134 37(35) 56(35) 1.93 423*
2007 50 25 1 10 3 113 37(30) 34(12) 2.7 224
2008 41 31 6 7 5 62 30(26) 91(45) 0.79 212*
2009 54 46 17 20 9 46 50(34) 59(23) 1.32 182
2010 68 59 18 20 10 50 35(31) 109(33) 1.49 181
2011 63 48 8 18 10 63 44(30) 107(42) 2.52 193
2012 63 49 5 19 6 68 13(12) 135(40) 2.53 206
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1496  USA.
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1497  Table 2. Designation of prior information and corresponding Gelman and Rubin convergence
1498  diagnostic for Bayesian hierarchical N-mixture models used to estimate common raven

1499  population abundance from 2003-2012 in Eureka County, NV, USA.

Priors allowed to vary by: 1500

Abundance (n) Within Year Growth Rate (r)  Detection Probability (p) 15?31

Site Site + Primary Site + Secondary 1.02

1502
Site Site Site + Secondary 1.02
Site + Primary Site + Primary Site + Secondary P83
Site + Primary Site + Primary Site + Primary + 1504

1.17

Secondary

1505
Likelihood:

1506
Site + Primary Site + Primary Site + Secondary

567

1508  ®7 represents the Gelman’s convergence diagnostic (Brooks and Gelman 1998), which suggests

1509  values < 1.1 indicate parameter convergence.

1510  Site represents three survey transects along the Falcon-Gondor transmission line corridor.
1511  Primary occasions were comprised of 10 years (2003-2012) and secondary occasions were

1512  comprised of eight 10-day intervals from ordinal date 61-140.
1513
1514

1515

70



1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

Table 3. Designation of prior information and corresponding Gelman and Rubin convergence
diagnostic for Bayesian hierarchical dynamic site-occupancy models used to estimate the relative
probability of a common raven disturbance during a greater sage-grouse lek observation from

2003-2012 in Eureka County, NV, USA.

Priors allowed to vary by:

Site Occupancy (y) Site Colonization (y)  Site Survival (p) Detection Probability (p) 7

Constant Primary Primary Primary 1.01
Constant Constant Primary Primary 1.01
Likelihood:

Site + Primary Primary Primary Primary

&7 represents the Gelman’s convergence diagnostic (Brooks and Gelman 1998), which suggests

values < 1.1 indicate parameter convergence.

Site represents 12 study leks. Primary occasions were comprised of 10 years (2003-2012) and
secondary occasions were comprised of four 20-day intervals from ordinal date 61-140. Site
occupancy = probability of raven disturbance during a lek observation; Site Colonization =
probability that a lek undisturbed in year; will be disturbed by a raven in year.; Site Survival =
probability that a lek disturbed in in year; will also be disturbed by a raven in year.,; Detection

probability = probability of detecting a disturbance that occurred during a lek observation.
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1529

1530

1531

Table 4. Performance of all multistate models used to assess the influence of power lines and

common raven demographic structure on greater sage-grouse nesting and re-nesting propensities

in Eureka County, NV, from 2003-2012.

Model? AAIC:. AIC.w; No.Par Dev.
Nest(NP+RavenOccupancy) ReNest(RNP+RavenOccupancy) 0.00 0.31 24 47436.76
Nest(NP) ReNest(RNP+RavenOccupancy) 1.44 0.15 23 47440.22
Nest(NP) ReNest(RNP+FGLINE?) 1.90 0.12 24 47438.66
Nest(NP+RavenOccupancy) ReNest(RNP) 2.21 0.10 23 47440.99
Nest(NP) ReNest(RNP+ RavenAbundance) 3.29 0.06 23 47442.08
Nest(NP) ReNest(RNP) 3.64 0.05 22 4744445
Nest(NP+RavenOccupancy?®) ReNest(RNP) 4.14 0.04 24 47440.90
Nest(NP+FGLINE?) ReNest(RNP+FGLINE?) 4.24 0.04 26 47436.95
Nest(NP+RavenAbundance) ReNest(RNP+ RavenAbundance) 5.27 0.02 24 47442.03
Nest(NP+FGLINE) ReNest(RNP+FGLINE) 5.60 0.02 24 47442.36
Nest(NP+Raven) ReNest(RNP) 5.62 0.02 23 47444.40
Nest(NP+FGLINE?) ReNest(RNP) 5.98 0.02 24 47442.74
Nest(NP*FGLINE) ReNest(RNP) 6.35 0.01 24 47443.11
Nest(NP+AllLines?) ReNest(RNP) 7.11 0.01 24 4744387
Nest(NP*AllLine) ReNest(RNP) 7.11 0.01 24 47443.87
Nest(NP) ReNest(RNP+AllLines?) 7.55 0.01 24 4744430
Nest(NP+AllLines) ReNest((RNP+AlILines) 7.65 0.01 24 4744441
Nest(NP+Raven*FGLINE) ReNest(RNP+FGLINE) 9.60 0.00 26 4744231
Nest(NP+AllLines?) ReNest(RNP+AllLines?) 11.02 0.00 26 4744372
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1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

1549

Nest(FGLINE?) ReNest(FGLINE?) 195.44  0.00 24
Nest(.) ReNest(.) 195.76 0.00 20
Nest(FGLINE) ReNest(FGLINE) 196.41  0.00 22
Nest(AllLines?) ReNest(AllLines?) 198.95  0.00 24
Nest(AllLines) ReNest(AllLines) 199.07 0.00 22

47634.10

47642.51

47639.12

47637.61

47641.78

# Model selection notation follows Burnham and Anderson (2002). All models constrained site
fidelity, nest failure, and re-nest failure to be constant among and within years (no. par = 3).
Detection was allowed to vary by breeding stage (no. par = 3), year (no. par = 10), and fit with a
quadratic trend across occasions but within years (no. par = 2). NP represents a covariate
developed from the environmental characteristics which were supported to influence nesting
propensity (Male Population Size (-); Female Age (+); Female Age® (-); Gibson et al. in review-
c). RNP represents a covariate developed from the environmental characteristics which were
supported to influence re-nesting propensity (Population size (-); Spring precipitation (+);
Gibson et al. in review-c). FGLINE and AllLines represents the average distance a female sage-
grouse was found from the Falcon-Gondor or any transmission line during a given spring (April
1%-May31%), respectively. RavenOccupancy represents the relative probability of a Common
raven disturbing the breeding lek nearest to an individual female. RavenAbundance represents
the annual estimated Common raven population abundance associated with the Falcon-Gondor
transmission line. 2denotes a quadratic relationship. Models with interactions consider both the
linear and interaction terms. Italicized model is the basic reference value model; bold model is

the null model.
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1550

1551

1552

1553

that the 85% confidence intervals associated with a parameter estimate did not overlap zero.

Table 5. Parameter estimates (), and 85% confidence intervals for all covariates used to assess
the influence of power lines and common ravens demographic structure on greater sage-grouse

nesting and re-nesting propensities in Eureka County, NV, from 2003-2012. Bold values indicate

Model Format? Parameter” | B: FG Line 85% C.I. | B: AllLine  85% C.I.
NP NP 0.86 0.76 - 0.93 0.86 0.76 -0.93
NP + Line Distance -0.01 -0.10-0.08 0.00 -0.10-0.08
NP . Line + Line? Distance 0.05 -0.06 - 0.16 0.04 -0.09-0.16
Distance” -0.07 -0.15-0.01 -0.05 -0.15-0.05
RNP RNP 0.33 0.09 - 0.56 0.33 0.09 - 0.56
RP + Line Distance -0.24 -0.48 -0.01 -0.02 -0.23-0.19
RP . Line + Line? Distance -0.42 -0.68 —-0.16 0.02 -0.26 - 0.30
Distance” 0.23 0.07-0.39 -0.06 -0.30-0.18
Line est prop) Distance -0.08 -0.16 - 0.01 -0.05 -0.13-0.03
Line + Line® (est prop) Distance 0.00 -0.11-0.11 0.06 -0.06 - 0.18
Distance” -0.08 -0.16 - 0.00 -0.12 -0.22 --0.038
Line (renest Prop) Distance -0.21 -0.45-0.03 -0.01 -0.22-0.20
Line + Line® menestpropy  Distance -0.36 -0.61--0.10 0.08 -0.2-0.35
Distance” 0.19 0.03-0.35 -0.11 -0.35-0.13
Model Format Parameter B: Raven 85% C.1I. B: Raven 85% C.1I.
Abundance Disturbance
NP + Raven Raven -0.02 -0.13-0.09 -0.11 -0.20 - -0.02
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1554

1555

1556

1557

1558

1559

1560

1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

1572

RNP + Raven Raven -0.40 -0.77 --0.02 0.30 0.07-0.53

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with either nesting or renesting
propensity are noted with NP and RNP, respectively. Line and Line? represent models that
considered a linear and quadratic effect, respectively, influence of the FG transmission line
(columns 3-4) or any power line (columns 5-6). Raven represents models that considered an
effect of annual common raven abundance (columns 3-4) or the relative probability of a common
raven disturbing the breeding lek nearest to an individual female (columns 5-6). Subscripts

denote the parameter a covariate associated with.

® Parameter denotes the format of a given parameter estimate. NP and RNP represent reference
values; Distance represents distance from a power line; Raven represents an estimate of common

raven demographic structure.
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1573  Table 6. Performance of all resource selection function generalized linear mixed effects models
1574  used to assess the influence of distance from power lines on greater sage-grouse nest site use at

1575  the landscape-scale in Eureka County, NV, from 2004-2012.

Model? AAIC, AIC.w;  No. Par Dev.
AllLines + Landscape Selection 0.00 0.49 5 1675.97
AllLines * Landscape Selection 1.05 0.29 6 1675.02
AllLines? + Landscape Selection 2.00 0.18 6 1675.97
AllLines? * Landscape Selection 5.03 0.04 8 1675.00
Landscape Selection 10.79 0.00 4 1692.78
FGLINE? + Landscape Selection 10.87 0.00 6 1688.86
FGLINE + Landscape Selection 11.32 0.00 5 1691.31
FGLINE * Landscape Selection 12.06 0.00 6 1690.05
FGLINE?* Landscape Selection 13.22 0.00 8 1687.21
FGLINE® 542.09 0.00 5 2218.055
AllLines 546.40 0.00 5 2222.37
AllLines 547.62 0.00 4 2225.59
FGLINE 552.35 0.00 4 2230.32
Null 566.10 0.00 3 2246.07

1576  * Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

1577  represents the average distance a female sage-grouse nest or random point was located from the
1578  Falcon-Gondor or any transmission line, respectively. Landscape Selection represents a covariate
1579  developed from the environmental characteristics which were supported to influence nest site
1580  selection at the landscape scale (Distance from Lek (-); Sagebrush Cover Classification (+);

1581  Sagebrush Cover Classification * Distance from Lek (-); Slope (-); Elevation (+); Slope *

1582  Elevation (-); Distance from Water (-); and Distance from Water? (-); Gibson et al. in review-a).
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1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

1594

1595

1596

1597

1598

1599

1600

2 denotes a quadratic relationship. Models with interactions consider both the linear and
interaction terms. ltalicized model is the basic reference value model; bold model is the null

model.

77



1601

1602

1603

1604

Table 7. Parameter estimates (), and 85% confidence intervals for all covariates used to assess

the influence of power lines on greater sage-grouse landscape-scale selection of nesting habitat

in Eureka County, NV, 2003-2012. Bold values indicate that the 85% confidence intervals

associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | p: FG  85% C.I. B: All 85% C.I.
Line Line
Landscape Landscape 1.22 1.14-131 1.22 1.14-131
Landscape + Line Distance 0.08 -0.02-0.19 0.25 0.16 -0.34
Landscape + Line + Line?> Distance 0.15 0.03-0.28 0.25 0.14-0.36
Distance -0.10 -0.19-0.00 0.00 -0.09 -0.08
Landscape * Line Distance 0.07 -0.03-0.18 0.28 0.19-0.39
Landscape 1.25 1.16 -1.34 1.23 1.14-1.32
Distance * 0.08 -0.02-0.19 -0.06 -0.14-0.03
Landscape
Landscape * Line? Distance 0.10 -0.03-0.24 0.29 0.16 -0.41
Distance -0.11 -0.21-0.00 0.00 -0.10-0.10
Distance * 0.05 -0.08 - 0.17 -0.06 -0.17-0.05
Landscape
Distance > * -0.09 -0.20-0.02 0.01 -0.07 -0.08
Landscape
Landscape 1.28 1.17-1.40 1.22 1.11-1.34
Line Distance -0.23 -0.32--0.14 0.24 0.16-0.31
Line + Line? Distance -0.11  -0.21-0.00 0.17 0.08 -0.26
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1605

1606

1607

1608

1609

1610

1611

1612

1613

1614

1615

1616

1617

1618

1619

1620

1621

1622

1623

Distance 2 020 -0.29--0.11 0.09 0.02-0.16

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with nest site selection are
denoted with Landscape. Line and Line? represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line

(columns 5-6).

P Parameter denotes the format of a given parameter estimate. Landscape represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.
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1624  Table 8. Performance of all resource selection function generalized linear mixed effects models
1625  used to assess the influence of distance from power lines on greater sage-grouse nest site use at

1626  the local-scale in Eureka County, NV, from 2004-2012.

Model? AAIC, AIC.w;  No. Par Dev.
FGLINE + Local Selection 0.00 0.38 5 698.76
FGLINE * Local Selection 1.83 0.15 6 698.58
FGLINE? + Local Selection 1.97 0.14 6 698.72
AllLines’ + Local Selection 2.29 0.12 6 699.04
AllLines + Local Selection 2.61 0.10 5 701.36
AllLines * Local Selection 4.08 0.05 6 700.84
FGLINE®* Local Selection 5.28 0.03 8 698.03
AllLines® * Local Selection 5.73 0.02 8 698.49
Local Selection 14.70 0.00 4 715.46
AllLines 140.22 0.00 4 840.98
AllLines 142.11 0.00 5 840.87
FGLINE 152.80 0.00 4 853.56
FGLINE? 153.81 0.00 5 852.57
Null 165.82 0.00 3 868.58

1627  * Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

1628  represents the average distance a female sage-grouse nest or random point was located from the
1629  Falcon-Gondor or any transmission line, respectively. Local Selection represents a covariate
1630  developed from the environmental characteristics which were supported to influence nest site
1631  selection at the local scale (Sagebrush shrub cover (+); Non-sagebrush shrub cover (+);

1632  Sagebrush shrub cover * Non-sagebrush shrub cover (+); average forb height (+); average forb
1633  cover (+); average forb height * average forb cover (+); residual grass height (+); live grass

1634  height (+); forb richness (+); shrub height (-); Gibson et al. in review-a). > denotes a quadratic
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1636

1637

1638

1639

1640

1641

1642

1643

1644

1645

1646

1647

1648

1649

1650

1651

1652

1653

relationship. Models with interactions consider both the linear and interaction terms. All models
considered year as a random effect. Italicized model is the basic reference value model; bold

model is the null model.
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1654  Table 9. Parameter estimates (), and 85% confidence intervals for selected parameters used to
1655  assess the influence of power lines on greater sage-grouse local-scale selection of nesting habitat
1656 in Eureka County, NV, 2003-2012. Bold values indicate that the 85% confidence intervals

1657  associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | p: FG  85% C.I. B: All 85% C.I.
Line Line
Local Local 1.25 1.07-1.41 1.25 1.07-1.41
Local + Line Distance 0.40 0.26 —0.55 0.37 0.23-0.52
Local . Line + Line® Distance 0.41 0.24-0.59 0.30 0.14 - 0.46
Distance 2 -0.01 -0.13-0.10 0.15 0.01-0.30
Local * Line Distance 0.39 0.23-0.54 0.35 0.20-0.50
Local 1.26 1.09 -1.43 1.20 1.04 -1.38
Distance * -0.08 -0.25-0.08
-0.05 -0.20-0.10
Landscape
Local * Line? Distance 0.39 0.21-0.57 0.30 0.14-0.46
Distance 2 -0.01 -0.12-0.11 0.16 0.01-0.30
Distance *
-0.10 -0.29-0.09 -0.09 -0.27 -0.08
Local
Distance 2 * 0.03 -0.14-0.20
0.05 -0.06 - 0.18
Local
Local 1.21 1.00-1.42 1.18 0.97 -1.40
Line Distance 0.34 0.21-0.46 0.47 0.34-0.6
Line + Linge? Distance 0.39 0.24-0.54 0.46 0.31-0.6
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1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

1671

1672

1673

1674

1675

Distance * -0.06  -0.15-0.03 0.03 -0.10-0.16

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with nest site selection are
denoted with Local. Line and Line® represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line

(columns 5-6).

P Parameter denotes the format of a given parameter estimate. Local represents reference value;

Distance represents distance from a power line; ® denotes a quadratic relationship.
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1676  Table 10. Performance of all nest survival models used to assess the influence of power lines
1677  and common ravens demographic structure on greater sage-grouse nest success in Eureka

1678  County, NV, from 2004-2012.

Model? AAIC, AIC, w; No. Dev.
Success + FGLINE” * RavenAbundance 0.00 0.60 6 1510.08
Success + FGLINE? 4.38 0.07 4 1518.47
Success * FGLINE? 4.60 0.06 5 1516.68
Success + AllLines 5.24 0.04 3 1521.33
Success 5.97 0.03 2 1524.06
Success * AllLines 6.05 0.03 4 1520.14
Success + FGLINE® + RavenAbundance 6.24 0.03 5 1518.33
Success + FGLINE 6.39 0.02 3 1522.48
Success + RavenDisturbance” 6.50 0.02 4 1520.59
Success + AllLines’ 6.82 0.02 4 1520.91
Success + RavenAbundance 7.55 0.01 3 1523.64
Success + RavenDisturbance 7.97 0.01 3 1524.06
Success * FGLINE 8.17 0.01 4 1522.26
Success + RavenAbundance® 8.17 0.01 4 1522.27
Success + FGLINE(Year) 8.55 0.01 11 1508.60
Success * AllLines” 8.82 0.01 5 1520.91
NULL 24.22 0.00 1 1544.32
AllLines 26.07 0.00 3 1542.16
FGLINE 26.12 0.00 2 1544.21
AllLines 26.17 0.00 2 1544.26
FGLINE? 26.53 0.00 3 1542.62

1679  * Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines
1680  represents the distance a female Greater sage-grouse nest was located from the Falcon-Gondor

1681  transmission line or any power line, respectively. Annual FGLINE allowed the parameter
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1682

1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

1694

1695

1696

1697

1698

1699

1700

1701

estimate for distance from Falcon-Gondor to vary by year. Success represents the reference value
covariate developed from the environmental characteristics that were supported to influence nest
survival (Non-sagebrush shrub cover (+); forb cover (+); average shrub height (+); the amount
of surrounding habitat classified as pinyon-juniper woodlands (+); population the female was
associated with [i.e., Roberts Creek Mountain (+) or Cortez Mountain(-)]; Gibson et al. 2015).
RavenOccupancy represents the annual average relative probability of a Common raven
disturbing the breeding lek nearest to an individual female. RavenAbundance represents the
annual estimated Common raven population abundance associated with the survey transect along
the Falcon-Gondor transmission line nearest to an individual female. ? denotes a quadratic

relationship. Models with interactions consider both the linear and interaction terms.
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1702

1703

1704

1705

Table 11. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines and common raven demographic structure on greater sage-

grouse nest survival in Eureka County, NV, from 2004-2012. Bold values indicate that the 85%

confidence intervals associated with a parameter estimate did not overlap zero.

Model Format? Parameter® B:FG  85%C.l. | p: Al 85% C.I.
Line Line
Success Success 0.27 0.19-0.36 0.27 0.19-0.36
Success + Line Distance 0.09 -0.01-0.19 0.11 0.01-0.21
Success + Line + Distance 0.17 0.5-0.28 0.13 0.02-0.23
Line?
Distance -0.09 -0.16--0.03 | -0.04 -0.13-0.05
Line * Success Distance 0.08 -0.02-0.19 0.08 -0.02-0.18
Success 0.31 0.21-0.40 0.33 0.23-0.43
Distance * Success | -0.04  -0.14-0.07 | -0.08 -0.18 -0.03
Line® * Success Distance 019  0.07-031 | 0.13 0.01-0.24
Distance ° 008 -0.15--002| -04  -0.15-0.06
Distance * 0.08 -0.01-0.16 0.00 -0.10-0.10
Distance * Success
Success 0.27 0.15-0.39 0.32 0.19-0.45
Line Distance -0.02 -0.11 - 0.07 -0.01 -0.10-0.08
Line + Line® Distance 0.03 -0.08 - 0.13 0.03 -0.07-0.13
Distance ° -006  -0.12-0.01 | -0.09  -0.18-0.00
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1706

1707

1708

1709

1710

1711

1712

1713

1714

1715

1716

1717

1718

1719

1720

Model Format Parameter- B: Raven 85% C.1I. B: Raven 85% C.1I.
Type Abundance Disturbance
Success + Raven  Raven 0.05 -0.06-0.16 | 0.00 -0.17-0.17
Success + Raven  Raven 0.05 -0.06 -0.17 |-0.06 -0.22-0.11
+ Raven®
Raven’ 0.09 -0.02-0.21 |-0.21 -0.37 - -0.05

#Model format describes the parameter structure associated with a series of parameter estimates

(B)- Models that account for environmental variability associated with nest success are denoted

with Success. Line and Line? represent models that considered a linear and quadratic effect,

respectively, influence of the FG transmission line (columns 3-4) or any power line (columns 5-

6). Raven and Raven’ represent models that considered a linear or quadratic effect, respectively,

of annual common raven abundance (columns 3-4) or the relative probability of a common raven

disturbing the breeding lek nearest to an individual female (columns 5-6).

P parameter denotes the format of a given parameter estimate. Success represent reference value;

Distance represents distance from a power line; Raven represents an estimate of common raven

demographic structure.  denotes a quadratic relationship
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1721  Table 12. Performance of all resource selection function generalized linear mixed effects models
1722 used to assess the influence of a distance from power lines on greater sage-grouse brood site use

1723  at the landscape-scale in Eureka County, NV, from 2005-2012.

Model® AAIC; AIC. No.Par Dev.
AllLines * Brood Age * AllLines“ + Landscape Brood 0.00 0.76 9 1995.84
AllLines * Brood Age + AllLines? + Landscape Brood Selection 2.67 0.20 8 2000.51
AllLines * Brood Age + Landscape Brood Selection 5.83 0.04 7 2005.67
FGLINE * Brood Age + Landscape Brood Selection 26.41 0.00 7 2026.25
FGLINE * Brood Age + FGLINE? + Landscape Brood Selection ~ 27.23 0.00 8 2025.07
FGLINE * Brood Age * FGLINE? + Landscape Brood Selection  28.26 0.00 9 2024.10
AllLines? + Landscape Brood Selection 29.60 0.00 6 2031.44
AllLines + Landscape Brood Selection 34.42 0.00 5 2038.26
Landscape Brood Selection 50.80 0.00 4 2056.64
FGLINE + Landscape Brood Selection 52.79 0.00 5 2056.63
FGLINE? + Landscape Brood Selection 53.50 0.00 6 2055.34
AllLines* 210.24 0.00 5 2214.08
AllLines 210.70 0.00 4 2216.51
FGLINE? 236.00 0.00 5 2239.84
NULL 239.99 0.00 3 2247.83
FGLINE 241.06 0.00 4 2246.90

1724  ® Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

1725  represents the average distance a female sage-grouse brood or random point was located from the
1726  Falcon-Gondor or any transmission line, respectively. Landscape Brood Selection represents a
1727  covariate developed from the environmental characteristics which were supported to influence
1728  brood site selection at the landscape scale (Slope (-); Elevation (+); see Table Sx). Brood Age

1729  represented the age (in weeks) since the brood hatched. All models considered individual and
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1730

1731

1732

1733

1734

1735

1736

1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

year as random effects. Italicized model is the basic reference value model; bold model is the

null model.
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1748

1749

1750

1751

Table 13. Parameter estimates (3), and 85% confidence intervals for all covariates used to assess

the influence of power lines on greater sage-grouse landscape-scale selection of brood rearing

habitat in Eureka County, NV, from 2005-2012. Bold values indicate that the 85% confidence

intervals associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | B: FG 85% C.I. B: All 85% C.I.
Line Line
Landscape Landscape 0.70 0.62-0.77 0.70 0.62-0.77
Landscape + Line Distance 0.01 -0.08 - 0.09 0.26 0.17-0.34
Landscape + Line + Distance
Line? 0.04 -0.06 - 0.14 0.15 0.05-0.25
Distance * -0.06 -0.14-0.02 0.16 0.07-0.24
Landscape + Line * Distance
Brood Age 0.12 -0.06 - 0.30 0.45 0.27 -0.62
Brood Age -0.19 -0.24--0.14 -0.18 -0.23--0.13
Distance *
Brood Age -0.03 -0.08 - 0.02 -0.06 -0.11--0.01
Landscape + Line * Distance
Brood Age+ Line? 0.16 -0.03-0.35 0.33 0.15-0.52
Distance * -0.06 -0.14-0.02 0.14 0.05-0.22
Distance *
Brood Age -0.04 -0.09-0.01 -0.05 -0.10--0.01
Brood Age -0.19 -0.24--0.14 -0.18 -0.23--0.13
Line Distance -0.05 -0.13-0.03 0.31 0.23-0.39
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1752

1753

1754

1755

1756

1757

1758

1759

1760

1761

1762

1763

1764

1765

1766

1767

1768

1769

Line + Line? Distance 0.02 -0.08 -0.11 0.36 0.27 - 0.46

Distance 2 -0.14 -0.22 - -0.07 -0.09 -0.16 — -0.01

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with brood site habitat selection
are denoted with Landscape. Line and Line? represent models that considered a linear and
quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any power

line (columns 5-6). Brood Age represents models that considered an effect of brood age.

P Parameter denotes the format of a given parameter estimate. Landscape represents reference
value; Distance represents distance from a power line; Brood Age represents brood age (in

weeks); % denotes a quadratic relationship.
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1770

1771

1772

1773

1774

1775

1776

1777

1778

1779

1780

Table 14. Performance of all resource selection function generalized linear mixed models used

to assess the influence of a unit of habitat’s distance from transmission lines on greater sage-

grouse brood site use at the local-scale in Eureka County, NV, from 2005-2012.

Model? AAIC, AIC.w;  No. Par Dev.
FGLINE®* Brood Age + Local Brood Selection 0.00 0.70 8 679.03
FGLINE * Brood Age + Local Brood Selection 2.11 0.24 7 683.14
AllLines* Brood Age + Local Brood Selection 5.89 0.04 7 686.92
AllLines?* Brood Age + Local Brood Selection 7.77 0.01 8 686.80
FGLINE? + Local Brood Selection 10.16 0.00 6 693.19
AllLines + Local Brood Selection 13.10 0.00 5 698.13
AllLines® + Local Brood Selection 14.62 0.00 6 697.65
Local Brood Selection 14.70 0.00 4 701.73
FGLINE + Local Brood Selection 16.33 0.00 5 701.36
AllLines” 136.58 0.00 5 826.76
AllLines 142.35 0.00 4 834.53
FGLINE? 150.62 0.00 5 840.80
NULL 159.33 0.00 3 853.51
FGLINE 159.51 0.00 4 851.69

# Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

represents the average distance a female sage-grouse brood or random point was located from the

Falcon-Gondor or any transmission line, respectively. Local Brood Selection represents
reference value covariate developed from the environmental characteristics which were

supported to influence brood site selection at the local scale (Total VVegetation Cover (+);

Average Residual Grass Height (+); Forb Richness (+); Average Live Grass Height (+); Average

Forb height (+); Non-sagebrush shrub cover (-); see Table Sx). Brood Age delineates the early

brood rearing from the late brood rearing period. All models considered individual and year as
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1781

1782

1783

1784

1785

1786

1787

1788

1789

1790

1791

1792

1793

1794

1795

1796

1797

1798

random effects. Italicized model is the basic reference value model; bold model is the null

model.
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1799

1800

1801

1802

Table 15. Parameter estimates (3), and 85% confidence intervals for all covariates used to assess

the influence of power lines on greater sage-grouse local-scale selection of brood rearing habitat

in Eureka County, NV, from 2005-2012. Bold values indicate that the 85% confidence intervals

associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | p: FG 85% C.I. B: All 85% C.I.
Line Line
Local Local 1.40 1.20-1.60 1.40 1.20-1.60
Local + Line Distance 0.07 -0.09-0.22 0.23 0.05-0.40
Local + Line+ Line’  Distance 0.30 0.10-0.49 0.26 0.07-0.44
Distance -0.28 -0.43--0.14 -0.08 -0.23-0.08
Local + Line*Brood Distance 1.43 0.91-1.98 1.23 0.74-1.73
Age
Brood Age 0.13 -0.120-0.47 0.17 -0.16 -0.51
Distance * -0.91 -1.23--0.59 -0.72 -1.05--0.40
Brood Age
Local + Line*Brood Distance 1.41 0.90-1.92 1.23 0.74-1.72
Age+ Line?
Distance -0.22 -0.37 --0.06 -0.04 -0.21-0.13
Distance * -0.79 -1.12 --0.46 -0.71 -1.03--0.38
Brood Age
Brood Age 0.20 -0.14 -0.53 0.18 -0.16 -0.51
Line Distance 0.13 -0.01-0.27 0.47 0.31-0.63
Line + Line® Distance 0.37 0.20-0.55 0.56 0.39-0.73
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Distance 2 -0.29 -0.42 --0.16 -0.27 -0.41--0.14

1803  *Model format describes the parameter structure associated with a series of parameter estimates
1804  (PB). Models that account for environmental variability associated with brood site habitat selection
1805  are denoted with Local. Line and Line? represent models that considered a linear and quadratic
1806  effect, respectively, influence of the FG transmission line (columns 3-4) or any power line

1807  (columns 5-6). Brood Age represents models that considered an effect of brood age.

1808 P Parameter denotes the format of a given parameter estimate. Local represents reference value;
1809  Distance represents distance from a power line; Brood Age delineates between early and late

1810  brood rearing periods; ? denotes a quadratic relationship.
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820

1821
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1822

1823

1824

1825

1826

Table 16. Performance of all Lukacs young survival of marked adults models used to assess the
influence of power lines and common raven population abundance on pre-fledging greater sage-

grouse chick survival in Eureka County, NV, from 2005-2012.

Model® AAIC; AIC.w; No.Par Dev.
Survival g, + RavenAbundance weeksi2 * FGLINE? yeeks-2 0.00 0.82 18 2076.43
Survival g, + RavenAbundanceweeksi-» + FGLINE? yeeksi-2 4.20 0.10 17 2082.81
Survival grige * FGLINE? weeks-2 4.83 0.07 17 2083.44
Survival grick + FGLINE? yeeks1-2 10.29 0.00 16  2091.07
Survival gix + FGLINE? eeys1-2 + FGLINE weekss-6 12.16 0.00 17 2090.77
Survival g« + RavenAbundance yeesi-2 + RavenAbundance weekss-s 21.16 0.00 16 2101.94
Survival g« + RavenAbundance yeeksi-2 23.21 0.00 15 2106.15
Survival e * ANLINeS weeks1-2 24.70 0.00 17 2103.31
Survival ghick + FGLINE weeks1-2 + FGLINE weeksa s 27.54 0.00 16 2108.32
Survival gniek + FGLINE weeks1-6 30.75 0.00 15 2113.70
Survival gpick 31.29 0.00 14 2116.38
Survival g + AlILINES? eeks1-2 32.50 0.00 16 2113.28
Survival ghick * FGLINE wees1-6 33.32 0.00 15 2116.27
Survival gk + ANLINeSweeksi-6 34.16 0.00 16 2114.94
Survival g + AlILINES? eeks1-2 34.67 0.00 16 2115.45
Survival gick * AlILINeSyeeksi-6 35.05 0.00 16 2115.83
Survival i + AlILINES? yeeks12 + ANLINES weekss-s 36.28 0.00 17 2114.89
FGLINE? eeks1-2 38.95 0.00 15  2121.89
FGLINE weeks1-2 65.87 0.00 14 2150.96
AlILineSweeks1-2 81.00 0.00 14 2166.09
AIILINes’ yeeks1.2 81.73 0.00 15 2164.67
NULL 82.19 0.00 13 2169.43

# Model selection notation follows Burnham and Anderson (2002). All models allowed detection

to vary by year (no. par = 8) and week” (no. par = 4). FGLINE and AllLines is a weekly time-
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1827

1828

1829

1830

1831

1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

varying covariate which represents the distance a female sage-grouse and her brood was located
from the Falcon-Gondor or any transmission line, respectively, in a given week. 2 denotes a
quadratic relationship. Subscripts denote which weeks a covariate was allowed to influence.
Models with interactions consider both the linear and interaction terms. Survivalgick represents a
covariate developed from the environmental characteristics which were supported to influence
pre-fledging chick survival (total vegetation cover (+); distance brood moved in previous week (-
); average grass height (-); distance from nearest water source (+); nest site quality (+); female
age (+); female age? (-); Gibson et al. in review-b). Italicized model is the basic reference value

model; bold model is the null model.

® the final two weekly detection parameters were constrained to be similar which resulted in the

six occasion history having four estimated parameters.
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1847

1848

1849

1850

Table 17. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines on greater sage-grouse pre-fledging chick survival in Eureka

County, NV, from 2005-2012. Bold values indicate that the 85% confidence intervals associated

with a parameter estimate did not overlap zero.

Model Format? Parameter” B: FG  85% C.I. B: Al 85% C.I.
Line Line
Survivalghick Survival ghick 0.41 0.34-0.48 0.41 0.34-0.48
Survivalehick + Line Distance -0.09 -0.16 —-0.02 -0.02 -0.09 - 0.05
Survivalchick + Lineweeki2  Distance weeki-2 -0.23 -0.35--0.11 -0.05 -0.17 - 0.07
+LiNneweeks-6
Distance weeks- 0.09 -0.05-0.23 0.06 -0.07-0.19
Survivalehick *Lineweeka-2®  Distanceweeki-2 0.00 -0.12-0.12 -0.08 -0.20 - 0.04
Distanceweexi-2 ° -0.26 -0.35--0.17 -0.11 -0.21--0.01
Survivalghick + Lineweeki2  Distance weeki-2 -0.01 -0.14-0.12 -0.10 -0.23-0.03
+ Lineweeki-2” +Lineweeks.
6
Distance week1-2 -0.26 -0.35--0.17 0.07 -0.06 - 0.2
Distance weeks- 0.05 -0.09-0.19 0.02 -0.08 -0.12
Line * Survivalchick Distance -0.10 -0.19--0.01 -0.03 -0.10-0.04
Survival ghick 0.40 0.31-0.49 0.41 0.34-0.48
Distance * -0.03 -0.10-0.04 -0.04 -0.11-0.03
Survival chick
Lineweeki-2> * Survivalehicc  Distanceweek: 2 -0.03 -0.15-0.09 -0.08 -0.20 - 0.04
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1851

1852

1853

1854

1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

Lineweek1-2

: . 2
Lineweeki-2 + LIN€week1-2

Distance week1-2°

Distance week1-2°> *

Survivalchick
Survivalchick
Distanceweek1-2
Distanceweek1-2

Distanceweeki-2 2

-0.33

-0.14

0.47

-0.36

-0.02

-0.36

-0.43 - -0.23
-0.21 - -0.07
0.37 - 0.57
-0.47 — -0.24
-0.14 - 0.11
-0.46 — -0.26

-0.11

-0.23

0.57

-0.15

-0.09

-0.08

-0.21--0.01
-0.33--0.13
0.47 -0.67
-0.27 - -0.03
-0.22 -0.04
-0.18 -0.01

#Model format describes the parameter structure associated with a series of parameter estimates

(B). Models that account for environmental variability associated with pre-fledging chick

survival are denoted with Survivalcnie. Line and Line? represent models that considered a linear

and quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any

power line (columns 5-6). Subscripts following week denote covariates were assigned only to the

specified weeks of the broods life.

P Parameter denotes the format of a given parameter estimate. Survival i represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.
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1865  Table 18. Performance of all nest survival models used to assess the influence of power lines on

1866  female greater sage-grouse survival in Eureka County, NV, from 2003-2012.

Model® AAIC;  AIC.w; No. Par Dev.
Survivalsemae 0.00 0.27 2 1540.89
Survivalsemaie + AllLines 1.12 0.16 3 1540.01
Survivalgemale + FGLINE 1.73 0.12 3 1540.61
Survivalsemale +AllLines” 1.76 0.12 4 1538.63
Survivalemaie + FGLINE? 1.95 0.11 4 1538.83
Survivalemaie * FGLINE? 2.74 0.07 5) 1537.61
Survivalemaie *AllLines 3.01 0.06 4 1539.89
Survivalgemae* AllLines® 3.44 0.05 5 1538.31
Survivalgemale* FGLINE 3.59 0.04 4 1540.46
AllLines® 46.29 0.00 3 1585.17
FGLINE? 46.43 0.00 3 1585.31
NULL 47.51 0.00 1 1590.40
AllLines 47.72 0.00 2 1588.60
FGLINE 48.26 0.00 2 1589.15

1867  ® Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines is a
1868  monthly time-varying covariate which represents the average distance a female sage-grouse was
1869 located from the Falcon-Gondor or any transmission line, respectively, in a given

1870  month. ?denotes a quadratic relationship. Survivalsemaie represents the reference value covariate
1871  developed from the environmental characteristics that were supported to influence female

1872  survival (average monthly elevation (-); age (-); nest success in given year (-); brood success (-);
1873  seasonal differences: spring (-), summer (+), fall (-); covariate model modified from Blomberg et

1874  al. 2013). Italicized model is the basic reference value model; bold model is the null model.

1875

100



1876

1877

1878

1879

Table 19. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines on adult female greater sage-grouse survival in Eureka

County, NV, from 2003-2012. Bold values indicate that the 85% confidence intervals associated

with a parameter estimate did not overlap zero.

Model Format Parameter | B: FG 85% C.1I. B: All 85% C.1I.
Line Line
Survivalfemale Survivaltemale 0.59 047-0.71 0.59 047-0.71
Survivalfemae + Line Distance 0.06 -0.11-0.23 0.11 -0.06 - 0.28
Survivalgmae + Line +  Distance
Line? 0.14 -0.04 -0.32 0.18 0.00 -0.36
Distance * -0.10 -0.21-0.01 -0.11 -0.24 -0.02
Line * Survivaltemale Distance 0.09 -0.11-0.29 0.09 -0.10-0.28
Survivaltemale 0.04 -0.12-0.2 -0.04 -0.20-0.12
Distance *
Survivaltemale 0.58 0.46 -0.7 0.58 0.46-0.70
(Line + Line?)* Distance
Survivaltemale 0.15 -0.03-0.33 0.19 0.01-0.37
Distance * -0.07 -0.20-0.06 -0.09 -0.24 - 0.06
Distance *
Distance *
Survivaltemale 0.08 -0.03-0.19 0.04 -0.07-0.15
Survivaltemale 0.51 0.37-0.65 0.54 0.41-0.67
Line Distance 0.14 -0.04-0.31 0.16 -0.02-0.34
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1880

1881

1882

1883

1884

1885

1886

1887

1888

1889

1890

1891

1892

1893

1894

1895

1896

1897

Line + Line? Distance 0.24 0.07 — 0.42 0.27 0.09-0.45

Distance 2 -0.15 -0.25 - -0.05 -0.17 -0.30 — -0.04

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with annual female survival are
denoted with Survivaliemae. Line and Line? represent models that considered a linear and
quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any power

line (columns 5-6).

P Parameter denotes the format of a given parameter estimate. Survivaliemare represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.
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1898  Table 20. Performance of all multistate robust design models used to assess the influence of
1899  transmission lines on male greater sage-grouse survival (p) and among-lek movement rates ()

1900 in Eureka County, NV, from 2003-2012.

Model? AAIC. AIC.w; No.Par Dev.
o(Survivalpaie)y(.) 0.00 0.21 27 4406.53
@(Survival ae)w(AllLines?) 0.06 0.21 29 4402.43
@(Survivalpae )y (FGLINE) 0.50 0.17 28 4404.95
@(Survivalpae )y(AllLines) 1.24 0.11 28 4405.69
@(Survival pae+ FGLINE)y(.) 1.85 0.08 28 4406.30
@(Survival paie +AlILine)y(.) 2.07 0.08 28 4406.52
@(Survivalmaie)y(FGLINE?) 2.26 0.07 29 4404.62
o(Survivalmae+tFGHw(.) 3.28 0.04 29 4405.64
p(Survivalpae+AllLines®)y(.) 4.14 0.03 29 4406.51
(FGLINE)y(.) 11.29 0.00 27 4417.82
o(OW() 12.31 0.00 26 4420.92
(FGLINE?)y() 12.67 0.00 28 4417.12
@(AllLine)y(.) 12.79 0.00 27 4419.32
@(AlILines*)y(.) 14.87 0.00 28 4419.32

1901  * Model selection notation follows Burnham and Anderson (2002). All models allowed detection
1902  tovary by year (i.e., primary occasion; no. par = 10), month (i.e., secondary occasion; no. par =
1903  2), and lek of capture (no. par. = 12). FGLINE and AllLines is a represents the distance from the
1904  lek a male was associated with to Falcon-Gondor or any transmission line, respectively. 2 denotes
1905  aquadratic relationship. ¢ represents annual apparent survival. y represents the annual

1906  probability of a male moving to a new breeding lek among years. (.) denotes constancy, or

1907 intercept-only. Italicized model is the basic reference value model; bold model is the null model.

1908
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1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

Table 21. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines on male greater sage-grouse survival (¢) and among-lek

movement rates (y) in Eureka County, NV, from 2003-2012. Bold values indicate that the 85%

confidence intervals associated with a parameter estimate did not overlap zero.

Model Format Parameter | B: FG 85% C.1I. B: All 85% C.1I.
Line Line
o Survival nae Survival maie 0.41 0.25-0.57 0.41 0.25-0.57
o Survivalnge + Line Distance -0.06 -0.24-0.12 -0.01 -0.16-0.14
o Survivalge + Line + Distance
0.04 -0.21-0.29 0.02 -0.30-0.34
Line?
Distance -0.09 -0.25-0.07 -0.01 -0.17-0.15
o Line Distance -0.20 -0.35--0.04 -0.13 -0.27-0.02
¢ Line + Line? Distance -0.09 -0.32-0.15 -0.13 -0.43-0.17
Distance -0.09 -0.23-0.06 0.00 -0.15-0.15
w Line Distance -0.45 -1.00-0.10 -0.31 -0.84 -0.22
w Line + Line®? Distance -0.33 -1.00-0.34 -1.01 -1.68 - -0.34
Distance -0.21 -0.78 - 0.36 0.53 0.13-0.93

#Model format describes the parameter structure associated with a series of parameter estimates

(B)- Models that account for environmental variability associated with male survival () are

denoted with Survivalyae. We could not account for environmental variability associated with

male lek movement rates (). Line and Line? represent models that considered a linear and

quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any power

line (columns 5-6).
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1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

P parameter denotes the format of a given parameter estimate. Survival e represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.
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1937

1938

1939

Table 22. Performance of all robust design Pradel models used to assess the influence of power

lines and common ravens demographic structure on lek-specific population growth rates of male

greater sage-grouse in Eureka County, NV, 2003-2012.

Model® AAIC.  AIC.w; No.Par Dev.
PopGrowth +AllLines * RavenAbundance® 0.00 0.35 36 6395.95
PopGrowth +AllLines + RavenAbundance? 0.04 0.34 35 6398.14
PopGrowth +AllLines” + RavenAbundance 1.89 0.14 36 6397.84
PopGrowth + FGLINE * RavenAbundance’ 3.27 0.07 36 6399.22
PopGrowth + FGLINE + RavenAbundance? 3.92 0.05 35 6402.02
PopGrowth + FGLINE? + RavenAbundance’ 4.57 0.04 36 6400.53
PopGrowth + RavenAbundance® 6.49 0.01 34 6406.73
PopGrowth + RavenOccupancy® 16.55 0.00 34 6416.79
PopGrowth + AllLines 18.65 0.00 33 6421.02
PopGrowth + AllLine + RavenAbundance 20.71 0.00 34 6420.94
PopGrowth + AllLines® 20.77 0.00 34 6421.01
PopGrowth + FGLINE * RavenAbundance 21.08 0.00 35 6419.18
PopGrowth + FGLINE 22.74 0.00 33 6425.11
PopGrowth 23.27 0.00 32 6427.77
PopGrowth + RavenOccupancy 23.66 0.00 33 6426.04
PopGrowth + FGLINE + RavenAbundance 24.72 0.00 34 6424.96
PopGrowth + FGLINE? 24.87 0.00 34 6425.10
PopGrowth + RavenAbundance 25.19 0.00 33 6427.57
FGLINE® 118.95 0.00 33 6521.33
FGLINE 119.13 0.00 32 6523.64
NULL 121.90 0.00 31 6528.54
AllLines 122.61 0.00 32 6527.12
AllLines 123.12 0.00 33 6525.50
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1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

% Model selection notation follows Burnham and Anderson (2002). Apparent survival was
allowed to vary by year (no. par = 10). Detection was allowed to vary by year (i.e., primary
occasion, no. par = 10) and lek (no. par = 10). PopGrowth represents the reference value
covariate developed from the environmental characteristics which were supported to influence
lek-specific population growth rates (lek elevation (+); annual precipitation (+); covariate model
modified from Blomberg et al. 2012°). FGLINE and AllLines represents a leks distance from the
Falcon-Gondor or any transmission line during a given spring, respectively. RavenOccupancy
represents the annual average relative probability of a Common raven disturbing each lek.
RavenAbundance represents the annual estimated Common raven population abundance
associated with the survey transect along the Falcon-Gondor transmission line nearest to the
lek. 2 denotes a quadratic relationship. Models with interactions consider both the linear and
interaction terms. Italicized model is the basic reference value model; bold model is the null

model.

® Models considered two additional years of data and more complex model design. See

supplemental material for model results.
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1961

1962

1963

1964

Table 23. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines and common raven demographic structure on greater sage-

grouse population growth in Eureka County, NV, from 2003-2012. Bold values indicate that the

85% confidence intervals associated with a parameter estimate did not overlap zero.

Model Format Parameter-Type | B: FG Line 85% C.1I. B: All Line 85% C.1I.
PopGrowth PopGrowth 0.42 0.35-0.48 0.42 0.35-0.48
PopGrowth + Line Distance 0.02 0.00 - 0.04 0.04 0.02 - 0.06
PopGrowth + Line + Distance
Line? 0.02 -0.01-0.05 0.03 0.01-0.06
Distance 0.00 -0.02 -0.02 0.00 -0.02 -0.02
Line Distance -0.03 -0.04 --0.01 -0.02 -0.03-0.00
Line + Line? Distance 0.00 -0.03-0.03 0.00 -0.02 -0.03
Distance -0.02 -0.03-0.00 -0.02 -0.03 -0.00
Model Format Parameter-Type B: Raven 85% C.1I. B: Raven 85% C.1I.
Abundance Disturbance
PopGrowth + Raven Raven 0.02 -0.04 - 0.07 0.02 0.00 -0.04
PopGrowth + Raven Raven
+ Raven’ -0.14 -0.21--0.07 -0.03 -0.06 - 0.00
Raven’ 0.18 0.12-0.24 -0.05 -0.08 - -0.03
Model Parameter B: FG Line 85% C.I. p: All Line 85% C.I.
PopGrowth + Distance -0.01 -0.04 -0.03 0.00 -0.04 -0.04
FGLINE * RavenAbundance -0.15 -0.22 --0.08 -0.15 -0.22 --0.08
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1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

RavenAbundance’  RavenAbundance? 0.19 0.13-0.25 0.18 0.11-0.24

Distance 0.04 0.01-0.08 0.04 0.01-0.08

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with population growth are
denoted with PopGrowth. Line and Line? represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line
(columns 5-6). Raven and Raven? represent models that considered a linear or quadratic effect,
respectively, of annual common raven abundance (columns 3-4) or the relative probability of a

common raven disturbing the breeding lek nearest to an individual female (columns 5-6).

P Parameter denotes the format of a given parameter estimate. Survival i represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.

Table 24. Performance of all robust design Pradel models used to assess the influence of power
lines and common ravens demographic structure on lek-specific per capita recruitment rates of

greater sage-grouse in Eureka County, NV, from 2003-2012.
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1984

1985

1986

1987

Model? AAIC, AIC, w; No. Par Dev.
Recruit + AllLines” + RavenAbundance’ 0.00 0.40 36 6431.35
Recruit + AllLines + RavenAbundance® 0.23 0.36 35 6433.73
Recruit + AllLines * RavenAbundance® 1.23 0.22 36 6432.58
Recruit + RavenAbundance” 7.38 0.01 34 6443.02
Recruit + FGLINE + RavenAbundance® 8.35 0.01 35 6441.85
Recruit + FGLINE * RavenAbundance® 9.12 0.01 36 6440.47
Recruit + FGLINE*+ RavenAbundance® 10.10 0.00 36 6441.45
Recruit + RavenOccupancy” 10.43 0.00 34 6446.08
Recruit + AllLines’ 10.52 0.00 34 6446.17
Recruit + AllLines 11.68 0.00 33 6449.46
Recruit + AllLines+ RavenAbundance 12.95 0.00 34 6448.59
Recruit 16.88 0.00 32 6456.79
Recruit + RavenAbundance 18.38 0.00 33 6456.16
Recruit + FGLINE 18.43 0.00 33 6456.21
Recruit + RavenOccupancy 18.55 0.00 33 6456.33
Recruit + FGLINE * RavenAbundance 18.71 0.00 35 6452.21
Recruit + FGLINE? 19.17 0.00 34 6454.81
Recruit + FGLINE + RavenAbundance 19.87 0.00 34 6455.51
FGLINE® 60.19 0.00 33 6497.97
FGLINE 60.59 0.00 32 6500.50
NULL 61.75 0.00 31 6503.79
AllLines 62.98 0.00 32 6502.89
AllLines’ 63.62 0.00 33 6501.40

# Model selection notation follows Burnham and Anderson (2002). Apparent survival was

allowed to vary by year (no. par = 10). Detection was allowed to vary by year (i.e., primary

occasion, no. par = 10) and lek (no. par = 10). Recruit represents a covariate developed from the
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1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

environmental characteristics which were supported to influence lek-specific population growth
rates (lek elevation (+); annual precipitation (+); total vegetation cover (+); habitat converted to
exotic grassland (+);annual precipitation * habitat converted to exotic grassland; covariate
model modified from Blomberg et al. 2012"). FGLINE and AllLines represents a leks distance
from the Falcon-Gondor or any transmission line during a given spring, respectively.
RavenOccupancy represents the annual average relative probability of a Common raven
disturbing each lek. RavenAbundance represents the annual estimated Common raven population
abundance associated with the survey transect along the Falcon-Gondor transmission line nearest
to the lek. % denotes a quadratic relationship. Models with interactions consider both the linear
and interaction terms. Italicized model is the basic reference value model; bold model is the null

model.

® Models considered two additional years of data and more complex model design. See

supplemental material for model results.

Table 25. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines and common raven demographic structure on greater sage-
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2008

2009

grouse per capita recruitment in Eureka County, NV, from 2003-2012. Bold values indicate that

the 85% confidence intervals associated with a parameter estimate did not overlap zero.

Model Format Parameter-Type | B: FG Line 85% C.1I. B: All Line 85% C.1I.
Recruit Recruit 0.45 0.36 - 0.54 0.45 0.36 - 0.54
Recruit + Line Distance 0.04 -0.01-0.08 0.11 0.06 - 0.17
Recruit + Line + Distance
Line? 0.06 -0.01-0.13 0.17 0.09-0.26
Distance -0.02 -0.06 - 0.02 -0.05 -0.09 -0.00
Line Distance -0.05 -0.10--0.01 -0.03 -0.07 - 0.02
Line + Line? Distance 0.01 -0.05-0.08 0.01 -0.06 - 0.08
Distance -0.04 -0.08 - 0.01 -0.04 -0.08 - 0.00
Model Format Parameter-Type B: Raven 85% C.1I. B: Raven 85% C.1I.
Abundance Disturbance
Recruit + Raven Raven 0.07 -0.06 - 0.20 0.02 -0.02 - 0.06
Recruit + Raven + Raven
Raven’ -0.25 -0.45 - -0.06 -0.12 -0.20 - -0.04
Raven’ 0.29 0.17 - 0.40 -0.14 -0.21--0.08
Model Format Parameter B: FG Line 85% C.I. B: All Line 85% C.I.
Recruit + Line * Distance -0.01 -0.09 - 0.06 0.06 -0.02-0.15
RavenAbundance?  RavenAbundance -0.28 -0.47 - -0.09 -0.29 -0.49--0.10
RavenAbundance® 0.28 0.16 - 0.40 0.29 0.17-0.41
Distance 0.04 -0.01-0.08 0.04 -0.01-0.09
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2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

#Model format describes the parameter structure associated with a series of parameter estimates
(B)- Models that account for environmental variability associated with population growth are
denoted with PopGrowth. Line and Line? represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line
(columns 5-6). Raven and Raven? represent models that considered a linear or quadratic effect,
respectively, of annual common raven abundance (columns 3-4) or the relative probability of a

common raven disturbing the breeding lek nearest to an individual female (columns 5-6).

P Parameter denotes the format of a given parameter estimate. Recruit represents reference value;

Distance represents distance from a power line; ® denotes a quadratic relationship.

Figure Headings
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2029

2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

2041

2042

2043

2044

2045

2046

2047

2048

2049

2050

Figure 1: Reconstructed analysis from data previously reported in Hall and Haney 1997, which
originally suggested leks closer to transmission lines had lower male attendance and decreased
population growth. These analyses, like many others, failed to account for latent environmental

variability (e.g., elevation) correlated with transmission line placement.

Figure 2: Map of the Falcon-Gondor transmission line (gray line), all other power lines (black
hatched line), and state highways (black line) occurring within the study system located
primarily in Eureka County, NV, USA (see inset). Sage-grouse were primarily associated with

one of 13 study leks (black circles).

Figure 3. Representative images of towers within the Falcon-Gondor transmission line corridor
depicting the (A) 2-pole H-frame tower and (B; foremost) 3-pole guyed angle-transposition
tower design. The completed Falcon-Gondor transmission line was approximately 299km long
and consisted of 734 towers that varied in height (23-40m), and design (2-3 pole) depending on

topography and projection.

Figure 4: Regression of elevation and distance from any power line within Eureka County, NV,
USA. Black circles represent 2000 locations randomly generated within the study system

delineated in Fig. 2. Error bands represent 95% confidence intervals.

Figure 5: A) Maximum spring common raven abundance (solid black line) associated with the
surveyed portion of the Falcon-Gondor transmission line in Eureka County, Nevada from 2003-
2012. Construction for the Falcon-Gondor transmission line began in the fall of 2003 and was
completed in spring of 2004 (gray line). Regression line (dotted line) suggests an average
increase in common raven abundance of 22.7 individuals per year. Error lines (dashed black

lines) represent 95% credible intervals. B) The relative probability of a raven disturbance during
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2051  all lek observations in a given year regressed against annual maximum spring common raven
2052  abundance (solid line). Bi-lateral error bars around point estimates represent 95% credible

2053 intervals, error lines on regression (dashed lines) represents 95% confidence intervals.

2054  Figure 6: The relative probability of a raven disturbance during all lek observations at a given
2055 lek regressed against a study lek’s distance from the Falcon-Gondor transmission line (gray
2056  circles, solid gray line) or the study lek’s distance from the nearest power line (black circles,

2057  dashed black line). Error bars around point estimates represent 95% credible intervals.

2058  Figure 7: The influence of the average distance a female greater sage-grouse was from the

2059  Falcon-Gondor transmission line during the breeding season (A); maximum spring common
2060  raven abundance (B); and the relative probability of common raven observation at the lek nearest
2061 toafemale (C) and nesting (solid gray line) and re-nesting propensities (solid black line) in

2062  Eureka County, Nevada from 2003-2012. Error lines (dashed lines) represent 95% confidence

2063  intervals.

2064  Figure 8: The influence of the distance from the Falcon-Gondor (solid gray line) or any power
2065 line (solid black line) and the relative probability of selection as a nesting site at the (A)

2066  landscape scale or (B) local scale in Eureka County, Nevada from 2003-2012. Box plots

2067  represent the distribution of distances (solid: nests; diagonal lines: available) from the Falcon-

2068  Gondor transmission line (gray) or any power line (white). Error lines (dashed lines) represent

2069  95% confidence intervals.

2070  Figure 9: Year-specific beta parameter estimates assessing the influence of distance from the
2071  Falcon-Gondor transmission line on nest site selection (filled circles; regression line: dashed

2072 line) and nest survival (open circles; regression line: solid line) regressed against the estimated
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2073

2074

2075

2076

2077

2078

2079

2080

2081

2082

2083

2084

2085

2086

2087

2088

2089

2090

2091

2092

2093

2094

maximum number of common raven associated with the surveyed portion of the Falcon-Gondor
transmission line in Eureka County, Nevada from 2004-2012. Bi-lateral error bars represent

standard errors.

Figure 10: The relationship between the distance of a sage-grouse nest from the Falcon-Gondor
(solid gray line) and any power line (solid black line) on its overall nest survival (to 37 days) in
Eureka County, Nevada from 2004-2012. Box plot represent the distribution of nest distances
from the Falcon-Gondor transmission line (gray) or any power line (white). Error lines (dashed

lines) represent 95% confidence intervals.

Figure 11: The relationships between use of an area as brood rearing habitat at the landscape
scale and its distance from Falcon-Gondor (dashed line, light gray band) and any power line
(solid line, dark gray band) across a six week brood rearing period. Avoidance of habitat during
the brood rearing period near the Falcon-Gondor was less supported than avoidance of habitat
near any power line in Eureka County, Nevada from 2005-2012. Panels represent a shift in the
magnitude habitat avoidance, which weakened throughout the brood rearing period as sage-

grouse chicks aged. Error bands represent 95% confidence intervals.

Figure 12: The relationships between use of an area as brood rearing habitat at the local scale
and its distance from Falcon-Gondor (dashed line, light gray band) and any power line (solid
line, dark gray band) during the (A) early and (B) late brood rearing periods. Panels represent a
shift from avoidance of habitat associated with power lines to no selective pressure as sage-

grouse chicks aged. Error bands represent 95% confidence intervals.

Figure 13: Influence of an interaction between maximum raven abundance (dashed = low N,

solid = average N, short dashed = high N) and a brood’s distance from the Falcon-Gondor
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2095

2096

2097

2098

2099

2100
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2105

2106

2107

2108

2109

2110

2111

2112

2113

2114

2115

transmission line on weekly estimates of apparent pre-fledging chick survival during the first two

weeks after hatch. Estimates of raven population size represent a standard deviation below and
above the average maximum number of ravens in a given year. Box plots represent the
distribution of brood distances from the Falcon-Gondor transmission line the first (gray) and

second (white) weeks.

Figure 14: The influence of a female greater sage-grouse’s average monthly distance from the
Falcon-Gondor (solid gray line) and any power line (solid black line) on true annual female

survival. Error lines (dashed) represent 95% confidence intervals.

Figure 15: The influence of a lek’s distance from the Falcon-Gondor (solid gray line) and any
power line (solid black line) and the apparent annual survival of a male greater sage-grouse

associated with that lek. Error lines (dashed) represent 95% confidence intervals.

Figure 16: The influence of a lek’s distance from any power line (solid black line) and the
annual probability of a male Greater sage-grouse associated with that lek moving to a new lek.
Error lines (dashed) represent 95% confidence intervals. Black circles represent the distances

from each study lek to the nearest power line.

Figure 17: The influence of a lek’s distance from the Falcon-Gondor transmission (A) on lek-
specific per capita recruitment (f) and population growth (L) under three levels of estimated
numbers of Common ravens per survey transect associated with the Falcon-Gondor transmission
line. These estimates represent a standard deviation below (column 1), above (column 3), and
average (column 2) number of common ravens per transect. Also, the influence of relative

probability of a common raven disturbing a greater sage-grouse lek on lek-specific population
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2128

2129

2130

2131

2132

2133
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growth (1) (B) and per capita recruitment (f) in in Eureka County, Nevada from 2003-2012. Error

bands represent 95% confidence intervals.

Figure 18: Beta parameter estimates for models that did not account for environmental variation
(gray circles) and models that accounted for environmental variation (black circles) for each
analysis that assessed the linear effects of the distance from (column 1) any power line and
(column 2) distance from the Falcon-Gondor transmission line. Error bars represent 85%

confidence intervals.

Figure 19: Beta parameter estimates for models that did not account for environmental variation
(gray circles) and models that accounted for environmental variation (black circles) for each
analysis that assessed the non-linear effects (column 1: linear component; column 2: quadratic
component) of the distance from (A) the Falcon-Gondor transmission line and (B) distance from

any power line. Error bars represent 85% confidence intervals.

Figure 20: Predicted daily survival of a nest (filled circles) based on the surrounding habitat
characteristics in the absence of a modeled power line effect (Gibson et al. in review) regressed
against distance from (A) any power line and (B) Falcon-Gondor transmission line. Shaded gray

ribbon represents 95% confidence intervals around regression parameter.
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2505 SUPPLEMENTAL MATERIAL

2506  Table S1. List of all covariates considered to account for background environmental variation in
2507 an individual vital rate. Variables in italics were supported to influence a particular demographic

2508  rate of Greater sage-grouse in Eureka County, NV, USA from 2003-2012.

P
‘D
c
(b}
o
o —
= s
2 e
= S > S =
o s = % S 2 S
: S 3 S - S E
) 5] 2 = 3 c <)
= 3} — feh) o > =
g=] 2 S n o> 2 w = O
S n = © £ < 2 5 =
—~ g S = > £ < £ S
i 2 7 7 S 5 = = 5 3
Variable 7 $ f S @ = = ] =)
2 p 2 2] a < < @ a
Percent non-sagebrush
shrub cover X X X X X X
Percent forb cover X X X X X X
Percent total shrub
cover X X X X X X
Average shrub height X X X X X X
Total percent
vegetation cover X X X X X X
Percent grass cover X X X X X X
Percent sagebrush
shrub cover X X X X X X
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Forb taxa richness X X X
Average live grass

height X X X
Average residual grass

height X X X
Average forb height X X X
Proportion of

surrounding area

classified as exotic

grasslands X X X
Distance from nearest

road X X X
Proportion of

surrounding area

classified as Pinyon-

Juniper woodlands X X X
Proportion of

surrounding area

classified as sagebrush X X X
Elevation X X X
Distance to nearest

active lek X X X

Distance to nearest X X X
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2509

2510

2511

2512

2513

spring or water source
Slope

Northness :
cosine(aspect)
Eastness: sine(aspect)
Minimum age
Estimated male
population size
Precipitation

Summer temperature
Nest hatch date
Nesting success
Fledging success

Nest quality

Distance brood moved

Population
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2514  Table S2. Performance of all nest survival models used to assess the influence of habitat features
2515  selected for as nest sites on Greater sage-grouse nest survival in Eureka County, NV, 2004-2012.
2516  Tables are organized by individual heterogeneity (A), disturbance (B), landscape-scale habitat
2517  features (C), temporal characteristics (D), local-scale vegetation features (E), and multivariable

2518  models (F).

Individual Heterogeneity Models® AAIC. AIC.w; No.Par Dev.
Base + Pop 0.00 0.84 5 1268.21
Base 6.19 0.04 4 1276.40
Base + ID? 6.71 0.03 6 1272.91
Base + Season 6.88 0.03 5 1275.08
Base + Age Class 7.46 0.02 5 1275.67
Base + MinAge 8.09 0.01 5) 1276.30
Base + ID 8.11 0.01 5) 1276.32
Base + NestAttempt 8.18 0.01 5 1276.39

Disturbance Models” AAIC; AIC.w; No.Par Dev.
Base + WF 2000 0.00 0.31 5) 1274.06
Base 0.33 0.26 4 1276.40
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Base + WF 100 1.26 0.17 5 1275.32
Base + WFsqo 1.68 0.14 5) 1275.75
Base + DRoad 2.01 0.12 5) 1276.07
Geo-Spatial Models* AAIC. AIC.w; No.Par Dev.
Base + PJ2o00 0.00 0.71 5 1265.60
Base + Elev 4.20 0.09 5) 1269.80
Base + PJ1go0 4.22 0.09 5 1269.81
Base + Dlek 5.62 0.04 5 1271.21
Base + DLek? 7.51 0.02 6 1271.11
Base + Allg00 8.11 0.01 5 1273.71
Base + PJsgo 8.13 0.01 5 1273.72
Base 8.80 0.01 4 1276.40
Base + DSpring 8.82 0.01 5 1274.42
Base + North 8.83 0.01 5 1274.43
Base + Slope 8.96 0.01 5 1274.56
Base + Sagebrushgoo 9.76 0.01 5 1275.36
Base + Sagebrushsgg 10.56 0.00 5 1276.16
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Base +East 10.61 0.00 5 1276.20
Base + DSpring® 10.82 0.00 6 1274.42
Base + North * East 11.78 0.00 7 1273.37
Temporal Models® AAIC. AIC.w; No.Par Dev.
Stage + Incubation Trend (Base) 0.00 0.23 4 1276.40
@) 0.64 0.17 1 1283.04
Stage 0.64 0.16 3 1279.05
Snowpack 1.54 0.11 2 1281.95
Raven Index 2.02 0.08 2 1282.42
Weekly Trend 2.50 0.07 2 1282.90
Daily Trend 2.60 0.06 2 1283.00
Precipitation 2.60 0.06 2 1283.00
Week Quadratic Trend 4.50 0.02 3 1282.90
Day Quadratic Trend 4.56 0.02 3 1282.96
Week 5.65 0.01 6 1278.04
Year + Stage + Incubation Trend 9.18 0.00 12 1269.53
Year 10.24 0.00 9 1276.61
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Local Vegetation Models® AAIC. AIC.w; No.Par Dev.
Base + NSCs 0.00 0.79 5) 1264.68
Base + FCs 4.88 0.07 5) 1269.56
Base + TCos 6.54 0.03 5 1271.22
Base + TSCs 6.64 0.03 5 1271.32
Base + SH5 6.95 0.02 5) 1271.63
Base + TCs 8.39 0.01 5 1273.07
Base + FH5 8.67 0.01 5 1273.34
Base + SHo 5 9.53 0.01 5) 1274.21
Base 9.72 0.01 4 1276.40
Base + GHgs 10.87 0.00 5 1275.55
Base + GHs 11.24 0.00 5) 1275.92
Base + GCs 11.32 0.00 5 1276.00
Base + SCs 11.57 0.00 5 1276.24
Base + FRichs 11.71 0.00 5) 1276.39
Base + RGHs 11.72 0.00 5 1276.39
Base + FHg 5 11.72 0.00 5 1276.40
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2519

Multivariable Model’ AAIC.  AIC.w; Dev.
Base + NSCs + FCs + Pop 0.00 0.29 1253.92
Base + NSCs + FCs + Pop + PJagoo 0.56 0.22 1252.47
Base + NSCs + FCs + PJaooo 1.29 0.15 1255.20
Base + NSCs + FCs 3.29 0.06 1259.21
Base + NSCs + FCs + SHs 3.96 0.04 1257.88
Base + NSCs + PJaooo 4.19 0.04 1260.12
Base + NSCs + FCs + Dlek 4.29 0.03 1258.21
Base + NSCs + FCs + Elev 4.88 0.03 1258.80
Base + NSCs + FCs5 + TCos 4.93 0.02 1258.85
Base + NSCs + Pop 5.13 0.02 1261.05
Base + NSCs + TCy5s 6.50 0.01 1262.42
Base + NSCs + Dlek 6.50 0.01 1262.42
Base + NSCs + SHs 6.58 0.01 1262.50
Base + NSCs + Elev 6.63 0.01 1262.56
Base + NSCs 6.75 0.01 1264.68
Base + NSCs + DSpring 7.05 0.01 1262.97
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Base + NSCs + TCs

Base + NSCs + WF5q00

Base + PJogog

Base + NSCs; + TSC

Base + NSCs + SHy5

Base + NSCs + FHg5

Base + Pop

Base + FCs

Base + Elev

Base + Dlek

Base + TCqs

Base + TSCs

Base + SH5

Base + TCs

Base + WF 000

Base + SHg 5

Base + DSpring

Base + FHg 5

7.13

7.66

7.67

8.08

8.46

8.72

10.28

11.63

11.87

13.28

13.29

13.39

13.70

15.14

16.13

16.28

16.49

18.47

0.01

0.01

0.01

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1263.05

1263.59

1265.60

1264.00

1264.38

1264.65

1268.21

1269.56

1269.80

1271.21

1271.22

1271.32

1271.63

1273.07

1274.06

1274.21

1274.42

1276.40
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2520

2521

2522

2523

2524

2525

2526

2527

2528

2529

2530

2531

2532

2533

2534

2535

2536

2537

2538

2539

2540

2541

2542

abeder Model selection notation follows Burnham and Anderson (2002). Base represents a
competitive four parameter design to account for variation in nest survival related to nest age; we
allowed the laying period for the average nest (occasions 1-10), early incubation/late laying
period (occasions 11-15), and the primary incubation period (occasions 16-44) to estimate
independently from each other, with the linear trend (daily) on the primary incubation period.
Subscripts denote the scale of the variable (i.e., within 0.5m, 5m or within a radius of 500m,
1000m, or 2000m of a point). Horizontal cover variables included non-sagebrush shrub cover of
all size classes (NSC), sagebrush shrub cover at all size classes (SC), total shrub cover (TSC),
forb cover (FC), grass cover (GC), and total vegetation cover (TC). Vertical cover variables
included average shrub height (SH), average forb height (FH), average live grass height (GH),
and average residual grass height (RGH). FRich represented forb taxa richness within a given
plot. DLek, DRoad, and DSpring represent distance (in m) from nearest active lek, nearest road,
and nearest spring or water source, respectively. Sagebrush represent the proportion of habitat
classified as sagebrush at a specified scale; WF represented the proportion of habitat converted to
exotic grasslands due to wildfire at a specified scale; PJ represented the proportion of habitat
classified as pinyon-juniper woodlands at a specified scale. Elev represented the elevation (in m)
of a point; Slope represented the slope (in degrees) of a point. North is the cosine of aspect, East
is the sin of aspect. Pop was a binomial covariate delineating nests from females associated from
the Cortez Mountains from females associated with Roberts Creek Mountain. AgeClass was a
binomial covariate which delineated second year females from after second year females,
MinAge was a continuous covariate which represented the females minimum age. Season was a
binomial covariate which delineated females captured in the spring from females captured in the

fall. ID represented estimate nest initiation date. (.) denotes intercept-only model. Year denotes
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2543

2544

2545

2546

2547

2548

2549

2550

2551

2552

2553

2554

2555

2556

2557

2558

2559

2560

full annual variation. We also considered annual constraints related to annual precipitation
(precipitation), raven population size (raven index), and winter snowpack (snowpack). Week
allowed for variation among 7 day fixed periods. Stage allowed for the laying, early incubation,
and primary incubation phases to estimate separately. Linear and quadratic daily and weekly

trends are clearly denoted. All covariates were z-standardized prior to analysis
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2561  Table S3. Model parameter estimates, associated error, and measure of significance from single

2562  variable nest survival (Nest Survival) models.

Variable B S.E. Sig.? units
NSCs 0.29 0.09 * Prop. cover
FCs 0.21 0.09 * Prop. cover
TCos 0.15 0.06 * Prop. cover
TSCs 0.16 0.07 * Prop. cover
SHs 0.15 0.07 * cm
TPCs 0.12 0.07 * Prop. cover
FHos 0.12 0.07 * cm
SHos 0.11 0.08 * cm
G0.5 0.07 0.07 cm
GCs -0.05 0.07 Prop. cover
SCs -0.03 0.07 Prop. cover
FRichs 0.01 0.07 taxa
GHs 0.05 0.07 cm
RGHs -0.01 0.07 cm
FHs 0.00 0.07 cm
WF 2000 -0.11 0.07 * Prop. classified
WF 1000 -0.07 0.07 Prop. classified
WFs00 -0.06 0.07 Prop. classified
Road 0.04 0.07 m
PJ2000 0.25 0.08 * Prop. classified

154



2563

2564

2565

2566

2567

2568

2569

2570

2571

2572

2573

2574

PJ1000 0.20 0.08 * Prop. classified

PJsoo 0.12 0.08 * Prop. classified
Sagezoo0 -0.13 0.08 * Prop. classified
Sageiooo -0.08 0.08 Prop. classified
Sagesoo -0.04 0.08 Prop. classified

Elev 0.18 0.07 * m

Dlek 0.17 0.08 * m
DSpring 0.10 0.07 * m

Slope 0.10 0.07 °

Northness -0.10 0.07 * °
Eastness 0.03 0.07 °

(*) denotes significance at 85 percent confidence intervals (Arnold 2010) in single variable
models. Subscripts denote the scale of the variable (i.e., within 0.5m, 5m, or within a radius of
500m, 1000m, or 2000m of a point). Horizontal cover variables included non-sagebrush shrub
cover of all size classes (NSC), sagebrush shrub cover at all size classes (SC), total shrub cover
(TSC), forb cover (FC), grass cover (GC), and total vegetation cover (TC). Vertical cover
variables included average shrub height (SH), average forb height (FH), average live grass height
(GH), and average residual grass height (RGH). FRich represented forb taxa richness within a
given plot. DLek, DRoad, and DSpring represent distance (in m) from nearest active lek, nearest
road, and nearest spring or water source, respectively. Sagebrush represent the proportion of
habitat classified as sagebrush at a specified scale; WF represented the proportion of habitat
converted to exotic grasslands due to wildfire at a specified scale; PJ represented the proportion

of habitat classified as pinyon-juniper woodlands at a specified scale. Elev represented the
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2575  elevation (in m) of a point; Slope represented the slope (in degrees) of a point. North is the

2576  cosine of aspect, East is the sin of aspect.
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2577  Table S3. Performance of all resource selection function generalized linear mixed models used to
2578  assess the influence of landscape-scale vegetation habitat features on Greater sage-grouse brood

2579  site selection in Eureka County, NV, 2005-2012.

Model® AAIC, AIC. w; No. Par Dev.

Elevation + Slope 0.00 0.37 5 2063.75
Elevation * Slope 0.21 0.34 6 2061.96
Elevation® + Slope 0.50 0.29 6 2062.25
Elevation® 21.00 0.00 5 2084.75
Elevation 21.99 0.00 4 2087.74
All Sagebrushsgg 73.83 0.00 4 2139.58
All Sagebrushiggo 75.42 0.00 4 2141.17
Pinyon-Junipersg 78.89 0.00 4 2144.64
All Sagebrush;goo 88.29 0.00 4 2154.04
Pinyon-Juniperigoo 93.19 0.00 4 2158.94
Pinyon-Junipergoo 136.71 0.00 4 2202.46
Slope 163.51 0.00 4 2229.26
Wildfiregoo 179.60 0.00 4 2245.35
Wildfiresgo 179.95 0.00 4 2245.70
Null 180.08 0.00 3 2247.83
Wildfirezgoo 180.50 0.00 4 2246.25
Distance from spring® 180.77 0.00 5 2244.52
Distance from spring 181.88 0.00 4 2247.63

2580
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2581

2582

2583

2584

2585

2586

2587

2588

2589

2590

2591

2592

2593

2594

2595

2596

2597

2598

2599

 Model selection notation follows Burnham and Anderson (2002). All models include random
intercepts for year and individual. Subscripts denote the scale of the variable (i.e., radius of
500m, 1000m, or 2000m from a point), superscripts denote quadratic relationships. DLek,
DRoad, and DSpring represent distance (in m) from nearest active lek, nearest road, and nearest
spring or water source, respectively. All Sagebrush represented the proportion of area classified
as sagebrush at a specified scale; WF represented the proportion of area converted to exotic
grasslands due to wildfire at a specified scale; PJ represented the proportion of area classified as
pinyon-juniper woodlands at a specified scale. Elev represented the elevation (in m) of a point;
Slope represented the slope (in degrees) of a point. Null denotes intercept-only model. All

variables were z-standardized prior to analysis.
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2600  Table S4. Performance of all resource selection function generalized linear mixed models used to
2601  assess the influence of local-scale vegetation habitat features on Greater sage-grouse brood site

2602  selection in Eureka County, NV, 2005-2012.

Model® AAIC;. AIC.w; No.Par Dev.

TC + RGH + FRich + GH + NSC 0.00 0.58 9 713.64
TC + RGH + FRich + GH + NSC + SC 1.05 0.35 10 712.69
TC + RGH + FRich + GH + SC 6.37 0.02 9 720.01
TC + RGH + FRich + GH + FH 7.29 0.02 8 722.93
TC + RGH + FRich + GH + FC 7.70 0.01 9 721.34
TC + RGH + FRich + GH + FC 8.51 0.01 8 724.15
TC + RGH + FRich + GH 9.87 0.00 7 727.52
TC + RGH + FRich + FH 10.50 0.00 7 728.14
TC + RGH + FRich + GH + TRich 11.87 0.00 8 727.51
TC + RGH + FRich + FC 16.27 0.00 7 733.91
TC + RGH + FRich 17.81 0.00 6 737.45
TC + RGH + FRich + GRich 17.84 0.00 7 735.48
TC + RGH + FRich + TRich 19.69 0.00 7 737.33
TC+RGH+ TR 21.68 0.00 6 741.33
TC+RGH +FH 31.10 0.00 6 750.74
TC+RGH + FC 34.14 0.00 6 753.79
TC + RGH + GH 36.35 0.00 6 756.00
TC + RGH + GRich 39.83 0.00 6 759.48
TC + RGH 42.93 0.00 5 764.57
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TC + FRich

TC+TR

TC +FH

TC + GH

TC + FC

TC + GRich

TC

TC + GC

FRich

FH

TRich

FC

GH

RGH

GRich

SC

GC

TSC

Null

NSC

SH

SRich
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47.90

50.71

57.21

57.90

63.52

65.10

69.27

70.24

83.05

83.76

86.97

89.78

92.28

94.48

121.69

122.94

124.53

126.96

127.87

128.95

129.08

129.59

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

769.54

772.35

778.85

779.54

785.16

786.75

792.92

791.88

806.70

807.40

810.61

813.43

815.92

818.12

845.34

846.58

848.17

850.60

853.51

852.59

852.72

853.23



2603

2604

2605

2606

2607

2608

2609

2610

2611

2612

2613

2614

2615

2616

2617

2618

2619

2620

2621

2622

 Model selection notation follows Burnham and Anderson (2002). All models include random
intercepts for year and individual. Horizontal cover variables included non-sagebrush shrub
cover (NSC), sagebrush shrub cover (SC), total shrub cover (TSC), forb cover (FC), grass cover
(GC), and total vegetation cover (TC). Vertical cover variables included average shrub height
(SH), average forb height (FH), average live grass height (GH), and average residual grass height
(RGH). FRich, GRich, SRich, and TRich represented forb, grass, shrub, and total taxa richness
within a given plot, respectively. Null denotes intercept-only model. All variables were z-

standardized prior to analysis.
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2623  Table S5. Parameter estimates from resource selection functions based on generalized linear
2624  mixed models to assess the influence of habitat characteristics on greater sage-grouse brood site

2625  selection in Eureka County, NV, 2005-2012.

Lower 85% Upper 85%
Parameters B
Confidence Interval Confidence Interval
FC1o 0.71 0.54 0.89
FRichy 0.78 0.61 0.95
GCip 0.24 0.09 0.39
GRichyg 0.30 0.15 0.45
RGH 1o 0.66 0.48 0.83
FH1o 0.75 0.58 0.93
GHjg 0.70 0.52 0.87
NSCio -0.09 -0.24 0.05
SCio 0.26 0.12 0.41
SH1o 0.09 -0.06 0.24
ShrubRichyg 0.05 -0.09 0.19
TCao 0.86 0.69 1.03
TotalRichyg 0.77 0.60 0.95
TSC1o 0.18 0.03 0.33
Elev 0.67 0.60 0.75
Slope 0.23 0.15 0.30
DSpring 0.03 -0.05 0.10
WFs500 -0.08 -0.17 0.00
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2626

2627

2628

2629

2630

2631

2632

2633

2634

2635

2636

2637

2638

2639

2640

WF 1000 -0.09 -0.18 -0.01

WF 2000 -0.07 -0.15 0.01
Sagesoo 0.72 0.62 0.83
Sageiono 0.75 0.64 0.87
Sage2o0o 0.76 0.64 0.88
PJsoo -0.87 -1.03 -0.70
PJ1000 -0.74 -0.88 -0.60
PJ2000 -0.45 -0.55 -0.34

Parameter estimates are each from a single variable model. Subscripts denote the scale of the
variable (i.e., within 10m, or a radius of 500m, 1000m, or 2000m from a point), superscripts
denote quadratic relationships. DLek, DRoad, and DSpring represent distance (in m) from
nearest active lek, nearest road, and nearest spring or water source, respectively. Sage
represented the proportion of habitat classified as sagebrush at a specified scale; WF represented
the proportion of habitat converted to exotic grasslands due to wildfire at a specified scale; PJ
represented the proportion of habitat classified as pinyon-juniper woodlands at a specified scale.
Elev represented the elevation (in m) of a point; Slope represented the slope (in degrees) of a
point. Horizontal cover variables included non-sagebrush shrub cover (NSC), sagebrush shrub
cover (SC), total shrub cover (TSC), forb cover (FC), grass cover (GC), and total vegetation
cover (TC). Vertical cover variables included average shrub height (SH), average forb height
(FH), average live grass height (GH), and average residual grass height (RGH). FRich, GRich,
SRich, and TRich represented forb, grass, shrub, and total taxa richness within a given plot,

respectively. All covariates were z-standardized prior to analysis.
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2641

2642

2643

2644

2645

2646

2647

2648

2649

2650

2651

2652

2653

2654

2655

2656

2657

2658

FEMALE SURVIVAL

Model Modifications

We modified the analyses reported in Blomberg et al. (2013) by the following: 1) inclusion of an
additional year of data [i.e., 2012]; 2) inclusion of additional predictor variables; and 3)
transitioning the modeling framework from a known-fate analysis to that of a nest survival

model.
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2659

2660

Table S6. Performance of all nest survival models used to assess the influence of environmental

characteristics on adult female Greater sage-grouse survival in Eureka County, NV, 2003-2012.

Model?

Elev + Seasons + PreBreeding + Agemin + HatChsymmer +
Fledgesa

Seasons + PreBreeding + Agemin + HatChsymmer + Fledgean
PJ + Seasons + PreBreeding + Agemin + HatChgymmer +
Fledgesa

Road + Seasons + PreBreeding + Agemin + HatChsymmer +
Fledgesa

Month + Winter + PreBreeding + Agemin + Hatchgymmer +
Fledgesa

Month + Winter + PreBreeding + Agemin

Seasons

Month + Winter + Hatchgymmer + Fledgesay

Month + Winter + Elev

Month + Winter + Fledgesa

Month + Winter + Hatchgymmer

Month + Winter + PreBreeding + Agemin’

Month + Winter + PreBreeding

Month + Winter + PJ

Month + Winter + Agenmin

Month + Winter
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AAIC,

0.00

0.51

1.01

1.40

5.50

10.36

11.77

13.62

14.55

14.60

15.48

15.74

16.01

16.75

16.76

17.15

AlC. w;

0.26

0.20

0.16

0.13

0.02

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

No. Par

13

11

11

10

10

10

12

10

10

10

Dev.

1511.44

1513.96

1512.45

1512.84

1508.90

1517.77

1533.25

1521.04

1523.98

1524.03

1524.91

1521.14

1525.44

1526.17

1526.19

1528.59



2661

2662

2663

2664

2665

2666

2667

2668

2669

2670

2671

2672

2673

2674

2675

2676

2677

2678

2679

Month + Winter + Fire 17.71 0.00 10

Year + Month + Winter 25.69 0.00 18
) 62.91 0.00 1
Year 73.17 0.00 10

 Model selection notation follows Burnham and Anderson (2002). Month + Winter (no. par = 9)
allows survival during March — October to estimate independently but constrained to estimate
together from November — February. Seasons (no. par = 4) constrains monthly survival into
seasonal blocks (i.e., March-May, June-July, August-October, and November — February) that
estimate independently from each other. Year (no. par = 10) allows survival each year (2003-
2012) to estimate independently from another. Elev is a monthly (March- October) time-varying
covariate that represents the average elevation from all locations of a radio-marked female
during that month. PJ is a monthly (March- October) time-varying covariate that represents the
average proportion of area classified as Pinyon-Juniper within 5km from all locations of a radio-
marked female during that month. Fire is a monthly (March- October) time-varying covariate
that represents the average proportion of area classified as exotic grasslands within 5km from all
locations of a radio-marked female during that month. Road is a monthly (March- October) time-
varying covariate that represents the average distance between each location of a radio-marked
female and the nearest road. PreBreeding is a binomial (yes/no) variable modeled on post-
breeding months (August-February) that delineates young-of-year individuals from females that
have survived at least one breeding season. Agenmin represents the minimum age for each female
each year. Hatchgymmer is @ binomial (yes/no) variable modeled on the season immediately
following hatching (June-July) that delineates females that successfully hatched a nest from

those that did not. Fledges, is a binomial (yes/no) variable modeled on the season immediately
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1527.14

1519.00

1590.40

1582.60



2680

2681

2682

2683

2684

2685

2686

2687

2688

2689

2690

2691

2692

2693

2694

2695

2696

2697

2698

2699

following fledging (August-October) that delineates females that successfully fledged at least

one chick from those that did not.

RECRUITMENT AND POPULATION GROWTH

Model Modifications

We modified the analyses reported in Blomberg et al. (2012) by the following: 1) inclusion of
two additional year of data [i.e., 2011-2012]; 2) inclusion of additional predictor variables; and
3) including increased model parameterization that allowed for lek specific estimates of per
capita recruitment and lambda. Additional predictor variables included various metrics of
vegetation composition (e.g., total percent vegetation cover, percent sagebrush cover) derived
from vegetation surveys generated from random locations within 5km from each lek. Each lek
was assigned the average value for each vegetation variable from all random surveys completed

within 5km from the lek.
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2700

2701

Table S7. Performance of all Pradel models used to assess the influence of environmental

characteristics on per capita recruitment in Eureka County, NV, 2003-2012.

Model?

r(Prec * WFpp0 + TC + Elev)

r(Prec + TC + Elev + WF400)

r(Prec + PC + Elev)

r(Prec + TC + RD + FRich + WF + FC)

r(Year + TC + FRich)
r(Prec + TC + FRich)
r(Year + TC + WF1g00)
r(Year + Lek)

r(Year + TC + FC)
r(Year + TC)

r(Prec + TC + WF1g00)
r(Year + TC + SH)
r(Year + Elev)

r(Prec + Elev + WF1000)
r(Year + WF1000)
r(Year + RD)

r(Year + FC)

r(Year + SH)

r(Lek)

r(Year + FRich)
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AAIC,

0.00

26.67

27.38

28.65

29.65

30.21

32.06

32.40

32.54

33.06

34.21

34.85

42.08

45.49

46.39

49.07

49.54

50.47

55.80

60.34

AIC. w;

1.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

No. Par

35

34

33

36

37

33

36

43

37

36

33

37

36

33

36

36

36

35

39

36

Dev.

6414.16

6442.98

6445.82

6440.67

6439.52

6448.66

6444.08

6429.29

6442.41

6445.08

6452.65

6444.72

6454.10

6463.94

6458.41

6461.09

6461.56

6464.63

6461.35

6472.36



r(Year) 61.76 0.00 34 6478.06

r(Year + DSpring) 61.93 0.00 36 6473.95
r(Year + FH) 62.24 0.00 36 6474.26
r(Prec) 62.47 0.00 31 6485.18
r(Year + RGH) 62.50 0.00 36 6474.52
r(Year + Pop) 63.04 0.00 36 6475.06
r(Year + GC) 64.40 0.00 36 6476.42
r(Year + TSC) 64.93 0.00 36 6476.95
r(Year + SC) 65.00 0.00 36 6477.02
r(Year + NSC) 65.10 0.00 36 6477.12
r(Year + GH) 65.22 0.00 36 6477.24
r(Elev) 72.35 0.00 31 6495.05
r(.) 84.10 0.00 30 6508.93

2702 ® Model selection notation follows Burnham and Anderson (2002). All models had identical

2703  constraints on survival and detection that allowed survival to vary by year (no. par = 9) and

2704  detection to vary by year (no. par = 10) and lek (no. par = 10). Elev Horizontal cover variables
2705 included average non-sagebrush shrub cover (NSC), average sagebrush shrub cover (SC),

2706  average total shrub cover (TSC), average forb cover (FC), average grass cover (GC), and average
2707  total vegetation cover (TC). Vertical cover variables included average shrub height (SH), average
2708  forb height (FH), average live grass height (GH), and average residual grass height (RGH).

2709  FRich represents average forb taxa richness across all vegetation surveys associated with each

2710  lek. (.) denotes intercept-only model. All variables were z-standardized prior to analysis.

2711
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2712

2713

Table S8. Performance of all Pradel models used to assess the influence of environmental

characteristics on population growth in Eureka County, NV, 2003-2012.

Model?®

MTC + Prec * WF + Elev)

MTC + RD + Prec * WF + Elev)

MTC + RD + Prec * WF)

MTC + RD + Prec * WF + DSpring + Elev)
MFC + Prec * WF + DSpring + Elev)

MFC + SH + Prec * WF + DSpring + Elev)
MWF * Prec + Elev)

MWEF * Prec)

MElev * Prec + WF)

MLek + Prec)

MTPC + Prec + RD)

MTPC + Prec + RD + WF)

MTPC + Prec)

MTPC + Prec + RD + WF + DSpring)
MYear + Lek)

MElev + Prec)

MLek)

MTPC)

MYear + Elev)

M(Prec)
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AAIC,

0.00

0.69

0.79

2.37

9.83

11.86

12.23

25.70

31.28

39.80

41.11

41.72

42.29

43.40

52.25

53.35

56.03

58.01

65.32

65.38

AIC. w;

0.37

0.26

0.25

0.11

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

No. Par

35

36

35

36

35

36

34

33

34

41

33

34

32

35

48

32

40

31

39

31

Dev.

6404.81

6403.35

6405.59

6405.03

6414.64

6414.52

6419.18

6434.79

6438.22

6431.67

6450.19

6448.66

6453.50

6448.21

6428.83

6464.57

6450.07

6471.36

6461.51

6478.73



MElev) 68.75  0.00 31 6482.09

A(Slope) 69.42 0.00 31 6482.76
MSH) 71.73 0.00 31 6485.08
MFH) 76.20 0.00 31 6489.54
MRD) 76.35 0.00 31 6489.70
MFC) 76.73 0.00 31 6490.07
MYear) 77.50 0.00 38 6475.86
MYear + WF) 79.15 0.00 39 6475.35
M) 80.20 0.00 30 6495.67
MDSpring) 80.28 0.00 31 6493.62
MFRich) 81.75 0.00 31 6495.09
MSC) 82.01 0.00 31 6495.36
MWF) 82.06 0.00 31 6495.41
MGO) 82.08 0.00 31 6495.42
MTSC) 82.11 0.00 31 6495.45
MRGH) 82.11 0.00 31 6495.46
AMNSC) 82.29 0.00 31 6495.64
MGH) 82.31 0.00 31 6495.66

2714  ® Model selection notation follows Burnham and Anderson (2002). All models had identical
2715  constraints on survival and detection that allowed survival to vary by year (no. par = 9) and
2716  detection to vary by year (no. par = 10) and lek (no. par = 10). Elev Horizontal cover variables
2717  included average non-sagebrush shrub cover (NSC), average sagebrush shrub cover (SC),

2718  average total shrub cover (TSC), average forb cover (FC), average grass cover (GC), and average
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2719

2720

2721

2722

2723

2724

2725

2726

2727

2728

2729

2730

2731

2732

2733

2734

2735

2736

2737

total vegetation cover (TC). Vertical cover variables included average shrub height (SH), average
forb height (FH), average live grass height (GH), and average residual grass height (RGH).
FRich represents average forb taxa richness across all vegetation surveys associated with each

lek. (.) denotes intercept-only model. All variables were z-standardized prior to analysis.
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Running Head: Influence of power lines on sage-grouse

Effects of transmission lines on demography and population dynamics of greater sage-grouse

(Centrocercus urophasianus)
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ABSTRACT

Energy infrastructure has been associated with altering wildlife community dynamics by
influencing survival, reproduction, and movements of individuals. Power lines, specifically, may
indirectly impact habitat selection, beyond the immediate footprint of the corridor, through
avoidance behaviors related to increased harassment of predators that are positively associated
with elevated structures. In addition to avoidance responses, power lines may indirectly suppress
various vital rates for certain species as a function of increased predator abundance or predator
foraging performance along power line corridors. Greater sage-grouse (Centrocercus
urophasianus), a species of conservation concern across western North America, have been
suspected to be indirectly affected by power lines related to changes in predator dynamics
associated with power lines. Previous studies, however, have failed to provide evidence
regarding the causal mechanism directly influencing vital rates, nor have they controlled for
variation in demographic rates related to environmental heterogeneity. Here, our primary
objective was to assessing the influence of power lines on multiple sage-grouse vital rates, based
on Greater sage-grouse and Common raven (Corvus corax) demographic data collected from
2003-2012 in central Nevada, that accounted for various sources of underlying environmental
heterogeneity. We focused primarily on a single transmission line that was constructed at the
beginning of our monitoring efforts, however, we also determined if similar patterns were
observed with all other nearby power lines. We found that numerous demographic rates (e.qg.,
nest site selection, nest survival, recruitment, and population growth) were indirectly affected by
power lines, and that these negative effects were predominantly explained by variation in
Common raven abundance or distribution. More importantly, we found that latent environmental

heterogeneity in this system, if unaccounted for, could either mask or exacerbate the negative
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effects attributed to power lines for half of the analyses considered, highlighting the importance

of both study and analytical design.

Keywords: power lines, indirect anthropogenic effects, sage-grouse, common ravens, elevated

structures, environmental heterogeneity
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INTRODUCTION

Energy infrastructure has been associated with altering wildlife population dynamics by
influencing survival, reproduction, and habitat use, as well as the spread of invasive species and
acerbating habitat fragmentation (Naugle et al. 2011a, Northrup and Wittemyer 2013). Overhead
power lines, specifically, can negatively influence wildlife populations directly through the
immediate loss of habitat (i.e., the physical footprint of power line towers and line rights of way;
Jones et al. 2015) or increased mortality (e.g., bird collisions with guy wires, towers, or lines;
Bevanger 1998, Janss 2000, Bevanger and Broseth 2001, Loss et al. 2014). Power line towers,
however, may also enhance habitat for some organisms by creating nesting (Steenhof et al. 1993,
Howe et al. 2014) and perching habitat for bird species, such as raptors and ravens (Coates et al.
2014b). Additionally, construction and tower footprints can disturb the underlying soil and
vegetation, promoting the spread of non-native species (Lathrop and Archbold 1980). Although
less studied, power lines are hypothesized to indirectly impact habitat selection through
avoidance behaviors beyond the physical footprint of the structure potentially related to the
increased presence of electromagnetic fields (Balmori and Hallberg 2007), avoidance of elevated
structures, or increased harassment of predators associated with elevated structures (Pruett et al.

2009, Silva et al. 2010).

In addition to avoidance responses, power lines may indirectly suppress various vital
rates [e.g., nest success (DeGregorio et al. 2014); adult survival (Hovick et al. 2014)] for certain
species as a function of increased predator abundance or predator foraging behavior (Plumpton
and Andersen 1997) along power line corridors. Beyond species-specific susceptibilities, the
overall impact of power lines on wildlife populations may be influenced by surrounding

environmental characteristics. For example, relative to woodlands, transmission lines may have a
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greater effect in open habitats (e.g., shrub- or grasslands), which may be related to differences in
flight behavior (Rollan et al. 2010), power line visibility (Benitez-Lopez et al. 2010), or changes

in local predator densities (Howe et al. 2014).

Placement of power lines on the landscape is not random, as it is influenced by local
topography and geology (Vajjhala and Fischbeck 2007). In the absence of conservation
constraints utility corridors are typically placed along least cost routes, which usually minimize
changes in slope and elevation (Bagli et al. 2011). This non-random distribution of power lines
across a landscape, results in covariance between proximity to, or density of, power lines and
other environmental features (e.g., elevation, slope, hydrology) that may influence the structure
of surrounding habitat, thereby complicating assessment of impacts of power lines themselves.
For example, changes in demographic rates in proximity to a power line could result from a
gradient in habitat features, rather than an impact of the line itself but such potential covariances

between environmental conditions and anthropogenic disturbances are often ignored.

Greater sage-grouse (Centrocercus urophasianus; hereafter sage-grouse) are of
conservation concern that have been negatively influenced by anthropogenic disturbances,
including energy development and its supporting infrastructure (Naugle et al. 2011b, Hovick et
al. 2014). Sage-grouse are endemic to sagebrush (Artemisia spp.) ecosystems of western North
America (Connelly et al. 2011), which are characterized by large expanses of woody shrubs,
with trees occurring in either low densities or localized patches. In these systems, anthropogenic
structures including utility lines can provide novel perches or nest sites otherwise unavailable in

the local landscape (Steenhof et al. 1993, Coates et al. 2014b, Howe et al. 2014).

Although sage-grouse, like other Galliformes, are susceptible to fatal collisions with

power lines (Borell 1939, Bevanger 1998), numerous telemetry based studies (Connelly et al.
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2000, Beck et al. 2006, Blomberg et al. 2013a, Dinkins et al. 2014b) have reported low numbers
of bird strikes of radio-marked individuals, which suggest this source of mortality is unlikely to
be meaningful at the population level. Site-specific mortality may be appreciable, however, if
elevated structures are placed perpendicular to a corridor of high sage-grouse use during
crepuscular periods (Stevens et al. 2011). Recent work has suggested that indirect effects of
elevated structures, such as either causing avoidance of habitat near lines (Doherty et al. 2008,
Dinkins et al. 2014b), or lower vital rates due to increased predation (Ellis 1984, Bui et al. 2010),
may important at the population level. Sage-grouse and other grouse species have been reported
to avoid habitat near elevated structures, primarily other types of energy infrastructure (Doherty
et al. 2008, Pruett et al. 2009, Silva et al. 2010, Hovick et al. 2014, Lebeau et al. 2014). Authors
have speculated that the perceived threat of predation associated near power lines may explain

this potential avoidance of habitat (Hall and Haney 1997, Braun 1998, Holloran et al. 2015).

Common ravens (Corvus corax; hereafter, raven) are important predators of sage-grouse
nests and chicks throughout the species range (Coates et al. 2008, Hagen 2011, Lockyer et al.
2013). Raven populations have steadily increased across western North America over the last 50
years, associated with increases in anthropogenic subsidies (Bui et al. 2010, Webb et al. 2011).
Power poles, and other elevated structures have increased nesting substrate in shrublands and
grasslands where nest sites are typically less abundant (Steenhof et al. 1993, Howe et al. 2014).
Consequently, raven densities are higher near elevated structures compared to the surrounding
landscape (Knight and Kawashima 1993, Coates et al. 2014b). Therefore, we expect that effects
of power lines on sage-grouse habitat use or reproductive success should depend on raven

abundance near power lines.



130 Relatively few studies have addressed impacts of elevated structures on sage-grouse (e.g.;
131 Johnson et al. 2011, Dinkins et al. 2014a) , in contrast to the case of oil and gas development
132 (e.g.; Walker et al. 2007, Doherty et al. 2008, Holloran et al. 2010, Naugle et al. 2011a, Fedy et
133 al. 2015, Holloran et al. 2015). Effects of oil and gas development cannot be extrapolated to
134  those of utility lines because the former is often associated with substantial human activity and
135  noise (Blickley et al. 2012) and the infrastructure differs between the two kinds of disturbance
136 (Copeland et al. 2011). Although some studies have reported negative effects of distances from
137  elevated structures on individual vital rates (e.g., adult survival, nest success, brood survival;
138  Dinkins et al. 2014, Lebeau et al. 2014), these studies have not generally controlled for

139  confounding effects of variation in habitat. Additionally, no studies have causally linked utility
140  lines, predator abundance and behavior, with sage-grouse demography and population

141  trajectories (Hagan et al. 2011). Furthermore, large-scale patterns in population dynamics in

142 relation to utility lines are not consistent (Johnson et al. 2011, Wisdom et al. 2011).

143 As avoidance of habitat near power lines is the most consistently reported effect, the lack
144  of evidence for negative effects of power lines on vital rates may be may be related to reduced
145  statistical power owing to low numbers of individuals using habitat near power lines (Kirol et al.
146 2014). A corollary is that potential negative effects of power lines are partially mediated by sage-
147  grouse behavior, and the absolute cost of power lines on the landscape is related to the extent of
148  avoidance. Interpreting previously reported patterns in habitat use or reproductive success related
149  to power lines are complicated by the fact that earlier studies did not control for potential

150  confounding habitat effects. Therefore, we cannot be certain that negative effects of power lines
151  are not an artifact of an association between location of utility lines and habitat quality (see Fig.

152 1 for a reconstruction analysis of data originally presented in Hall and Haney 1997) or spatial



153  autocorrelation (e.g., including multiple individuals from a single breeding area; Gillan et al.

154  2013).

155 Here, we define transmission line as any overhead structure that is capable of transmitting
156  voltages > 69 kV (Hamilton and Schwann 1995), and overheard structures transmitting < 69 kV
157  as subtransmission and distribution lines. We use the term “power line’ to refer to all elevated
158  energy transmission structures (i.e., transmission, subtransmission, and distribution lines)

159  regardless of voltage. Our primary objective was to assess the influence of power lines on

160  multiple sage-grouse demographic rates after accounting for other sources of environmental

161  heterogeneity in demography. Our goal was to provide as complete an assessment as possible of
162  influences of utility lines on population dynamics of sage-grouse. We used ten years of data on
163  sage-grouse demography following construction of a 345 kilovolt transmission line in central
164  Nevada in our assessment. Because recent studies have indicated that impacts of utility lines on
165  grouse may occur largely through the association of avian predators with such lines (Doherty et
166  al. 2008, Lebeau et al. 2014, Fedy et al. 2015, Holloran et al. 2015), we also determined if

167  variation in sage-grouse reproductive success was related to raven abundance or distribution.
168 STUDY AREA

169 The study site was located in east central Nevada within Eureka County (Fig. 2). The
170  study area encompasses approximately 7000 km? of sagebrush steppe and pinyon-juniper

171 mountain ranges. Within this system, sage-grouse occur in habitat that varies along an elevation
172 gradient. At lower elevations (< 2000m), the shrub community is dominated by Wyoming big
173 sagebrush (Artemisa tridentata wyomingensis), with localized patches of black sagebrush (A.
174  nova) and basin big sagebrush (A. tridentata tridentata). Rubber rabbitbrush (Chrysothamnus

175  nauseosus), greasewood (Sarcobatus vermiculatus), and scattered Utah juniper (Juniperus
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osteosperma) were also relatively common. At higher elevations (> ~2000m), the dominant
shrub community is a mixture of mountain big sagebrush (A. tridentata vaseyana) and low
sagebrush (A. arbuscula), with some intermixed common snowberry (Symphoricarpos albus),
western serviceberry (Amelanchier alnifolia), and bitterbrush (Purshia tridentata). Large
expanses of singleleaf pinyon (Pinus monophylla)/Utah Juniper forest often occurs at mid-
elevation sites between the low and high elevation sagebrush communities. Structure and
composition of understory vegetation, primarily grasses and forbs (e.g., richness and biomass)
was also positively correlated with elevation (Gibson et al. in review-a). Common annual and
perennial forb taxa included phlox (Phlox spp.), lupine (Lupinus spp.), mustard (Descurainia
spp.), and vetch (Astragalus spp.). Common grasses consisted of blue grass (Poa spp.),
cheatgrass (Bromus tectorum), crested wheat (Agropyron cristatum), Indian rice grass
(Achnatherum hymenoides), and squirrel tail (Elymus elymoides). Patterns in seasonal habitat use
(Atamian et al. 2010) and genetic structure (Jahner et al. in review) indicate that sage-grouse in
our study system can be classified into at least two distinct populations: individuals associated

with the Cortez mountains or the Roberts Creek Mountain (hereafter Cortez or Roberts).

Falcon-Gondor transmission line

In fall 2003, Sierra Pacific Power Company (now NV Energy) began construction of a
345 kilovolt transmission line between the Falcon and Gondor (hereafter FG transmission line)
substations located in White Pine and Lander Counties, respectively, in Nevada, U.S.A.
Construction of the FG transmission line was completed in the spring of 2004 and was energized
in May of that year. The completed FG transmission line was approximately 299km long and
consisted of 734 towers that varied in height (23-40m), and design (2-pole H-frame or 3-pole

guyed angle-transposition towers; Fig. 3), depending on topography and projection. Towers in
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areas of historic or active sage-grouse habitat were fit with experimental perch deterrents that
were fixed on sections of towers where avian predators were most likely to perch. Deterrents
consisted of 16-gauge steel in an inverted-Y design fit on horizontal tower arms, and steel plate

deterrents fit on the tops of vertical tower arms and crossarms (Lammers and Collopy 2007).

The FG transmission line runs through the middle Eureka County’s prime sage-grouse
habitat (M. Podborny, NDOW, personal communication). We defined our study area as anything
within a 10km buffer surrounding the minimum convex-hull polygon that encompassed all
female sage-grouse telemetry locations from 2003-2012 (Fig. 2). The study area includes 134km
of the FG transmission line and focuses primarily on individuals associated with 13 leks at
various distances from the FG transmission line. Six study leks were within 5km of the Falcon-
Gondor transmission line, and ten study leks were within 10km of the Falcon-Gondor

transmission line.

Study lek descriptions

We monitored 10 to 13 breeding areas, or leks located within 20 km of the Falcon-
Gondor transmission line (see below) from 2003-2012. Male sage-grouse establish territories
within these leks and attempt to attract potential mates with a mating display (Wiley 1973). Lek
activity began in late February and ceased in mid-May, with male lek attendance peaking in both
early and late April associated with high female attendance (Blomberg et al. unpublished data).
Leks were selected by evaluating previously collected data from the Bureau of Land
Management (BLM) and the Nevada Department of Wildlife (NDOW). Five leks were
monitored by NDOW and BLM over the past thirty years. Long term data show male lek
attendance at these leks has declined over the last five decades (NDOW unpublished data).

Although long term lek monitoring suggested that populations stabilized during the 1990’s, the
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abundance of sage-grouse within this system declined over the course of this study (Gibson et al.
2014), similar to population trends across the southern Great Basin (Garton et al. 2011, Garton et

al. 2015).

Other anthropogenic disturbances

Other power lines

The study area also included approximately 243km of additional power lines, of which
42km were associated with a second transmission line, and 201km were either subtransmission
or distribution lines. The other transmission line, which runs east-west through the southern
portion of the study system, was substantially older (~circa 1980), but of similar design and
structure to the FG transmission line. Subtransmission and distribution lines were similarly older,
and were typically one- or two-pole structures that facilitated transmission to mines, ranches, and

residences. Eight study leks were within 5km of any power line.

Highways and roads

The study area included two major paved roads, which were both two lane state highways
that intersected in the southeast portion of the study area, and combined were 162km in length.
Four study leks were within 5km of a highway. There was an additional 430km of maintained
gravel or dirt roads, and 3,500km of unmaintained single-lane dirt access roads (two-tracks). All
study leks were within 5km of a maintained or unmaintained road. In this system, each
transmission line corridor ran parallel (although not always immediately adjacent to) one of the
two previously established highways, creating spatial correlation between highways and

transmission lines.

Mining
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Mineral extraction (primarily gold or other rare earth metals) is common throughout
northern Nevada. Approximately 46,000 ha (~6.6%) of the study system was currently, or had
recently been, within the physical footprint of mining activities (Nevada Department of Wildlife,
unpublished data). The level of disturbance associated with mining is spatially heterogeneous,
and ranges from complete loss of functional habitat (e.g., creation of open pit mines) to minor
disturbances (e.g., increased noise; Blickley et al. 2012). However, it was unclear what
percentage of the study area was comprised of actual surface disturbance, versus less intrusive
activities (e.g., prospecting) or previously mined areas with no current disturbance. Additionally,
the area associated with mining was not completely additive to other forms of disturbance, as the

acreage associated with mining typically included roads, power lines, and/or recent wildfire.

Wildfire

Wildfires have disturbed approximately 85,000 ha (~12.1%) of our study system since
1999, with 90% of this disturbance occurring before the onset of this study. Burned areas were
primarily colonized by exotic grasses, predominantly cheatgrass, but also planted crested
wheatgrass. Exotic grasslands typically suppress the suppresses establishment of native
vegetation (Miller et al. 2011), and are negatively associated with sage-grouse population

trajectories (Blomberg et al. 2012).

Ranching and agricultural use

The majority (88%; ~619,000 ha) of the study system was federal lands that were
primarily managed by the BLM. Livestock grazing (primarily cattle and to a lesser extent sheep)
were prevalent on BLM managed lands. Of the ~ 82,500 ha of study system under private

ownership, approximately 10,500 ha (1.5% of total study area) had been converted to cropland
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agriculture, primarily irrigated fields planted with alfalfa (Medicago sativa cv.) or grass hay.
These areas were generally located in the southeastern portion of the system. Alfalfa fields that
bordered by sagebrush were used as early brood rearing habitat, however radio-marked sage-
grouse were never observed in the interior of fields (D. Gibson et al., unpublished data). The
remaining private land holdings were primarily in a checkboard pattern intermixed with BLM
land localized in the northern portion of the study system, or were associated with mesic, lower

elevation sites scattered throughout the system, often associated with grazing operations.

METHODS

Field Methods

Mark-Capture

We captured male and female sage-grouse on, or near, 10 to 13 leks during the mating
season (March-May) from 2003-2012 and in seasonal high-elevation habitat during the fall from
2005-2011. Upon capture, birds were aged, sexed, weighed, and a series of morphological
measurements were taken (i.e., length of 1st primary, 5th primary, wing chord, tarsus, foot, and
number of tail feathers). Each female was banded with a size 14 National Band and Tag metal
band, and most females were equipped with either a 22g or 129 radio with necklace-style
attachment (A4060, A3950, Advanced Telemetry Systems, Isanti, MN). Radios were equipped
with a mortality sensor that doubled the signal pulse rate if the transmitter remained motionless
for >8 h. Each male was banded with a size 16 National Band and Tag metal band, and all adults
and those young that were large enough were banded with a colored plastic tarsal band engraved
with a unique three character alpha-numeric code for re-sighting during lek observations

(described below). Individually marked male sage-grouse were re-encountered by recapture, re-
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sightings of tarsal bands during morning lek observations, or from images of tarsal bands

recorded by trail cameras placed on leks (Gibson et al. 2013).

Lek observations

Each study lek was observed approximately once weekly during the mating season
(March- May) from 2003-2012. Observers arrived on the leks 1/2 hour before morning nautical
twilight, and remained until strutting activity ceased or birds dispersed. During these periods,
observers monitored leks from trucks or mobile blinds with spotting scopes and binoculars. We
occasionally included a mobile observation tower to facilitate band reading where terrain
permitted and vegetation characteristics required it. Observers counted the number of males and
females, marked and unmarked, on leks every 30 minutes during each observation period.
Observers also recorded individual tarsal band codes (resights) and behavioral interactions with
potential predators. Observers recorded all disturbances at the lek, which included sage-grouse
reaction, time of day, number of birds affected, and type of predator/disturbance (e.qg., visual or

audible detection of a mammalian or avian predator).

Female monitoring

Radio-marked females were located at least once weekly during the nesting season (end
March — mid June) from 2003-2012 using a handheld receiver and YAGI antenna. Once nesting
was confirmed, observers visited nests approximately twice a week until the nest hatched or
failed. Our full nest monitoring protocols are described in (Gibson et al. 2015). From 2005-2012,
we continued to monitor females that successfully hatched a nest to assess brood status and
habitat use. We assessed brood foraging habitat by locating brood-rearing females weekly during

diurnal hours (i.e., 700-1700). We monitored each female’s current brood status through weekly
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brood flush counts conducted the morning after the diurnal location. We performed weekly flush
counts until 42 days after hatch (hereafter, pre-fledging period) or after two weeks of consecutive
counts of zero chicks, which ever occurred first. Our full brood monitoring protocols are
described in (Gibson et al. in review-b). After all radio-collared females had fledged young or
failed, we continued to monitor survival of radio-marked females approximately once a month

using fixed-wing aircraft.

Vegetation surveys

We measured vegetation at each nest site, weekly diurnal brood locations, and at random
points temporally associated with the nesting and brood rearing periods, which all followed
similar protocols. We measured nest vegetation at all monitored nest sites within 3 days of either
the predicted or actual date of hatch. Nest site vegetation was sampled along 10m intersecting
transects centered at the nest bowl (Gregg et al. 1994), using the line-intercept (Canfield 1941)
and Daubenmire (1959) frame methods. The line-intercept method was used to estimate total
shrub cover, sagebrush shrub cover, and non-sagebrush shrub cover. We used Daubenmire
frames placed along each transect to classify ground cover of grass, forbs, and total cover (grass,
forb, and shrub). See Gibson et al. (2015) for detailed nest vegetation protocols. We also
measured vegetation at each weekly diurnal brood location, which were conducted
approximately one week after the initial brood location, and centered approximately (£ 5 m)
where the brood was located the week prior. Brood vegetation surveys followed the same
protocols as nest vegetation surveys, however from 2008-2012, brood vegetation surveys were
sampled along 20m intersecting transects. See Gibson et al. (in review-b) for detailed brood
vegetation protocols. Lastly, we randomly selected four points each year for each monitored

study lek that were generated within a 5 km buffer around each study lek. We began random
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vegetation surveys after the first predicted hatch date in a given year, and completed them
haphazardly throughout the nesting and brood rearing seasons to coincide with sampling at nest

and brood locations.

Raven monitoring

During March-May from 2003-2012, we performed avian point counts along three
transects (i.e., south, central, north) that paralleled the Falcon-Gondor transmission line corridor.
The average distance between two points within a single transect was 3.36 km (sd = 0.70 km).
The north and central transects had 9 points, and the south transect had 5 points. The nearest
points in the central and north transects were 10.9 km apart, and the nearest points in the the
central and south transects were 20.2 km apart. Observers attempted to survey each transect once
every 10 days from March - May. We alternated transect start times (between 1 hour after
sunrise and at 13:00 hrs), and survey start point (between northernmost and southernmost point
of a transect). Surveys were not conducted if there was precipitation, fog, or if wind speeds
exceeded 19 km/hr. Observers spent 10 minutes at each point, identified all observed raptor and
corvid species, number of individuals, and whether the observed individual was within 400m of

the line or beyond.

Quantitative Methods

Sage-grouse demographic processes

We estimated the following demographic rates from radio-telemetered female sage-
grouse data: 1) nesting propensity; 2) re-nesting propensity; 3) nest site selection; 4) nest
success; 5) brood site selection; 6) pre-fledging chick survival; and 7) adult female survival. We

estimated the following demographic rates from capture-mark-recapture data of male sage-
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grouse: 1) adult male survival; 2) male lek movements; 3) per capita recruitment; and 4)
population growth. Each analysis is outlined in detail within the Demographic Analyses sub-

section.

Approach to inference

The underlying hypothesis for each analysis was that a particular demographic rate (e.g.,
nest success, female survival) was not influenced by an individual’s proximity to either the FG
transmission line or any other power line. Environmental impact studies often employ a Before-
After-Control-Impact (BACI) study design to account for correlations between various temporal
or spatial variables and the potential disturbance. Such an experimental design presumably
accounts for factors that may otherwise mask or inflate impacts. Although BACI study designs
are ideal for disentangling variables that are spatially confounded (Green 1993), the pace at
which disturbances occur, even those of anthropogenic origin, often occur prior to sufficient data
collection, which precludes BACI approaches. In such cases, post-disturbance data sampled
across sufficient spatial and temporal scales represent the only viable approach to assessing

disturbance (Johnson et al. 2005).

We developed a two stage approach for assessing impacts of power lines on sage-grouse
habitat use and demography. First, we developed functional relationships between habitat
variables (e.g., elevation, shrub cover, etc.) and the response variable of interest (e.g., daily nest
survival), which allowed us to establish a predictive surface for each response variable for the
entire study area based entirely on features of the natural environment. We refer to values from
this surface as reference values, as they represent estimates of demographic rates based solely on
features of the natural environment. Second, we compared the predicted value of each response

variable to the estimated value, including effects of distance to anthropogenic features in models.
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The second set of models allowed us to assess the impact of anthropogenic features on potential
demographic rates, while controlling for habitat and other environmental effects. Spatial
correlation between anthropogenic features and habitat variables has the potential to render our
approach conservative but the approach we adopted produces less biased assessments of the

impacts of anthropogenic disturbance than approaches that do not account for effects of habitat.

For this study, a BACI study design was not possible because the period between
permitting and construction of the FG transmission line did not allow for adequate collection of
pre-construction data. Additionally, other anthropogenic disturbances (e.g., highways, other
transmission lines), as well as other natural environmental variation (e.g., elevation, Fig. 4), were
associated with the location of power lines. Therefore, our modeling approach had to account for
potential correlations between an individual’s distance from all power lines and other
confounding sources of variation. Although modeling interactions between covariates can be an
appropriate method for accounting for correlations in models with a few covariates, complex
models with numerous parameters and multiple interactions are both difficult to interpret and are

sensitive to sparse or outlier data (Zuur et al. 2010).

Accounting for confounding sources of variance in demographic data

Our approach to account for demographic heterogeneity among individuals, while
minimizing the number of estimated parameters and interactions among parameters, was to use
the parameter coefficients from the most competitive model structure that did not consider the
distance from the FG transmission line covariate, to create a reference value, and use this value
as a weighting factor. This reference value represented the predicted demographic probability
(e.g., survival) for an individual, given the characteristics of the individual and its environmental

(e.g. associated habitat), in the absence of any transmission line effects. Reference values were
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then used as an individual covariate in a second analysis where we considered a series of models
designed to evaluate whether an individual’s proximity to a utility line influenced their
demographic rates, while explicitly accounting for the individual’s underlying demographic

state.

Demographic analyses used to generate reference values were conducted in the Program
MARK (White and Burnham 1999) or in R (R Core Team 2012) using generalized linear mixed
effects models with the Ime4 package (Bates and Maechler 2009). We primarily developed
analysis-specific reference values from ecological relationships based on analyses previously
conducted in this study system (Blomberg et al. 2012, Blomberg et al. 2013a, Gibson et al. 2014,
Gibson et al. 2015, Gibson et al. in review-a;b, Gibson et al. in review-c). However, we modified
some analyses by considering additional environmental variables that were not included in the
original publications. We were not able to use a uniform suite of environmental variables across
all analyses because spatial (e.g., landscape- versus local-scale), organizational (e.g., individual-
versus lek-specific) and temporal resolution (e.g., daily versus annual time-steps) varied among
analyses. See supplemental material for all covariates considered (Table S1) for each reference

value analysis.

Description of primary disturbance covariates

We were primarily interested in assessing if sage-grouse demographic rates varied as a
function of their distance from the FG transmission line. We digitized the FG transmission line
corridor from UTM coordinates of all tower locations in our study system, and created a spatial
surface that represented the Euclidian distance each pixel was from the FG transmission line
using the spatial analyst toolbox in ArcMap 10.0 (Environmental Systems Research Institute,

Redlands, CA). We used this surface to assign individuals a distance from FG transmission line
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value, where assignment depended on temporal resolution of each analysis. We were also
interested in whether individuals responded to a new transmission line differently than
previously existing power lines, and thus we considered two power line covariates for each
analysis; 1) distance from the FG transmission line; and 2) distance from any power line. We
digitized all known power lines from satellite imagery, and created a spatial surface of Euclidian
distances from any power line for our study system, which was assigned to each individual in
each analysis. We also allowed for diminishing effects on demographic rates of distance to a
power line by considering models containing both linear and quadratic effects of distance from

utility lines.

Lastly, as an important hypothesis underlying the influence of power lines on sage-grouse
demography is that power lines positively influence sage-grouse predators (e.g., reproductive
success, foraging efficiency), we used estimates of raven abundance and raven disturbance (see
below) as covariates to investigate the linkage between utility lines, the distribution and

abundance of avian predators, and sage-grouse.

Raven abundance

We used a modified robust design N-mixture model in a Bayesian hierarchical
framework (Kery and Schaub 2012) in JAGS accessed through program R using the rjags
package (Plummer 2013) to estimate raven abundance (n), finite rate of increase (r), and
detection (p) from avian point count data collected along the FG transmission line corridor from
2003-2012. We summarized point count data to represent the maximum number of ravens
observed within 400m of the FG transmission line per transect survey. Each survey was assigned
to a transect group (i.e., north, central, south), and to a 10-day secondary occasion based on the

ordinal date of the survey (OD: 61-140; no. secondary occasions = 8) within each year, and a
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primary occasion based on year (no. primary occasions = 10). For this analysis, we allowed
raven populations to be open among years (primary occasions), but closed within primary
occasions; however, as raven territory behavior is heterogeneous, and individuals range along a
continuum from permanent residents to seasonal transients (Webb et al. 2011). We, therefore,
acknowledge that we likely violated the assumption of population closure inherent to the
secondary occasions of the robust design, because some counted individuals were most likely
transients and thus not available for detection during all secondary occasions within a primary
occasion. However, we suggest that the violation of this assumption results in our estimates of
raven abundance nevertheless represent the superpopulation size, or the total number of ravens
that were available for detection at least once during a single year near the FG transmission line
(Kéry and Schaub 2012). Furthermore, even though the overall estimate of raven abundance
shifts as a function of a models constraints on population closure, patterns in population
trajectories across years (e.g., lambda), which we were primarily interested in, should remain
unaffected. We report the mean and standard errors for each parameter. The model code and

specifications can be found in Supplemental Material B.

Raven disturbance

We used a site-dynamic occupancy model in a Bayesian hierarchical framework (Kéry
and Schaub 2012) in JAGS accessed through program R using the rjags package, based on raven
observation data collected during morning sage-grouse lek observations from 2003-2012 to
estimate the following: probability 1) of a lek being visited by a raven (ypjs) in year; 2) that a
lek not visited by a raven in year; would be visited in yeari.1 (ypis); 3) that a lek visited by a
raven in year; would not be visited in year.1 (¢pis), and 4) of detecting of a raven visitation

(ppis). We summarized raven visitations recorded during lek observations as a Bournoulli
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(presence or absence) response variable describing whether a lek was disturbed at least once by a
raven during a morning lek observation. Each study lek was considered to be independent (no.
leks = 13), and each lek observation was assigned to a to a 20-day secondary occasion based on
the ordinal date of the survey (OD: 61-140; no. secondary occasions = 4) within each year, and a
primary occasion based on year (no. primary occasion = 10). We used 20-day lengths for
secondary periods to both increase the probability that at least one full survey per lek was
completed per occasion (e.g., not cancelled due to weather) and decrease the absolute variation
in survey observation length. Although both raven analysis share an assumption of closure
among secondary occasions, this analysis was less sensitive to violations of this assumption,
because it was highly likely that each lek was available to be visited by at least one raven during
each secondary occasion. We report the mean and standard errors for each parameter. The model

code and specifications can be found in Supplemental Material C

Model selection - maximum likelihood

We used an information theoretic approach to evaluate support for competitive models
preformed in a maximume-likelihood framework (Burnham and Anderson 2002), and considered
covariate effects to be meaningful if 85% confidence intervals of B coefficients did not overlap
0.0 (Arnold 2010). For generation of the reference values, we used an iterative process in model
creation whereby we applied individual covariates to assess various potential sources of
heterogeneity in each demographic rate. Covariates were added to a model one covariate at time,
and those that improved model fit were retained in the model structure. Covariates that were
correlated with each other (Pearson's r >0.50) were not included simultaneously in models. We
then performed backwards model selection; each covariate in the current model structure was

removed singularly to assess its influence on model performance in the presence of other
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covariates. If exclusion of a single covariate improved model performance, that covariate was
removed from consideration. All covariates in all analyses were z-standardized (mean = 0.0, SD

= 1.0; White and Burnham 1999).

Model selection — Bayesian hierarchical model

The appropriate methods for model selection in Bayesian hierarchical model framework
are still under debate (Hooten and Hobbs 2015). However, we were not interested in assessing
model support for explanatory variables in either Bayesian analysis, but instead only interested in
developing less-biased estimates of raven abundance and spatial distribution. Therefore, it was
only necessary that our models were both realistic and reached convergence. As such, we
developed a series of models of increasing prior parameter complexity, and derived demographic
estimates from the most complex model that was both biologically reasonable and converged

based on Gelman’s diagnostic (Brooks and Gelman 1998).

Modeling power line covariates

For each analysis, we considered linear effects of distance from the FG transmission line
and any power line. Additionally, if the underlying data was sufficient we considered the effect
of distance from either any power line or FG transmission line, specifically, as a non-linear
relationship (i.e., quadratic) or allowed for interactions between the reference valueand each
distance variable. Post-hoc, we report the inflection point for all supported non-linear effects of
distance from a power line or FG transmission line to provide an estimate of the distance at
which an effect began to dissipate. For analyses that measured metrics of reproductive success
(e.g., nesting propensity, nest success, population growth), we also considered linear and

quadratic effects of estimated maximum raven population size and raven disturbance as well as
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interactions between raven population size or disturbance and distance from power lines. Lastly,
post-hoc, for the nest site selection and nest survival models, we considered models that allowed
for full annual variation in the effects of distance from the FG transmission line to assess if
female nesting behavior or hatching success was influenced by annual shifts in raven population
size. We considered disturbance effects to be meaningful if 85% confidence intervals of

coefficients did not overlap 0.0 (Arnold 2010).
Demographic Analyses
Nesting propensity

We used spring (April 1s —May 31st) locations from radio-marked female sage-grouse
from 2003-2012 in multi-state framework in Program MARK to assess the influence of power
lines on probabilities of nest initiation. We formatted encounter histories and model state
specifications following methods outlined in Gibson et al. (in review-c), which used the recorded
nesting state from each check of a radio-marked female to generate an encounter history for each
female in each study year. In this analysis, year-specific nesting states were defined as a female
not yet observed on a nest (PreNest), a female observed on her first nest (Nest;), a female
observed not on a nest following failure of a first nest (PostNest), and a female observed on a
second nest (Nest;). We were primarily interested in estimating the probabilities of transitioning
(wnest) @mong nesting states, which can be used to derive an overall probability of nest initiation
and re-nest initiation conditioned on failure of a first nest. We developed the reference value
variable (NP) for nest initiation as an occasion specific covariate (30 2-day occasions) and
included the following variables (and direction of effect): 1) male population size (-); 2)
minimum female age (+); 3) minimum female age” (-), and 4) a quadratic time trend. The

reference value variable (RNP) for re-nest initiation was modeled with no temporal variation
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within years and included the following variables (and direction of effect): 1) male population
size (-); and 2) total precipitation recorded for the previous year (August-July). See (Gibson et al.

in review-c) for methods, parameter estimates, and model results for the reference value analysis.

For the power line component of this analysis, we calculated the average distance to the
closest power line or the FG transmission line, for all unique locations for each female (i.e. a
single nest was only considered once, and not for every visit) during each spring. We used these
values as a covariates for both the nest and re-nest initiation parameters. We also assigned each
individual a covariate that represented the estimate raven population size for that year, as well as
a covariate that represented the average probability of raven disturbance associated with the

study lek that a female was most often closest to each spring.

Nest site and brood site selection

We used vegetation and location data collected from nest sites, brood sites, and random
locations from 2004-2012 (nest site selection) and 2005-2012 (brood site selection) to assess the
influence of power lines on probabilities of habitat use during the nesting and brood rearing
periods at multiple scales using resource selection functions implemented with methods
described by Boyce and McDonald (1999) and Hebblewhite and Merrill (2008). We performed
two separate resource selection analyses based on the spatial scale of the habitat characteristics
considered for the both nesting and brood rearing periods. The local scale selection analyses
considered predictor variables derived from fine-scale vegetation surveys, and the landscape
scale selection analyses used predictor variables derived from more broad-scale Geographic
Information Systems data. We performed each resource selection function analysis in a
generalized linear mixed model framework (Zuur et al. 2009) using the Ime4 package (Bates and

Maechler 2010) in R. The reference value variable (Landscape Nest Site Selection) for nest site
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selection at the landscape scale included the following variables (and direction of effect): 1) nest
site elevation (+); 2) slope (+); 3) slope * elevation (-); 4) amount of habitat classified as
sagebrush with 1000m (+); 5) distance from nearest lek (-); 6) amount of habitat classified as
sagebrush * distance to lek (-); 7) amount of habitat classified as pinyon-juniper woodlands (+);
8) amount of habitat classified as pinyon-juniper woodlands® (-); 9) distance from nearest water
source (-); and 10) distance from nearest water source’ (-). The reference value variable (Local
Nest Site Selection) for nest site selection at the local scale included the following variables (and
direction of effect): 1) sagebrush shrub cover (+); 2) non-sagebrush shrub cover (+); 3)
sagebrush shrub cover * non-sagebrush shrub cover (+); 4) forb cover (+); 5) forb height (+); 6)
forb cover * forb height (+); 7) forb taxa richness (+); 8) live grass height (+); 9) residual grass
height (+); and 10) shrub height (-). See (Gibson et al. in review-a) for methods, parameter

estimates, and model results for the nest site selection analyses used to generate reference values.

The reference value variable (Landscape Brood Site Selection) for brood site selection at
the landscape scale included the following variables (and direction of effect): 1) nest site
elevation (+); and 2) slope (-). The reference value variable (Local Brood Site Selection) for
brood site selection at the local scale included the following variables (and direction of effect): 1)
non-sagebrush shrub cover (-); 2) total vegetation cover (+); 3) forb height (+); 4) forb taxa
richness (+); 5) live grass height (+); and 6) residual grass height (+). See Supplemental Material
(Tables S4-6) for parameter estimates and model results for the brood site selection analyses

used to generate reference values.

For each of power line components of these analyses, we used the distance each nest,
brood location, or a random location was from any power line and the FG transmission line as

covariates. Additionally, for the brood rearing habitat selection models, we allowed the effect of
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distance from either power line covariate to vary as a function of survey date to assess if habitat
selection varied as a function of brood age. Landscape brood-rearing selection models allowed
for weekly variation, however we only allowed local brood-rearing selection models to vary by
early and late brood-rearing, which was delineated by the median survey date. Post hoc, we
estimated the effect of distance to FG transmission line variable to estimate independently for
each year of the study in the landscape-level nest site selection analysis to assess how patterns in
nest site selection changed over time. We only considered a year by distance from FG interaction

for the landscape nest site selection analysis due to data limitations in other analyses.

Nest survival

We used the ‘nest survival’ module in Program MARK to model the influence of power
lines on daily nest survival probabilities based on data collected from nests monitored from
2004-2012. We did not censor research related abandonments for this analysis, which biased our
estimates of overall nest survival low (~0.07; Gibson et al. 2015), however, this bias should not
substantially influence observed covariate relationships. The reference value variable (Success)
for nest survival analysis included the following variables (and the direction of the effect): 1)
percent non-sagebrush shrub cover (+); 2) percent forb cover (+); 3) average shrub height (+); 4)
the amount of surrounding habitat classified as pinyon—juniper woodlands (+); and 5) the
population the female was associated with [i.e. Roberts (+) or Cortez (-)]. See Supplemental

material (Tables S2-3) for parameter estimates and model results for the reference value analysis.

For the power line component, we used the distance each nest was from either a power
line or the FG transmission line as covariates. Post hoc, we also allowed the distance to FG
transmission line variable to be estimated independently for each year of the study to assess how

patterns in nest survival changed over time. We also assigned each nest a covariate that
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represented the estimated raven population size for that year, as well as a covariate that
represented the average probability of raven disturbance associated with the study lek nearest to

the nest.

Pre-fledging chick survival

We used the Lukacs young survival of marked adults module (Lukacs-survival; Lukacs et
al. 2004)) in Program MARK to assess the influence of power lines on the pre-fledging chick
survival based on brood flush count and brood-site vegetation survey data collected from 2005—
2012. Lukacs’s et al. (2004) model uses repeated counts of unmarked individuals (i.e., chicks)
that are completely associated with a marked individual (i.e., radio-marked female) who is
available for detection, to estimate apparent offspring survival (¢) accounting for imperfect
detection (p) of offspring. We modeled the reference value variable (Survivalck) for the pre-
fledging chick survival analysis as a weekly time-varying covariate (no. weeks = 6) and included
the following variables (and the direction of the effect): 1) total percent vegetative cover (+); 2)
average grass height (-); 3) distance from spring or water source (+); 4) distance brood moved
during previous week (-); 5) mean maximum summer temperature (-); 6) nest site quality (+);
and 7) a quadratic effect (+) of minimum female age (+). Each weekly value for Survival chjck ,
which is an interval-specific survival probability, was estimated using habitat characteristics
from the previous weeks brood location, as well as additive terms for current week (i.e., chick
age) and year. See Gibson et al. (in review-b) for methods, parameter estimates, and model

results for the reference value component for this analysis.

For the power line component, we calculated the distance a female and her brood was
located from either the nearest power line or FG transmission line at the beginning each week,

and used each of these values as a weekly time-varying covariate. Additionally, we also assigned
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630 each brood a covariate that represented the estimated raven abundance for that year. We did not
631  use probability of raven disturbance as a covariate in this analysis as broods tended to
632  congregate, and were not spatially associated with leks, which together reduced variation in

633  possible covariate values.
634  Adult Female survival

635 We used the ‘nest survival’ module in Program MARK to assess the influence of

636  proximity to power lines on monthly female survival probabilities (S) based on year round

637  telemetry data collected from radio-marked females from 2003-2012. We used nest survival

638  models as they more appropriately assign timing of mortality when telemetry data is collected at
639 irregular intervals (Dinsmore et al. 2002, Mong and Sandercock 2007, Blomberg et al. 2014).
640 Individual encounter histories were 12 intervals (months) long, beginning March 1st in year;, and
641  terminating February 28/29th in year.1. Each year (nyears = 10) was defined as a group; females
642  that were monitored across multiple years had a unique 12-occasion encounter history for each
643  year they were monitored. We modeled the reference value variable (Survivaltemae) for the

644  female survival analysis as a monthly time-varying covariate during the months we had ground-
645  based telemetry locations (March—August; Nmonth = 6), and included the following variables (and
646 the direction of the effect): 1) average monthly elevation (-); 2) minimum female age (-); 3) nest
647  success (- ; a binomial variable (yes/no) modeled on June-July survival); and 4) brood success (-
648 ; a binomial variable (yes/no ) modeled on August survival). Elevation was the average monthly
649  value from all telemetry locations during each monthly occasion. The reference value model also
650  consisted of additive terms for the current season [i.e., spring (Mar-May); summer (June-July);
651  fall (August)]. The reference value covariate was based on results published in (Blomberg et al.

652  2013b), but see Supplemental Material (Table S7) for model modifications.
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For the power line component, we calculated the average distance a female was located
from either the nearest power line or FG transmission line based on all ground-based telemetry
locations collected for each female during a given month (March—-August), and used each of
these values as a monthly time-varying covariate. We did not assess the influence of distance
from a power line or FG transmission line from the beginning of September to the end of
February because we lacked precise location data for these months during all study years.
Additionally, we did not use either metric of raven abundance in this analysis, as ravens are not

known predators of adult sage-grouse.

Male survival and movement rates

We used the multistate robust design model in Program MARK to assess the influence of
proximity to power lines on annual male survival (¢mae) and male lek-lek movement rates
(wmovement) Dased on mark-recapture data collected from 2003-2012 during trapping events on
leks (captures/recaptures) and during lek observations (resights). Encounter histories were
generated from physical recaptures and band resights, and used in a two state, multistate robust
design framework, where males were grouped together by lek of capture (Njes = 13). As in
Gibson et al. (2014), state transition probabilities represented the annual probability of a male
moving to a lek different from it’s lek of original capture. To fit criteria necessary for robust
design analyses, we defined primary occasions as an annual breeding season, and subdivided
each breeding season into two 35-day secondary occasions. The reference value variable
(Survival nqe) for the male survival analysis was based on spatial covariate values at the lek-scale
(as opposed to individual), and should be interpreted as the average annual male survival for
each lek. The variables in Survivalnae (and the direction of the effect) included the following: 1)

lek elevation (+); 2) population the lek was associated with [(Roberts (+); Cortez (-)]; and 3) the
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total precipitation recorded for the year prior (+). We did not calculate a reference value variable
for wmovement @S the data were too sparse to reliably assess model structures more complicated
than the intercept-only model. See Gibson et al. (2014) for methods, parameter estimates, and

model results of the reference value component of this analysis.

We assigned each male was assigned annual time-varying covariates that represented the
distance between the lek he attended in year; and the nearest power line or FG transmission line
to assess the influence of power lines on either gmaie OF Wmovement from year, to year..;. We did
not use either metrics of raven abundance on either @male OF Wmovement fOr this analysis as ravens

are not known predators of adult sage-grouse.

Recruitment and population growth

We used robust design Pradel models in the Program MARK to assess the influence of
proximity to power lines on lek-specific population growth (1) and recruitment rates (f) based on
male encounters from 2003-2012 during trapping events on leks. Encounter histories were
generated from only physical captures of males at leks that were monitored from the entire
length of the study (njexs = 11). Similar to the multistate robust design analysis, we defined
primary occasions as an annual breeding season, and subdivided each breeding season into two
35-day secondary occasions. Additionally, both the reference value variables for A (PopGrowth)
and f (Recruit) were based on spatial covariate values at the lek-scale, and should be interpreted
as the average demographic rate for each lek. The variables in PopGrowth (and the direction of
effect) included the following: 1) lek elevation (+); 2) total precipitation recorded for the year
prior (+); and 3) proportion of surrounding habitat converted to exotic grasslands (-). The
variables in Recruit (and direction of effect) included the following: 1) lek elevation (+); 2) total

precipitation recorded for the year prior (+); 3) proportion of surrounding habitat converted to
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exotic grasslands (-); 4) an interaction between precipitation and exotic grasslands (-); and 5)
average percent vegetation cover from all random vegetation surveys performed within 5km of a
lek (+). The reference value models were based on results published in Blomberg et al. (2012),

but see Supplemental Material (Tables S8-9) for model modifications.

Each male was assigned annual time-varying covariates that represented the distance
between the lek he attended in year; and the nearest power line or FG transmission line to assess
the influence of power lines on 4 or f between years t and t+1. We also assigned each male a
time-varying covariate that represented the estimated raven population size for that year, as well
as a covariate that represented the average probability of raven disturbance at the study lek each
male was associated with to assess whether variation in raven abundance influenced sage-grouse

recruitment and population trajectories.

RESULTS

Descriptive Results

We captured and radio-marked 361 female sage-grouse and captured and banded 988
male sage-grouse over the course of the study (Table 1). Over the ten year period, we did not
attribute any mortalities of radio-marked individuals to a collision with a power line or pole. We
discovered and monitored 427 nests from 249 unique females from 2003-2012, of which 138
nests from 116 unique females were successful. We classified 355 of the nests as first nests, 66
as second nests, and 6 as third nest attempts. Adults initiated 312 of the nests, juveniles initiated
96, and 19 nests were from unknown-age females. We monitored 120 broods after hatch from 99
unique females, and observed 862 chicks at hatch, of which 163 chicks were associated with

their mothers at approximately 6 weeks after hatch. We completed 1364 vegetation surveys, of
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which 423 were associated with nests, 452 were associated with brood locations, and 488 were at
random sites. We completed 1067 lek observations at our 13 study leks (x = 8.73 observations

per lek per year).

Quantitative Results

Raven abundance

The most complex model we considered that converged allowed n (raven abundance) and
r (within-year growth rate) to vary independently among transects and years, and p (detection) to
vary independently among transects and secondary occasions, but constrained p to be constant
among years (Table 2). Raven populations in Eureka County, NV, have increased approximately
5-fold since the construction of the FG transmission line in 2004 (range: 69.50 — 318.39; Fig.
4A). On average, the annual rate of increase was 22.7 ravens/year, however this represents the
increase in the superpopulation of ravens, which relative to a geographic area we cannot spatially
delineate. Annual estimates of raven population size were used in subsequent models to assess

the influence of changes in common raven abundance on various sage-grouse demographic rates.

Raven occupancy

We had sufficient data to estimate probability of raven disturbance at 12 of the 13
monitored leks. After censoring data from the lek that failed to converge (i.e., Pony Express), the
most complex model that converged allowed yp;s to vary independently among leks and years,
where vpis, @pis, Ppis Were allowed to vary independently among years, but were constrained to
be similar among secondary occasions and leks (Table 3). We found that, across all leks, annual
probabilities of raven disturbances generally increased from 2003-2012, and were positively

associated with our annual estimates of raven abundance (Fig. 4B; Babun-occ = 0.73; 85% C.1.:
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0.38 — 1.08). Lek-specific probabilities of raven disturbances were variable across space, and
negatively covaried with distance from a power line or FG transmission line (Fig. 5). These
relationships, however, were based on limited data and were not well supported (Bocc-Power = -
0.046; 85% C.1.: -0.098 — 0.005; Boce-Fc = -0.044; 85% C.1.: -0.096 — 0.007) (Table Sx).
Nevertheless, the overall synchrony between our independently generated estimates of raven
abundance (i.e., abundance and disturbance rates) through time supported the use of these

metrics as variables in subsequent analyses.
Nesting propensity

Reference value variables for the nesting propensity analyses were predictive for both
probabilities of nest initiation (Bnp= 0.86; 85% C.1.: 0.76 — 0.93) and re-nest initiation (Brnp=
0.33; 85% C.I.: 0.09 — 0.56). We found that an individual’s distance from either the FG
transmission line or any power line did not influence her nesting propensity (Table 4); however
we found that probabilities of re-nesting (conditioned on initial failure) were highest in areas
most proximate to the FG transmission line (Fig. 6A). Annual estimated raven population size
was positively associated with re-nesting propensity but not nesting propensity (Fig.6B; Table 5).
We also found that the estimated probability of raven disturbance at the lek nearest to an
individual female was positively associated with nesting propensity, but was negatively

associated with re-nesting propensity (Fig. 6C).
Nest site selection

The reference value variables for the nest site selection analyses were predictive at both

1.42) scales. Contrary to our hypothesis, at the landscape scale, we found support for a positive
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linear effect of distance to any power line on nest site selection (Fig. 7A; Tables 6, 7), indicative
of avoidance. We also found support for a quadratic effect of distance from the FG transmission
line, which suggested that avoidance of the FG transmission line begins to dissipate, based on the
inflection point of the non-linear function, at approximately 10.5km from the line. At the local
scale, we found the most support for a positive linear effect of the FG transmission line on nest
site selection (Fig. 7B; Tables 8, 9), also indicative of avoidance behavior. We also found
support for a quadratic effect of distance from any power line, which suggested that avoidance of
power lines, based on the inflection point of the function, began to dissipate approximately

11.6km from the line.

Post hoc, we assessed whether the magnitude of the effects of distance from the FG
transmission line on nest site selection at the landscape scale was dependent on the current raven
population by developing a model that allowed for year-specific estimates of distance from the
FG transmission line. We found that year-specific parameter estimates for distance from the FG
transmission line on nest site selection positively covaried with estimated raven abundance (Fig.
8). This result indicates that females were more likely to nest further away from the line in years

with greater numbers of ravens present in the study landscape.

Nest survival

The reference value variable for the nest survival analysis was predictive of nest success
(Bsuccess= 0.27; 85% C.1.: 0.19 — 0.36). The best supported models included a quadratic effect of
distance from the FG transmission line on nest survival (Fig. 9; Tables 10, 11), which suggested
nests within 9.2km of the FG transmission line had reduced probabilities of hatching. We also
found support for a positive linear effect of distance from any power line on nest survival, which

suggested that nests distant from any elevated structures had higher probabilities of hatching. We
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did not find support for a non-linear effect of distance to any power line, which is most likely
related to the limited amount of habitat, and therefore nests, that were sufficiently distant from

all power lines to observe a threshold. We did not find that, individually, annual raven abundance
influenced nest survival, however we found support for an interaction (BFGZ-RavenAbun =0.21; 85%
C.1.: 0.11 - 0.31) between a non-linear effect of distance to FG transmission line (Brs = 0.13;
85% C.1.: 0.01 — 0.25; Bre’ = -0.17; 85% C.1.: -0.01 — -0.35) and raven abundance (Bravenabun = -
0.13; 85% C.I.: -0.27 — 0.01), which suggested nest survival near the FG transmission line was

decreased when raven abundance was higher.

Post hoc, we further assessed whether the magnitude of the effects of a nest’s distance
from the FG transmission line was dependent on the current raven population size by developing
a model that allowed for year-specific estimates of nest distance from the FG transmission line.
Similar to results from the nest site selection analysis, we found that year-specific parameter
estimates for distance effects nest survival positively covaried with estimated raven abundance
(Fig. 8). This suggests that either the reduction in nest survival, or the distance from the FG
transmission line in which nest survival was reduced, was positively correlated with annual raven

abundance.
Brood site selection

The reference value variables for the brood site selection analyses were predictive at both
the landscape (Boroodiandscape= 0.70; 85% C.I.: 0.62 — 0.77) and local (Boroodiocar= 1.40; 85% C.1.:
1.20 - 1.60) scales. At the landscape scale, we found the most support for an interaction
between brood age and a quadratic effect of distance from any power line on brood site selection
(Tables 12, 13), which suggested avoidance of habitat near power lines when chicks were very

young. The magnitude of effect of power lines, however, declined as chicks aged (Fig. 10). We
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did not find that distance from the Falcon-Gondor transmission line influenced site selection at
the landscape scale. However, at the local scale, we found strong support for an interaction
between chick age and a quadratic effect of distance from the FG transmission line, as well as
interaction between chick age and a linear effect of distance from any power line (Fig. 11). Both

effects suggested early avoidance of power lines, and that this effect dissipated as broods aged.
Pre-fledging chick survival

The reference value variable for the pre-fledging chick survival analysis was predictive of
pre-fledging chick survival (Bsyrvival-chick = 0.41; 85% C.I.: 0.34 — 0.48). We found that early pre-
fledging chick survival (i.e., first two weeks) was reduced near the FG transmission line (Table
14, 15). Furthermore, the effect of the FG transmission line on brood survival was greater in in
habitats associated with higher probabilities of chick survival than on broods in lower quality
habitat. We did not find that pre-fledging survival in later weeks (i.e., 3-6 weeks after hatch) was
substantially influenced by distance from the FG transmission line. Support for an effect of
distance to any power line on pre-fledging chick survival was marginal during both the early and
late pre-fledging period. We did find that chick survival during the first two weeks after hatch
was negatively impacted by raven abundance (Bravenchickearly = -0.46; 85% C.1.: -0.63 —-0.28),
however chick survival during subsequent weeks was positively associated with raven
abundance (BravenchickLate = 0.23; 85% C.I.: 0.07 — 0.39). We also found support for an interaction
(Braven*rc = 0.26; 85% C.1.: 0.11 — 0.41) between raven abundance (Bravenabundance= -0.65; 85%
C.1.: -0.90 — -0.41) and a non-linear effect of distance from the FG transmission line (Brcchick=
0.00; 85% C.1.: -0.12 — 0.12; Brochic® = -0.35; 85% C.1.: -0.45 — -0.25) (Fig. 12). This suggests
that when raven abundance was high, chick survival was low regardless of brood location

relative to the FG transmission line. However, during years of average or low raven abundances,
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chicks further from the FG transmission line survived at substantially higher rates than chicks

located near the FG transmission line.
Female survival

The reference value variable for the female survival analysis was predictive of monthly
female survival (Bsurvival-female = 0.59; 85% C.1.: 0.47 — 0.71). We found evidence of a weak
quadratic effect of distance from any power line on survival, however, in general, we found little
support for an influence of distance to the FG transmission line or any power line on female

survival (Fig. 13; Tables 16, 17).
Male survival and lek movement rates

The reference value variable for the male survival analysis was predictive of annual male
survival (Bsurvivai-male = 0.41; 85% C.1.: 0.25 — 0.57). We did not find that distance to FG
transmission line or any power line influenced male survival (Fig. 14; Tables 18, 19). Due to
rarity of observed movements among leks (Gibson et al. 2014), we did not estimate a reference
value variable for the male lek movement parameter. We found support for a marginal quadratic
effect of distance to any power line on male movement rates, which suggested that males
originally captured on leks closer to the transmission line were more likely to move to a different
lek than individuals from leks further away from transmission lines (Fig. 15). Overall, we did not

find that a lek’s distance to the FG transmission line influenced male movement rates.
Lek-specific recruitment and population growth rates

The reference value variable for the population growth analysis (Bpopcrowtn= 0.42; 85%
C.1.: 0.35 - 0.48) was predictive of population change within our study system. After accounting
for the effect of surrounding habitat quality on population growth, we found leks more distant
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from either the FG transmission line or any power line had higher population growth rates (Fig
16A; Tables 20, 21). The reference value variable for the recruitment analysis (Brecruit= 0.45;
85% C.1.: 0.36 — 0.54) was predictive of per capita recruitment. Overall, we found similar
patterns between the recruitment and population growth analyses. After accounting for
environmental conditions that influence recruitment, we found per capita recruitment was
substantially higher at leks more distance from any power line (Figs 16A; Tables 22, 23).
Alternatively, we did not find conclusive support for a relationship between distance of the FG

transmission line and per capita recruitment.

Our findings indicated that among year estimates of population growth and recruitment
were negatively influenced by annual raven abundance, and lek-specific estimates of population
growth and recruitment were negatively influenced by the probability of raven disturbance at
each lek (Fig. 16B). Models that included an interaction between distance from either the FG
transmission line or any power line and a non-linear effect of raven abundance were supported in
both analyses. Additionally, parameter estimates for distance from line variables in these
interaction models were reduced, relative to the additive model, and were not supported.
However, the raven abundance terms as well as the interaction between distance from line and
raven abundance term were consistently supported, which suggests the negative effect of power
lines on sage-grouse demographic rates were associated with raven population abundance and

spatial distribution.

Influence of latent environmental heterogeneity on detection of power line effects

Numerous analyses demonstrated substantial differences in parameter estimates for
distance from line covariates between models that accounted for environmental heterogeneity

and those that did not. The direction of effect switched signs for a third of the analyses that
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considered linear effects of distance to the FG transmission line (i.e., landscape-scale nest site
selection, nest survival, recruitment, population growth) between models that did, or did not,
include the reference value variable (Figs. 17, 18A,B). Additionally, confidence intervals
between estimates did not overlap for multiple analyses (i.e., recruitment, pre-fledging chick
survival, population growth, landscape-scale nest site selection). Similar inconsistencies were
also observed between models assessing the linear influence of distance to any power line in the
nest survival, recruitment, and population growth analyses. The effect of inclusion of the
reference value variable, however, was not consistent across all analyses, as it reduced the
observed negative effects of proximity to power lines (e.g., local nest site and brood selection),
as well as, negated support for an effect (e.g., female survival), but also suggested the existence
of a cryptic negative effect (e.g., nest survival, recruitment, population growth). As an example,
predicted nest survival based on habitat conditions were suggested, on average, to be higher near
power lines (Fig. 19A, B), which inhibited more simple model designs from detecting a

deleterious effect of utility lines (Fig. 17, 18A,B).

DISCUSSION

We found contrary to our initial hypotheses, that many demographic processes were
negatively influenced by an individual’s proximity to either the FG transmission line or any
power line. However across the 10 year study period, we did not attribute a single mortality
event of a radio-marked individual to a direct collision with a power line, pole, or guy wire.
Although collisions between Galliformes and power lines have been suggested to be
disproportionately high relative to other birds (Bevanger 1998). The observed lack of mortality
was consistent with other long term studies that have recorded low numbers of mortalities

associated with power lines, relative to other sources, of radio-marked sage-grouse (Connelly et
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al. 2000, Beck et al. 2006, Dinkins et al. 2014b) or other North American Galliformes (Pruett et
al. 2009). Thus, effect of power lines on sage-grouse population dynamics was associated with

indirect mechanisms, such as avoidance of habitat or suppressed vital rates, near power lines.

Avoidance of Habitat near Utility Lines

We found consistent support across spatial scales and seasonal habitat requirements that
female sage-grouse selected habitat more distant from power lines. That is, we found that areas
proximate to either the FG transmission line or any power line, which were otherwise predicted
to be appropriate habitats for either nesting or brood-rearing, were less likely to used by female
sage-grouse. Most notably, we found that the extent of avoidance during the nesting period was
positively associated with annual raven abundance. This novel result suggests that changes in
predator distribution across the landscape is the direct mechanism driving the avoidance of
nesting in habitat near power lines. Raven populations have been positively associated with
power lines (Knight and Kawashima 1993, Knight et al. 1995, Coates et al. 2014a, Howe et al.
2014), and sage-grouse have been found to avoid nesting in areas with high densities of avian
nest predators (Dinkins et al. 2012). To our knowledge this is the first study that both
demonstrates that sage-grouse avoid nesting near power lines, and that the magnitude of the

avoidance is related to abundance of nest predators.

Avoidance of habitat near power lines during the nesting period was greater than during
the brood-rearing period (Fig. 17). As selection for nesting habitat occurs before selection of
brood rearing habitat, and support for avoidance of power lines during the brood rearing period
dissipated as a function of chick age, it is likely that avoidance of power lines during the early
brood rearing period was an artifact of avoidance of nesting near power lines. That is, we expect

that reduced nest initiation and lower nest success near power lines would result in a distribution
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of initial brood locations across a landscape that appear to reflect avoidance of power lines. We
clearly cannot separate effects of lower nesting and nest success near lines from the potential that
females avoided using habitats near utility lines during early brood rearing. Regardless, even in
the absence of true avoidance behaviors during the brood rearing period, the combined effects of
avoidance during nesting and or reduced reproductive performance near power lines results in a
reduction in ‘quality’ of brood rearing habitat near power lines as brood rearing habitat is only
functional if it is physically accessible (i.e., near successful nests) by broods (Gibson et al. in
review-b) . Furthermore, as seasonal brood rearing habitat in our study system was rare (Atamian
et al. 2010), and its abundance and condition influence sage-grouse chick survival (Guttery et al.
2013), which strongly influences population growth (Blomberg et al. 2012), relatively small
losses of existing functional brood rearing habitat may result in substantial reductions in

recruitment and population growth.

Lastly, we found support for a marginal effect of distance a lek was from any power line
on the probability a breeding-aged male would move to a new lek the following year. Confidence
intervals associated with these estimates were wide due to the rarity of observed lek movements
within this system (Gibson et al. 2014), which also prevented us from developing more
sophisticated models that could partition the direction of lek movements (e.g., towards or away
from a power line) from absolute movements. Although these relationships indicate that power
lines may, over time, lead to lek abandonments through habitat avoidance alone, it is far more
likely extirpation of a lek would be a function of reduced recruitment of new individuals and
reduced survival of adults in addition to greater male lek movement rates (Wisdom et al. 2011,

Hess and Beck 2012).

Suppression of Individual Vital Rates
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We found variable support for reductions of vital rates as a function of distance from
power lines. Some vital rates (e.g., nesting propensity, male survival) were not influenced by an
individual’s distance from either FG transmission line or any power line. We found marginal
support for greater re-nesting rates near the FG transmission line, which was not observed with
other power lines. This relationship was not directly related to reduced nest survival near the FG
transmission line, as our model’s estimates of re-nesting propensity were conditional on nest
failure, and as such, did not directly increase as a function of increased nest failure. However,
increased nest predation may result in more nests failing earlier in the nesting season, which
could indirectly increase re-nesting propensity as the average unsuccessful female would have
more time to attempt a second nest, or be in better body condition for such an attempt. Although
sage-grouse nesting propensity has been found to be negatively influenced by other
anthropogenic disturbances (e.g., oil development; Lyon and Anderson 2003), these estimates
were reported as apparent nesting propensity and are not directly comparable with our results

(Gibson et al. in review-c).

Nest survival, on the other hand, was negatively impacted by proximity to both the FG
transmission line and any power line. Similar to the pattern of avoidance of habitats near utility
lines for nesting, the effect of the distance to FG transmission line covariate in the nest survival
analysis positively covaried with annual raven abundance. Together, these results suggests that
females selected nesting habitat more distant from power lines, because nesting near power lines
resulted in reduced nest survival. Additionally, both the reduction in nest survival and the
amount of habitat avoided was correlated with temporal changes in raven abundance, which to
the best of our knowledge are the first results to also demonstrate a negative relationship between

raven abundance and sage-grouse reproductive success. Furthermore, we observed a sharp
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increase in raven abundance associated with the FG transmission line corridor following its
construction and an increasing trend in raven abundance during our study. Having only one year
of pre-construction data limits our ability to draw inferences regarding raven responses to utility
lines but the patterns we observed are consistent with hypothesized responses of ravens to
elevated structures or other anthropogenic features (Knight et al. 1995, Kristan and Boarman

2003, Howe et al. 2014).

We also found reduced chick survival near the FG transmission line during the first two
weeks after hatch and the extent of the reduction varied as a function of raven abundance. Chick
survival was lower when raven abundance was higher, potentially related to increased predation.
Raven densities have been reported to be greater near sage-grouse brood rearing areas (Bui et al.
2010), indicative of increased predation pressure. However, female sage-grouse have also
exhibited avoidance of brood rearing habitat associated with greater raven densities (Dinkins et
al. 2012), which suggests behavioral mechanisms exist that reduce predation pressure.
Furthermore, and counterintuitively, we also found that chick survival during the end of the pre-
fledging period positively covaried with raven abundance, which we suspect may be related to
shared covariance between ravens and young-of-year sage-grouse with respect to how various

environmental conditions (e.g., forage conditions) affect productivity.

Similar to Dinkins et al. (2014a), we found a slight reduction in adult female survival for
females that occupied habitat associated with power lines, however we found no support for an
influence of power lines on adult male survival. We did not have sufficient data to estimate
variation in the abundances of predators of adult sage-grouse (e.g., raptors, coyotes, badgers)
within this system, therefore we could not design more targeted models related to adult survival.

Raptor abundances, however, were generally low and did not appear to increase following the
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construction of the FG transmission line (Lammers and Collopy 2007, Gibson et al. unpublished

data)

Did Power Lines Lead To Population-Level Effects?

Although increased raven density or abundance has been associated with reduced nest
survival across many taxa (Andren 1992, Kurki et al. 1997, Klausen et al. 2010), overall, support
is lacking for population-level effects of ravens on avian population trajectories in general
(Madden et al. 2015). We found that both habitat use (e.g., nest and brood site selection) and
reproductive success (e.g., nest survival, chick survival) were reduced for female sage-grouse
within ~10km of any power line, and this effect was clearly linked to raven abundance. Most
importantly, our male-centered analyses suggested that these negative relationships observed in
the female-centered analyses led to observable reductions in both recruitment of individuals into
the breeding population and population growth. We found lek-specific recruitment and overall
population growth rates were reduced near all power lines, and similar to results from the female
analyses, these relationships were primarily associated with raven abundance or distribution.
Although, we did not find the same level of support for reductions in lek-specific recruitment and
overall population growth rates as a function of distance from the FG transmission line compared
to distance from any power line, the patterns were consistent. Additionally, our ability to
observe a correlation between sage-grouse population trajectories and distance from the FG
transmission line was reduced, as leks more distant (>10km) from the FG transmission line
predominantly remained within 10 km of, and therefore negatively influenced by, other power

lines (Figs. 2, 6).

In summary, we found that multiple vital rates estimated from independent data sources

had the same general pattern; in that vital rates were reduced near utility lines. However, support
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for the distance from power line parameters waned when models also considered interactions
with raven abundance or distribution. Together, these analyses indicated utility lines indirectly
influenced various sage-grouse vital rates, and ultimately population growth, through the positive
association of ravens with utility lines. In other words, utility lines create an artificial selection
pressure on sage-grouse, which have instilled behavioral responses in sage-grouse (e.g.,

avoidance), however the long term consequences of this selective pressure are currently unclear.

Importance of Accounting for Environmental Conditions

Our results highlight the importance of considering the underlying, latent environmental
variability when assessing the influence of anthropogenic (or other) features. Here, we observed
inconsistencies in the effect size or direction of the influence of either the distance from the FG
line or any utility line. Over half of the analyses supported an effect of utility lines only with the
inclusion of a reference value parameter that represented variation in environmental conditions.
That is, we were substantially less likely to detect impacts of utility lines when we did not
control for other environmental variables. In our study, these patterns resulted from the fact that
the FG transmission line (and other lines) was placed in habitats that, would otherwise, be of
high quality for sage-grouse. Additionally, support for models that included interactions between
environmental conditions (e.g., shrub cover) and distance from power lines suggest complex
relationships exist, in which certain individuals, or individuals associated with certain
environmental conditions are more, or less, affected by their proximity to a power line.
Furthermore, accounting for environmental heterogeneity produced different effects across
demographic analyses, even within analyses based on similar data (e.g., landscape versus local
scale nest site selection), as environmental heterogeneity was observed to both mask and

exacerbate effects ultimately assigned to proximity to power lines.
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We suspect inconsistencies related to environmental heterogeneity were driven primarily
by two mechanisms; 1) study design (i.e., sampling variance), and 2) covariance among
environmental conditions (i.e., process covariance). First, contrary to the reference models
assessing the influence of distance to the FG transmission line at the landscape scale, models that
did not consider the reference value variable suggested individuals selected habitat closer to the
FG transmission line. This, however, was most likely an artifact of study design as this study was
primarily developed to assess the effects of the FG transmission line on sage-grouse
demographic rates. As such, study leks were selected (and therefore females were captured) as a
function of their proximity the FG line corridor relative to available area within the study system.
However, if leks nearest to the FG line were over represented as study leks relative to leks more
distant from the FG line (Fig 14), then regardless of the true effect of the FG transmission line on
nest site selection, models based on these data would inherently suggest females were attracted
to the FG line corridor (Fig 17). Alternatively, if leks had not been selected relative to their
proximity to power lines, we would have expected the bias in nest site selection (tending to be
nearer the line) would have disappeared. Inclusion of the reference value variable, which was
based on our earlier work using widely accessible environmental data allowed us to
parsimoniously account for this source of sampling variance associated with study design, and

provide less biased estimates of nest site selection.

Second, we suspect covariance among distance from either the FG transmission line or
any power line variables and other environmental variables both obfuscated and exacerbated the
true relationships between a vital rate and distance from a power line. For example, we have
illustrated that distance from power lines was correlated with site elevation (Fig. 2; Fig. 4), and

that elevation was correlated with habitat characteristics that influenced certain sage-grouse
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demographic rates (Gibson et al. in review-a; Figure S6), and therefore, was correlated with
those demographic rates (e.g., nest and brood site selection, population growth, recruitment). As
such, studies that have not accounted for environmental heterogeneity, in this case elevation,
may not be reliable (see Fig. 1), as we have demonstrated that either type 1 (e.g., male survival)
or type Il (e.g., nest survival, recruitment) error can occur. A specific example of underlying
habitat heterogeneity resulting in difficulties in interpretations was found in the nest survival
analysis, where we only found support for reduced nest survival related to proximity to a power
line in models that included the reference value parameter. We suspect that this was related to
patches of high quality nesting habitat, which by happenstance were located relatively near the
FG transmission line. In the absence of a line effect, these areas may be highly productive (see
Fig. 19). However, the negative effect of its proximity to the FG transmission line negated the
benefit of nesting in these habitats, and effectively reduced the spatial variability in nest survival,
leading to more support for models that did not consider the effects of common ravens or power

lines.

MANAGEMENT IMPLICATIONS

Here, we found support for both hypotheses (i.e., avoidance and demographic
suppression) regarding the mechanisms by which power lines influence sage-grouse
demographics. Additionally, we found that both the magnitude of the avoidance of utility lines,
as well as the extent to which vital rates were suppressed were correlated with common raven
abundance, which was, itself, positively associated with utility lines. Therefore, the geographical
extent to which utility lines would negatively influence sage-grouse demographic processes is
not completely generalizable as it is contingent on local raven abundance and behavior. In this

system, however, we found that effects of utility lines extended at least to 10 km, which exceeds
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current recommendations for reduced surface use in areas around sage-grouse leks (5-7.5km;

Coates et al. 2013).

Our finding that negative impacts of the transmission line were primarily associated with
raven abundance, suggests that mitigation of line effects might be accomplished by reducing
raven abundance near utility lines. Installation of deterrents to perching and nesting is one
approach to such reduction, although perch deterrents on the FG line were not completely
effective. Active removal of ravens in the area impacted by utility lines offers another potential
approach to mitigation. Across all avian taxa, predator control regimes, on average, have
successfully improved individual reproductive parameters (Smith et al. 2010), and tend to be
more effective if all predator taxa are removed, as reductions in predation risk from the removed
species may be compensated for by increased risk from another predator (Ellis-Felege et al.
2012). Meta-analyses on the effectiveness of predator control, however, have not found that
predator removal leads to observable population growth in prey populations (Cote and
Sutherland 1997, Smith et al. 2010), which suggest predator-related reductions in reproductive
success and survival can be compensatory, potentially related to density-dependent mechanisms
that regulate population growth. The effectiveness of raven control, primarily achieved through
deployment of poisoned eggs or meat, on sage-grouse demographic rates is also not conclusive
(Hagen 2011). Control measures (i.e., poison baits) can effectively reduce raven populations,
however numbers of ravens removed are widely overestimated (Coates et al. 2007).
Additionally, it is not clear if territorial ravens, which may disproportionately contribute more to
both population growth of ravens and reproductive failure in sage-grouse, are as susceptible to
control measures relative to migratory or juvenile ravens (Bui et al. 2010, Dinkins 2013).

Support for a positive impact of raven removal on individual sage-grouse reproductive vital rates
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is variable (Coates and Delehanty 2004, Dinkins 2013), however no studies have currently
quantified the effect of raven removal on population growth (Hagen 2011). As such, efficacy of
direct removal measures requires well designed studies to assess impacts of such removal on

raven populations and sage-grouse (Hagen 2011).

Perch deterrents have been extensively used to reduce the damage cause by perching
birds on power line towers or surrounding structures, reduce electrocutions for species of
conservation concern, as well as disconnect the positive association between avian predators and
elevated structures (Lammers and Collopy 2007, Seamans et al. 2007, Lopez-Lopez et al. 2011,
Dwyer and Leiker 2012). The overall effectiveness of perch deterrents on raven populations,
however, is questionable as some studies have reported short term reductions in perching or
habitat use related to perch deterrents (Slater and Smith 2010, Dwyer and Leiker 2012), while
others failed to find discernable reductions in perching or nesting behavior related to various
types of perch deterrents (Lammers and Collopy 2007, Prather and Messmer 2010). Furthermore,
as we observed reductions in sage-grouse vital rates associated with the portion of the FG
transmission line that was fit with perch deterrents; the use of currently available perch deterrents
as a management strategy for sage-grouse was not supported, especially given their monetary

cost (Dwyer and Doloughan 2014).

Alternatively, mitigation strategies could involve burying existing power lines within
sage-grouse habitat (Fedy et al. 2015, Kirol et al. 2015) or routing new lines through less
‘critical’ habitat (Bagli et al. 2011). The effectiveness of these two approaches are conditioned
on accurate delineations of “critical habitat’, defined as the “geographic area occupied by the
species” (U.S. Department of the Interior 2014), which are abundant for sage-grouse (Aldridge

and Boyce 2007, Doherty et al. 2008, Kaczor et al. 2011, Fedy et al. 2014). Both of these

50



1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

measures result in non-trivial initial costs to private industry (Fenrick and Getachew 2012).
However, some of these costs may be recouped as underground lines are often more reliable, less
susceptible to environmental damage, and require less maintenance (Hall 2009). Furthermore,
cost-benefit analyses suggest that realized cost differentials, after accounting for other costs (e.g.,
aesthetics, wildlife interactions, maintenance) between underground and overhead transmission
lines, may be less than previously thought (Navrud et al. 2008), as such many counties in Europe
have adopted this strategy (Lehman et al. 2007) . Sage-grouse have positively responded (e.g.,
reduced avoidance behavior, increased nest survival rates) to mitigation treatments, which
included burying power lines and other reductions in surface disturbance (Fedy et al. 2015, Kirol
et al. 2015). However, it is unclear what the individual response of removal of transmission
towers on individual vital rates was. Additionally, these studies could not quantify the overall
impact of mitigation efforts on population growth. As such, and given the costs of burying power
lines, additional research is required to determine if burying power lines 1) is an effective
strategy for reducing local raven population size or their effectiveness as predators; and 2) results

in improved probabilities of sage-grouse population persistence.

Other possible mitigation strategies include collocating proposed transmission lines into
existing power line right-of-ways. Although we doubt this approach, singularly, would reduce
the influence of existing corridors on sage-grouse demographic rates, it would result in less
habitat “influenced’ by a power line, relative to management plans that proposed multiple
spatially independent power line corridors. Future work, however, would be needed to assess
whether avian predator use of these ‘super-corridors’ scaled linearly with total number of
perching sites, or if other mechanisms influenced its attractiveness as habitat, which would

determine the overall effectiveness of this strategy. Mitigation plans should also consider

51



1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

alternative designs of power lines or poles. Although the design of power lines has been shown
to influence avian electrocution rates of primarily large-bodied birds (Janss 2000), studies that
demonstrate power line designs with reduced surface area of potential nesting substrate (e.g., no
horizontal crossbeams) are used less by avian predators relative to standard power pole line

designs are lacking.

In conclusion, there remain gaps in our knowledge of the efficacy of various power line
mitigation strategies for management of sage-grouse populations. As such, until the necessary
research has been completed, we recommend that 1) management agencies assume a 10km area
of disturbance when developing management plans for the placement of new power line
corridors, and 2) preferential treatment should be given to mitigation strategies that reduce the

number of elevated structures placed within 10km of critical sage-grouse habitat.
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1494

1495

TABLES

Table 1. Summary of year specific greater sage-grouse and common raven monitoring data from 2003-2012 in Eureka County, NV,

Year  No. Radio- Unique Unique No. No. Active  No.New  No.Males No. Males Ravens Total Max
Marked females that  females that Hatched broods at Males Recaptured Resighted persurvey Male Lek
Females nested re-nested nests 6 weeks Captured (unique) (unique) point Count
2003 15 11 1 5 na 146 26(20) 12(11) 0.87 227
2004 21 16 3 7 na 106 43(36) 41(26) 0.41 266
2005 35 28 8 12 9 104 55(48) 37(25) 1.03 316
2006 62 41 1 20 11 134 37(35) 56(35) 1.93 423*
2007 50 25 1 10 3 113 37(30) 34(12) 2.7 224
2008 41 31 6 7 5 62 30(26) 91(45) 0.79 212*
2009 54 46 17 20 9 46 50(34) 59(23) 1.32 182
2010 68 59 18 20 10 50 35(31) 109(33) 1.49 181
2011 63 48 8 18 10 63 44(30) 107(42) 2.52 193
2012 63 49 5 19 6 68 13(12) 135(40) 2.53 206
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1496  USA.

69



1497  Table 2. Designation of prior information and corresponding Gelman and Rubin convergence
1498  diagnostic for Bayesian hierarchical N-mixture models used to estimate common raven

1499  population abundance from 2003-2012 in Eureka County, NV, USA.

Priors allowed to vary by: 1500

Abundance (n) Within Year Growth Rate (r)  Detection Probability (p) 15?31

Site Site + Primary Site + Secondary 1.02

1502
Site Site Site + Secondary 1.02
Site + Primary Site + Primary Site + Secondary P83
Site + Primary Site + Primary Site + Primary + 1504

1.17

Secondary

1505
Likelihood:

1506
Site + Primary Site + Primary Site + Secondary

567

1508  ®7 represents the Gelman’s convergence diagnostic (Brooks and Gelman 1998), which suggests

1509  values < 1.1 indicate parameter convergence.

1510  Site represents three survey transects along the Falcon-Gondor transmission line corridor.
1511  Primary occasions were comprised of 10 years (2003-2012) and secondary occasions were

1512  comprised of eight 10-day intervals from ordinal date 61-140.
1513
1514

1515
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1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

Table 3. Designation of prior information and corresponding Gelman and Rubin convergence
diagnostic for Bayesian hierarchical dynamic site-occupancy models used to estimate the relative
probability of a common raven disturbance during a greater sage-grouse lek observation from

2003-2012 in Eureka County, NV, USA.

Priors allowed to vary by:

Site Occupancy (y) Site Colonization (y)  Site Survival (p) Detection Probability (p) 7

Constant Primary Primary Primary 1.01
Constant Constant Primary Primary 1.01
Likelihood:

Site + Primary Primary Primary Primary

&7 represents the Gelman’s convergence diagnostic (Brooks and Gelman 1998), which suggests

values < 1.1 indicate parameter convergence.

Site represents 12 study leks. Primary occasions were comprised of 10 years (2003-2012) and
secondary occasions were comprised of four 20-day intervals from ordinal date 61-140. Site
occupancy = probability of raven disturbance during a lek observation; Site Colonization =
probability that a lek undisturbed in year; will be disturbed by a raven in year.; Site Survival =
probability that a lek disturbed in in year; will also be disturbed by a raven in year.,; Detection

probability = probability of detecting a disturbance that occurred during a lek observation.
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1529

1530

1531

Table 4. Performance of all multistate models used to assess the influence of power lines and

common raven demographic structure on greater sage-grouse nesting and re-nesting propensities

in Eureka County, NV, from 2003-2012.

Model? AAIC:. AIC.w; No.Par Dev.
Nest(NP+RavenOccupancy) ReNest(RNP+RavenOccupancy) 0.00 0.31 24 47436.76
Nest(NP) ReNest(RNP+RavenOccupancy) 1.44 0.15 23 47440.22
Nest(NP) ReNest(RNP+FGLINE?) 1.90 0.12 24 47438.66
Nest(NP+RavenOccupancy) ReNest(RNP) 2.21 0.10 23 47440.99
Nest(NP) ReNest(RNP+ RavenAbundance) 3.29 0.06 23 47442.08
Nest(NP) ReNest(RNP) 3.64 0.05 22 4744445
Nest(NP+RavenOccupancy?®) ReNest(RNP) 4.14 0.04 24 47440.90
Nest(NP+FGLINE?) ReNest(RNP+FGLINE?) 4.24 0.04 26 47436.95
Nest(NP+RavenAbundance) ReNest(RNP+ RavenAbundance) 5.27 0.02 24 47442.03
Nest(NP+FGLINE) ReNest(RNP+FGLINE) 5.60 0.02 24 47442.36
Nest(NP+Raven) ReNest(RNP) 5.62 0.02 23 47444.40
Nest(NP+FGLINE?) ReNest(RNP) 5.98 0.02 24 47442.74
Nest(NP*FGLINE) ReNest(RNP) 6.35 0.01 24 47443.11
Nest(NP+AllLines?) ReNest(RNP) 7.11 0.01 24 4744387
Nest(NP*AllLine) ReNest(RNP) 7.11 0.01 24 47443.87
Nest(NP) ReNest(RNP+AllLines?) 7.55 0.01 24 4744430
Nest(NP+AllLines) ReNest((RNP+AlILines) 7.65 0.01 24 4744441
Nest(NP+Raven*FGLINE) ReNest(RNP+FGLINE) 9.60 0.00 26 4744231
Nest(NP+AllLines?) ReNest(RNP+AllLines?) 11.02 0.00 26 4744372
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1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

1549

Nest(FGLINE?) ReNest(FGLINE?) 195.44  0.00 24
Nest(.) ReNest(.) 195.76 0.00 20
Nest(FGLINE) ReNest(FGLINE) 196.41  0.00 22
Nest(AllLines?) ReNest(AllLines?) 198.95  0.00 24
Nest(AllLines) ReNest(AllLines) 199.07 0.00 22

47634.10

47642.51

47639.12

47637.61

47641.78

# Model selection notation follows Burnham and Anderson (2002). All models constrained site
fidelity, nest failure, and re-nest failure to be constant among and within years (no. par = 3).
Detection was allowed to vary by breeding stage (no. par = 3), year (no. par = 10), and fit with a
quadratic trend across occasions but within years (no. par = 2). NP represents a covariate
developed from the environmental characteristics which were supported to influence nesting
propensity (Male Population Size (-); Female Age (+); Female Age® (-); Gibson et al. in review-
c). RNP represents a covariate developed from the environmental characteristics which were
supported to influence re-nesting propensity (Population size (-); Spring precipitation (+);
Gibson et al. in review-c). FGLINE and AllLines represents the average distance a female sage-
grouse was found from the Falcon-Gondor or any transmission line during a given spring (April
1%-May31%), respectively. RavenOccupancy represents the relative probability of a Common
raven disturbing the breeding lek nearest to an individual female. RavenAbundance represents
the annual estimated Common raven population abundance associated with the Falcon-Gondor
transmission line. 2denotes a quadratic relationship. Models with interactions consider both the
linear and interaction terms. Italicized model is the basic reference value model; bold model is

the null model.
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1550

1551

1552

1553

that the 85% confidence intervals associated with a parameter estimate did not overlap zero.

Table 5. Parameter estimates (), and 85% confidence intervals for all covariates used to assess
the influence of power lines and common ravens demographic structure on greater sage-grouse

nesting and re-nesting propensities in Eureka County, NV, from 2003-2012. Bold values indicate

Model Format? Parameter” | B: FG Line 85% C.I. | B: AllLine  85% C.I.
NP NP 0.86 0.76 - 0.93 0.86 0.76 -0.93
NP + Line Distance -0.01 -0.10-0.08 0.00 -0.10-0.08
NP . Line + Line? Distance 0.05 -0.06 - 0.16 0.04 -0.09-0.16
Distance” -0.07 -0.15-0.01 -0.05 -0.15-0.05
RNP RNP 0.33 0.09 - 0.56 0.33 0.09 - 0.56
RP + Line Distance -0.24 -0.48 -0.01 -0.02 -0.23-0.19
RP . Line + Line? Distance -0.42 -0.68 —-0.16 0.02 -0.26 - 0.30
Distance” 0.23 0.07-0.39 -0.06 -0.30-0.18
Line est prop) Distance -0.08 -0.16 - 0.01 -0.05 -0.13-0.03
Line + Line® (est prop) Distance 0.00 -0.11-0.11 0.06 -0.06 - 0.18
Distance” -0.08 -0.16 - 0.00 -0.12 -0.22 --0.038
Line (renest Prop) Distance -0.21 -0.45-0.03 -0.01 -0.22-0.20
Line + Line® menestpropy  Distance -0.36 -0.61--0.10 0.08 -0.2-0.35
Distance” 0.19 0.03-0.35 -0.11 -0.35-0.13
Model Format Parameter B: Raven 85% C.1I. B: Raven 85% C.1I.
Abundance Disturbance
NP + Raven Raven -0.02 -0.13-0.09 -0.11 -0.20 - -0.02
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1554

1555

1556

1557

1558

1559

1560

1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

1572

RNP + Raven Raven -0.40 -0.77 --0.02 0.30 0.07-0.53

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with either nesting or renesting
propensity are noted with NP and RNP, respectively. Line and Line? represent models that
considered a linear and quadratic effect, respectively, influence of the FG transmission line
(columns 3-4) or any power line (columns 5-6). Raven represents models that considered an
effect of annual common raven abundance (columns 3-4) or the relative probability of a common
raven disturbing the breeding lek nearest to an individual female (columns 5-6). Subscripts

denote the parameter a covariate associated with.

® Parameter denotes the format of a given parameter estimate. NP and RNP represent reference
values; Distance represents distance from a power line; Raven represents an estimate of common

raven demographic structure.
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1573  Table 6. Performance of all resource selection function generalized linear mixed effects models
1574  used to assess the influence of distance from power lines on greater sage-grouse nest site use at

1575  the landscape-scale in Eureka County, NV, from 2004-2012.

Model? AAIC, AIC.w;  No. Par Dev.
AllLines + Landscape Selection 0.00 0.49 5 1675.97
AllLines * Landscape Selection 1.05 0.29 6 1675.02
AllLines? + Landscape Selection 2.00 0.18 6 1675.97
AllLines? * Landscape Selection 5.03 0.04 8 1675.00
Landscape Selection 10.79 0.00 4 1692.78
FGLINE? + Landscape Selection 10.87 0.00 6 1688.86
FGLINE + Landscape Selection 11.32 0.00 5 1691.31
FGLINE * Landscape Selection 12.06 0.00 6 1690.05
FGLINE?* Landscape Selection 13.22 0.00 8 1687.21
FGLINE® 542.09 0.00 5 2218.055
AllLines 546.40 0.00 5 2222.37
AllLines 547.62 0.00 4 2225.59
FGLINE 552.35 0.00 4 2230.32
Null 566.10 0.00 3 2246.07

1576  * Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

1577  represents the average distance a female sage-grouse nest or random point was located from the
1578  Falcon-Gondor or any transmission line, respectively. Landscape Selection represents a covariate
1579  developed from the environmental characteristics which were supported to influence nest site
1580  selection at the landscape scale (Distance from Lek (-); Sagebrush Cover Classification (+);

1581  Sagebrush Cover Classification * Distance from Lek (-); Slope (-); Elevation (+); Slope *

1582  Elevation (-); Distance from Water (-); and Distance from Water? (-); Gibson et al. in review-a).
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1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

1594

1595

1596

1597

1598

1599

1600

2 denotes a quadratic relationship. Models with interactions consider both the linear and
interaction terms. ltalicized model is the basic reference value model; bold model is the null

model.
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1601

1602

1603

1604

Table 7. Parameter estimates (), and 85% confidence intervals for all covariates used to assess

the influence of power lines on greater sage-grouse landscape-scale selection of nesting habitat

in Eureka County, NV, 2003-2012. Bold values indicate that the 85% confidence intervals

associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | p: FG  85% C.I. B: All 85% C.I.
Line Line
Landscape Landscape 1.22 1.14-131 1.22 1.14-131
Landscape + Line Distance 0.08 -0.02-0.19 0.25 0.16 -0.34
Landscape + Line + Line?> Distance 0.15 0.03-0.28 0.25 0.14-0.36
Distance -0.10 -0.19-0.00 0.00 -0.09 -0.08
Landscape * Line Distance 0.07 -0.03-0.18 0.28 0.19-0.39
Landscape 1.25 1.16 -1.34 1.23 1.14-1.32
Distance * 0.08 -0.02-0.19 -0.06 -0.14-0.03
Landscape
Landscape * Line? Distance 0.10 -0.03-0.24 0.29 0.16 -0.41
Distance -0.11 -0.21-0.00 0.00 -0.10-0.10
Distance * 0.05 -0.08 - 0.17 -0.06 -0.17-0.05
Landscape
Distance > * -0.09 -0.20-0.02 0.01 -0.07 -0.08
Landscape
Landscape 1.28 1.17-1.40 1.22 1.11-1.34
Line Distance -0.23 -0.32--0.14 0.24 0.16-0.31
Line + Line? Distance -0.11  -0.21-0.00 0.17 0.08 -0.26
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1605

1606

1607

1608

1609

1610

1611

1612

1613

1614

1615

1616

1617

1618

1619

1620

1621

1622

1623

Distance 2 020 -0.29--0.11 0.09 0.02-0.16

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with nest site selection are
denoted with Landscape. Line and Line? represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line

(columns 5-6).

P Parameter denotes the format of a given parameter estimate. Landscape represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.
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1624  Table 8. Performance of all resource selection function generalized linear mixed effects models
1625  used to assess the influence of distance from power lines on greater sage-grouse nest site use at

1626  the local-scale in Eureka County, NV, from 2004-2012.

Model? AAIC, AIC.w;  No. Par Dev.
FGLINE + Local Selection 0.00 0.38 5 698.76
FGLINE * Local Selection 1.83 0.15 6 698.58
FGLINE? + Local Selection 1.97 0.14 6 698.72
AllLines’ + Local Selection 2.29 0.12 6 699.04
AllLines + Local Selection 2.61 0.10 5 701.36
AllLines * Local Selection 4.08 0.05 6 700.84
FGLINE®* Local Selection 5.28 0.03 8 698.03
AllLines® * Local Selection 5.73 0.02 8 698.49
Local Selection 14.70 0.00 4 715.46
AllLines 140.22 0.00 4 840.98
AllLines 142.11 0.00 5 840.87
FGLINE 152.80 0.00 4 853.56
FGLINE? 153.81 0.00 5 852.57
Null 165.82 0.00 3 868.58

1627  * Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

1628  represents the average distance a female sage-grouse nest or random point was located from the
1629  Falcon-Gondor or any transmission line, respectively. Local Selection represents a covariate
1630  developed from the environmental characteristics which were supported to influence nest site
1631  selection at the local scale (Sagebrush shrub cover (+); Non-sagebrush shrub cover (+);

1632  Sagebrush shrub cover * Non-sagebrush shrub cover (+); average forb height (+); average forb
1633  cover (+); average forb height * average forb cover (+); residual grass height (+); live grass

1634  height (+); forb richness (+); shrub height (-); Gibson et al. in review-a). > denotes a quadratic
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1635

1636

1637

1638

1639

1640

1641

1642

1643

1644

1645

1646

1647

1648

1649

1650

1651

1652

1653

relationship. Models with interactions consider both the linear and interaction terms. All models
considered year as a random effect. Italicized model is the basic reference value model; bold

model is the null model.
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1654  Table 9. Parameter estimates (), and 85% confidence intervals for selected parameters used to
1655  assess the influence of power lines on greater sage-grouse local-scale selection of nesting habitat
1656 in Eureka County, NV, 2003-2012. Bold values indicate that the 85% confidence intervals

1657  associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | p: FG  85% C.I. B: All 85% C.I.
Line Line
Local Local 1.25 1.07-1.41 1.25 1.07-1.41
Local + Line Distance 0.40 0.26 —0.55 0.37 0.23-0.52
Local . Line + Line® Distance 0.41 0.24-0.59 0.30 0.14 - 0.46
Distance 2 -0.01 -0.13-0.10 0.15 0.01-0.30
Local * Line Distance 0.39 0.23-0.54 0.35 0.20-0.50
Local 1.26 1.09 -1.43 1.20 1.04 -1.38
Distance * -0.08 -0.25-0.08
-0.05 -0.20-0.10
Landscape
Local * Line? Distance 0.39 0.21-0.57 0.30 0.14-0.46
Distance 2 -0.01 -0.12-0.11 0.16 0.01-0.30
Distance *
-0.10 -0.29-0.09 -0.09 -0.27 -0.08
Local
Distance 2 * 0.03 -0.14-0.20
0.05 -0.06 - 0.18
Local
Local 1.21 1.00-1.42 1.18 0.97 -1.40
Line Distance 0.34 0.21-0.46 0.47 0.34-0.6
Line + Linge? Distance 0.39 0.24-0.54 0.46 0.31-0.6
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1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

1671

1672

1673

1674

1675

Distance * -0.06  -0.15-0.03 0.03 -0.10-0.16

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with nest site selection are
denoted with Local. Line and Line® represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line

(columns 5-6).

P Parameter denotes the format of a given parameter estimate. Local represents reference value;

Distance represents distance from a power line; ® denotes a quadratic relationship.
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1676  Table 10. Performance of all nest survival models used to assess the influence of power lines
1677  and common ravens demographic structure on greater sage-grouse nest success in Eureka

1678  County, NV, from 2004-2012.

Model? AAIC, AIC, w; No. Dev.
Success + FGLINE” * RavenAbundance 0.00 0.60 6 1510.08
Success + FGLINE? 4.38 0.07 4 1518.47
Success * FGLINE? 4.60 0.06 5 1516.68
Success + AllLines 5.24 0.04 3 1521.33
Success 5.97 0.03 2 1524.06
Success * AllLines 6.05 0.03 4 1520.14
Success + FGLINE® + RavenAbundance 6.24 0.03 5 1518.33
Success + FGLINE 6.39 0.02 3 1522.48
Success + RavenDisturbance” 6.50 0.02 4 1520.59
Success + AllLines’ 6.82 0.02 4 1520.91
Success + RavenAbundance 7.55 0.01 3 1523.64
Success + RavenDisturbance 7.97 0.01 3 1524.06
Success * FGLINE 8.17 0.01 4 1522.26
Success + RavenAbundance® 8.17 0.01 4 1522.27
Success + FGLINE(Year) 8.55 0.01 11 1508.60
Success * AllLines” 8.82 0.01 5 1520.91
NULL 24.22 0.00 1 1544.32
AllLines 26.07 0.00 3 1542.16
FGLINE 26.12 0.00 2 1544.21
AllLines 26.17 0.00 2 1544.26
FGLINE? 26.53 0.00 3 1542.62

1679  * Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines
1680  represents the distance a female Greater sage-grouse nest was located from the Falcon-Gondor

1681  transmission line or any power line, respectively. Annual FGLINE allowed the parameter
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1682

1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

1694

1695

1696

1697

1698

1699

1700

1701

estimate for distance from Falcon-Gondor to vary by year. Success represents the reference value
covariate developed from the environmental characteristics that were supported to influence nest
survival (Non-sagebrush shrub cover (+); forb cover (+); average shrub height (+); the amount
of surrounding habitat classified as pinyon-juniper woodlands (+); population the female was
associated with [i.e., Roberts Creek Mountain (+) or Cortez Mountain(-)]; Gibson et al. 2015).
RavenOccupancy represents the annual average relative probability of a Common raven
disturbing the breeding lek nearest to an individual female. RavenAbundance represents the
annual estimated Common raven population abundance associated with the survey transect along
the Falcon-Gondor transmission line nearest to an individual female. ? denotes a quadratic

relationship. Models with interactions consider both the linear and interaction terms.
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1702

1703

1704

1705

Table 11. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines and common raven demographic structure on greater sage-

grouse nest survival in Eureka County, NV, from 2004-2012. Bold values indicate that the 85%

confidence intervals associated with a parameter estimate did not overlap zero.

Model Format? Parameter® B:FG  85%C.l. | p: Al 85% C.I.
Line Line
Success Success 0.27 0.19-0.36 0.27 0.19-0.36
Success + Line Distance 0.09 -0.01-0.19 0.11 0.01-0.21
Success + Line + Distance 0.17 0.5-0.28 0.13 0.02-0.23
Line?
Distance -0.09 -0.16--0.03 | -0.04 -0.13-0.05
Line * Success Distance 0.08 -0.02-0.19 0.08 -0.02-0.18
Success 0.31 0.21-0.40 0.33 0.23-0.43
Distance * Success | -0.04  -0.14-0.07 | -0.08 -0.18 -0.03
Line® * Success Distance 019  0.07-031 | 0.13 0.01-0.24
Distance ° 008 -0.15--002| -04  -0.15-0.06
Distance * 0.08 -0.01-0.16 0.00 -0.10-0.10
Distance * Success
Success 0.27 0.15-0.39 0.32 0.19-0.45
Line Distance -0.02 -0.11 - 0.07 -0.01 -0.10-0.08
Line + Line® Distance 0.03 -0.08 - 0.13 0.03 -0.07-0.13
Distance ° -006  -0.12-0.01 | -0.09  -0.18-0.00
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1706

1707

1708

1709

1710

1711

1712

1713

1714

1715

1716

1717

1718

1719

1720

Model Format Parameter- B: Raven 85% C.1I. B: Raven 85% C.1I.
Type Abundance Disturbance
Success + Raven  Raven 0.05 -0.06-0.16 | 0.00 -0.17-0.17
Success + Raven  Raven 0.05 -0.06 -0.17 |-0.06 -0.22-0.11
+ Raven®
Raven’ 0.09 -0.02-0.21 |-0.21 -0.37 - -0.05

#Model format describes the parameter structure associated with a series of parameter estimates

(B)- Models that account for environmental variability associated with nest success are denoted

with Success. Line and Line? represent models that considered a linear and quadratic effect,

respectively, influence of the FG transmission line (columns 3-4) or any power line (columns 5-

6). Raven and Raven’ represent models that considered a linear or quadratic effect, respectively,

of annual common raven abundance (columns 3-4) or the relative probability of a common raven

disturbing the breeding lek nearest to an individual female (columns 5-6).

P parameter denotes the format of a given parameter estimate. Success represent reference value;

Distance represents distance from a power line; Raven represents an estimate of common raven

demographic structure.  denotes a quadratic relationship
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1721  Table 12. Performance of all resource selection function generalized linear mixed effects models
1722 used to assess the influence of a distance from power lines on greater sage-grouse brood site use

1723  at the landscape-scale in Eureka County, NV, from 2005-2012.

Model® AAIC; AIC. No.Par Dev.
AllLines * Brood Age * AllLines“ + Landscape Brood 0.00 0.76 9 1995.84
AllLines * Brood Age + AllLines? + Landscape Brood Selection 2.67 0.20 8 2000.51
AllLines * Brood Age + Landscape Brood Selection 5.83 0.04 7 2005.67
FGLINE * Brood Age + Landscape Brood Selection 26.41 0.00 7 2026.25
FGLINE * Brood Age + FGLINE? + Landscape Brood Selection ~ 27.23 0.00 8 2025.07
FGLINE * Brood Age * FGLINE? + Landscape Brood Selection  28.26 0.00 9 2024.10
AllLines? + Landscape Brood Selection 29.60 0.00 6 2031.44
AllLines + Landscape Brood Selection 34.42 0.00 5 2038.26
Landscape Brood Selection 50.80 0.00 4 2056.64
FGLINE + Landscape Brood Selection 52.79 0.00 5 2056.63
FGLINE? + Landscape Brood Selection 53.50 0.00 6 2055.34
AllLines* 210.24 0.00 5 2214.08
AllLines 210.70 0.00 4 2216.51
FGLINE? 236.00 0.00 5 2239.84
NULL 239.99 0.00 3 2247.83
FGLINE 241.06 0.00 4 2246.90

1724  ® Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

1725  represents the average distance a female sage-grouse brood or random point was located from the
1726  Falcon-Gondor or any transmission line, respectively. Landscape Brood Selection represents a
1727  covariate developed from the environmental characteristics which were supported to influence
1728  brood site selection at the landscape scale (Slope (-); Elevation (+); see Table Sx). Brood Age

1729  represented the age (in weeks) since the brood hatched. All models considered individual and

88



1730

1731

1732

1733

1734

1735

1736

1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

year as random effects. Italicized model is the basic reference value model; bold model is the

null model.
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1748

1749

1750

1751

Table 13. Parameter estimates (3), and 85% confidence intervals for all covariates used to assess

the influence of power lines on greater sage-grouse landscape-scale selection of brood rearing

habitat in Eureka County, NV, from 2005-2012. Bold values indicate that the 85% confidence

intervals associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | B: FG 85% C.I. B: All 85% C.I.
Line Line
Landscape Landscape 0.70 0.62-0.77 0.70 0.62-0.77
Landscape + Line Distance 0.01 -0.08 - 0.09 0.26 0.17-0.34
Landscape + Line + Distance
Line? 0.04 -0.06 - 0.14 0.15 0.05-0.25
Distance * -0.06 -0.14-0.02 0.16 0.07-0.24
Landscape + Line * Distance
Brood Age 0.12 -0.06 - 0.30 0.45 0.27 -0.62
Brood Age -0.19 -0.24--0.14 -0.18 -0.23--0.13
Distance *
Brood Age -0.03 -0.08 - 0.02 -0.06 -0.11--0.01
Landscape + Line * Distance
Brood Age+ Line? 0.16 -0.03-0.35 0.33 0.15-0.52
Distance * -0.06 -0.14-0.02 0.14 0.05-0.22
Distance *
Brood Age -0.04 -0.09-0.01 -0.05 -0.10--0.01
Brood Age -0.19 -0.24--0.14 -0.18 -0.23--0.13
Line Distance -0.05 -0.13-0.03 0.31 0.23-0.39
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1752

1753

1754

1755

1756

1757

1758

1759

1760

1761

1762

1763

1764

1765

1766

1767

1768

1769

Line + Line? Distance 0.02 -0.08 -0.11 0.36 0.27 - 0.46

Distance 2 -0.14 -0.22 - -0.07 -0.09 -0.16 — -0.01

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with brood site habitat selection
are denoted with Landscape. Line and Line? represent models that considered a linear and
quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any power

line (columns 5-6). Brood Age represents models that considered an effect of brood age.

P Parameter denotes the format of a given parameter estimate. Landscape represents reference
value; Distance represents distance from a power line; Brood Age represents brood age (in

weeks); % denotes a quadratic relationship.
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1770

1771

1772

1773

1774

1775

1776

1777

1778

1779

1780

Table 14. Performance of all resource selection function generalized linear mixed models used

to assess the influence of a unit of habitat’s distance from transmission lines on greater sage-

grouse brood site use at the local-scale in Eureka County, NV, from 2005-2012.

Model? AAIC, AIC.w;  No. Par Dev.
FGLINE®* Brood Age + Local Brood Selection 0.00 0.70 8 679.03
FGLINE * Brood Age + Local Brood Selection 2.11 0.24 7 683.14
AllLines* Brood Age + Local Brood Selection 5.89 0.04 7 686.92
AllLines?* Brood Age + Local Brood Selection 7.77 0.01 8 686.80
FGLINE? + Local Brood Selection 10.16 0.00 6 693.19
AllLines + Local Brood Selection 13.10 0.00 5 698.13
AllLines® + Local Brood Selection 14.62 0.00 6 697.65
Local Brood Selection 14.70 0.00 4 701.73
FGLINE + Local Brood Selection 16.33 0.00 5 701.36
AllLines” 136.58 0.00 5 826.76
AllLines 142.35 0.00 4 834.53
FGLINE? 150.62 0.00 5 840.80
NULL 159.33 0.00 3 853.51
FGLINE 159.51 0.00 4 851.69

# Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines

represents the average distance a female sage-grouse brood or random point was located from the

Falcon-Gondor or any transmission line, respectively. Local Brood Selection represents
reference value covariate developed from the environmental characteristics which were

supported to influence brood site selection at the local scale (Total VVegetation Cover (+);

Average Residual Grass Height (+); Forb Richness (+); Average Live Grass Height (+); Average

Forb height (+); Non-sagebrush shrub cover (-); see Table Sx). Brood Age delineates the early

brood rearing from the late brood rearing period. All models considered individual and year as

92



1781

1782

1783

1784

1785

1786

1787

1788

1789

1790

1791

1792

1793

1794

1795

1796

1797

1798

random effects. Italicized model is the basic reference value model; bold model is the null

model.
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1799

1800

1801

1802

Table 15. Parameter estimates (3), and 85% confidence intervals for all covariates used to assess

the influence of power lines on greater sage-grouse local-scale selection of brood rearing habitat

in Eureka County, NV, from 2005-2012. Bold values indicate that the 85% confidence intervals

associated with a parameter estimate did not overlap zero.

Model Format? Parameter” | p: FG 85% C.I. B: All 85% C.I.
Line Line
Local Local 1.40 1.20-1.60 1.40 1.20-1.60
Local + Line Distance 0.07 -0.09-0.22 0.23 0.05-0.40
Local + Line+ Line’  Distance 0.30 0.10-0.49 0.26 0.07-0.44
Distance -0.28 -0.43--0.14 -0.08 -0.23-0.08
Local + Line*Brood Distance 1.43 0.91-1.98 1.23 0.74-1.73
Age
Brood Age 0.13 -0.120-0.47 0.17 -0.16 -0.51
Distance * -0.91 -1.23--0.59 -0.72 -1.05--0.40
Brood Age
Local + Line*Brood Distance 1.41 0.90-1.92 1.23 0.74-1.72
Age+ Line?
Distance -0.22 -0.37 --0.06 -0.04 -0.21-0.13
Distance * -0.79 -1.12 --0.46 -0.71 -1.03--0.38
Brood Age
Brood Age 0.20 -0.14 -0.53 0.18 -0.16 -0.51
Line Distance 0.13 -0.01-0.27 0.47 0.31-0.63
Line + Line® Distance 0.37 0.20-0.55 0.56 0.39-0.73
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Distance 2 -0.29 -0.42 --0.16 -0.27 -0.41--0.14

1803  *Model format describes the parameter structure associated with a series of parameter estimates
1804  (PB). Models that account for environmental variability associated with brood site habitat selection
1805  are denoted with Local. Line and Line? represent models that considered a linear and quadratic
1806  effect, respectively, influence of the FG transmission line (columns 3-4) or any power line

1807  (columns 5-6). Brood Age represents models that considered an effect of brood age.

1808 P Parameter denotes the format of a given parameter estimate. Local represents reference value;
1809  Distance represents distance from a power line; Brood Age delineates between early and late

1810  brood rearing periods; ? denotes a quadratic relationship.
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820

1821
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1822

1823

1824

1825

1826

Table 16. Performance of all Lukacs young survival of marked adults models used to assess the
influence of power lines and common raven population abundance on pre-fledging greater sage-

grouse chick survival in Eureka County, NV, from 2005-2012.

Model® AAIC; AIC.w; No.Par Dev.
Survival g, + RavenAbundance weeksi2 * FGLINE? yeeks-2 0.00 0.82 18 2076.43
Survival g, + RavenAbundanceweeksi-» + FGLINE? yeeksi-2 4.20 0.10 17 2082.81
Survival grige * FGLINE? weeks-2 4.83 0.07 17 2083.44
Survival grick + FGLINE? yeeks1-2 10.29 0.00 16  2091.07
Survival gix + FGLINE? eeys1-2 + FGLINE weekss-6 12.16 0.00 17 2090.77
Survival g« + RavenAbundance yeesi-2 + RavenAbundance weekss-s 21.16 0.00 16 2101.94
Survival g« + RavenAbundance yeeksi-2 23.21 0.00 15 2106.15
Survival e * ANLINeS weeks1-2 24.70 0.00 17 2103.31
Survival ghick + FGLINE weeks1-2 + FGLINE weeksa s 27.54 0.00 16 2108.32
Survival gniek + FGLINE weeks1-6 30.75 0.00 15 2113.70
Survival gpick 31.29 0.00 14 2116.38
Survival g + AlILINES? eeks1-2 32.50 0.00 16 2113.28
Survival ghick * FGLINE wees1-6 33.32 0.00 15 2116.27
Survival gk + ANLINeSweeksi-6 34.16 0.00 16 2114.94
Survival g + AlILINES? eeks1-2 34.67 0.00 16 2115.45
Survival gick * AlILINeSyeeksi-6 35.05 0.00 16 2115.83
Survival i + AlILINES? yeeks12 + ANLINES weekss-s 36.28 0.00 17 2114.89
FGLINE? eeks1-2 38.95 0.00 15  2121.89
FGLINE weeks1-2 65.87 0.00 14 2150.96
AlILineSweeks1-2 81.00 0.00 14 2166.09
AIILINes’ yeeks1.2 81.73 0.00 15 2164.67
NULL 82.19 0.00 13 2169.43

# Model selection notation follows Burnham and Anderson (2002). All models allowed detection

to vary by year (no. par = 8) and week” (no. par = 4). FGLINE and AllLines is a weekly time-
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1827

1828

1829

1830

1831

1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

varying covariate which represents the distance a female sage-grouse and her brood was located
from the Falcon-Gondor or any transmission line, respectively, in a given week. 2 denotes a
quadratic relationship. Subscripts denote which weeks a covariate was allowed to influence.
Models with interactions consider both the linear and interaction terms. Survivalgick represents a
covariate developed from the environmental characteristics which were supported to influence
pre-fledging chick survival (total vegetation cover (+); distance brood moved in previous week (-
); average grass height (-); distance from nearest water source (+); nest site quality (+); female
age (+); female age? (-); Gibson et al. in review-b). Italicized model is the basic reference value

model; bold model is the null model.

® the final two weekly detection parameters were constrained to be similar which resulted in the

six occasion history having four estimated parameters.
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1847

1848

1849

1850

Table 17. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines on greater sage-grouse pre-fledging chick survival in Eureka

County, NV, from 2005-2012. Bold values indicate that the 85% confidence intervals associated

with a parameter estimate did not overlap zero.

Model Format? Parameter” B: FG  85% C.I. B: Al 85% C.I.
Line Line
Survivalghick Survival ghick 0.41 0.34-0.48 0.41 0.34-0.48
Survivalehick + Line Distance -0.09 -0.16 —-0.02 -0.02 -0.09 - 0.05
Survivalchick + Lineweeki2  Distance weeki-2 -0.23 -0.35--0.11 -0.05 -0.17 - 0.07
+LiNneweeks-6
Distance weeks- 0.09 -0.05-0.23 0.06 -0.07-0.19
Survivalehick *Lineweeka-2®  Distanceweeki-2 0.00 -0.12-0.12 -0.08 -0.20 - 0.04
Distanceweexi-2 ° -0.26 -0.35--0.17 -0.11 -0.21--0.01
Survivalghick + Lineweeki2  Distance weeki-2 -0.01 -0.14-0.12 -0.10 -0.23-0.03
+ Lineweeki-2” +Lineweeks.
6
Distance week1-2 -0.26 -0.35--0.17 0.07 -0.06 - 0.2
Distance weeks- 0.05 -0.09-0.19 0.02 -0.08 -0.12
Line * Survivalchick Distance -0.10 -0.19--0.01 -0.03 -0.10-0.04
Survival ghick 0.40 0.31-0.49 0.41 0.34-0.48
Distance * -0.03 -0.10-0.04 -0.04 -0.11-0.03
Survival chick
Lineweeki-2> * Survivalehicc  Distanceweek: 2 -0.03 -0.15-0.09 -0.08 -0.20 - 0.04
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1851

1852

1853

1854

1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

Lineweek1-2

: . 2
Lineweeki-2 + LIN€week1-2

Distance week1-2°

Distance week1-2°> *

Survivalchick
Survivalchick
Distanceweek1-2
Distanceweek1-2

Distanceweeki-2 2

-0.33

-0.14

0.47

-0.36

-0.02

-0.36

-0.43 - -0.23
-0.21 - -0.07
0.37 - 0.57
-0.47 — -0.24
-0.14 - 0.11
-0.46 — -0.26

-0.11

-0.23

0.57

-0.15

-0.09

-0.08

-0.21--0.01
-0.33--0.13
0.47 -0.67
-0.27 - -0.03
-0.22 -0.04
-0.18 -0.01

#Model format describes the parameter structure associated with a series of parameter estimates

(B). Models that account for environmental variability associated with pre-fledging chick

survival are denoted with Survivalcnie. Line and Line? represent models that considered a linear

and quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any

power line (columns 5-6). Subscripts following week denote covariates were assigned only to the

specified weeks of the broods life.

P Parameter denotes the format of a given parameter estimate. Survival i represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.
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1865  Table 18. Performance of all nest survival models used to assess the influence of power lines on

1866  female greater sage-grouse survival in Eureka County, NV, from 2003-2012.

Model® AAIC;  AIC.w; No. Par Dev.
Survivalsemae 0.00 0.27 2 1540.89
Survivalsemaie + AllLines 1.12 0.16 3 1540.01
Survivalgemale + FGLINE 1.73 0.12 3 1540.61
Survivalsemale +AllLines” 1.76 0.12 4 1538.63
Survivalemaie + FGLINE? 1.95 0.11 4 1538.83
Survivalemaie * FGLINE? 2.74 0.07 5) 1537.61
Survivalemaie *AllLines 3.01 0.06 4 1539.89
Survivalgemae* AllLines® 3.44 0.05 5 1538.31
Survivalgemale* FGLINE 3.59 0.04 4 1540.46
AllLines® 46.29 0.00 3 1585.17
FGLINE? 46.43 0.00 3 1585.31
NULL 47.51 0.00 1 1590.40
AllLines 47.72 0.00 2 1588.60
FGLINE 48.26 0.00 2 1589.15

1867  ® Model selection notation follows Burnham and Anderson (2002). FGLINE and AllLines is a
1868  monthly time-varying covariate which represents the average distance a female sage-grouse was
1869 located from the Falcon-Gondor or any transmission line, respectively, in a given

1870  month. ?denotes a quadratic relationship. Survivalsemaie represents the reference value covariate
1871  developed from the environmental characteristics that were supported to influence female

1872  survival (average monthly elevation (-); age (-); nest success in given year (-); brood success (-);
1873  seasonal differences: spring (-), summer (+), fall (-); covariate model modified from Blomberg et

1874  al. 2013). Italicized model is the basic reference value model; bold model is the null model.

1875
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1876

1877

1878

1879

Table 19. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines on adult female greater sage-grouse survival in Eureka

County, NV, from 2003-2012. Bold values indicate that the 85% confidence intervals associated

with a parameter estimate did not overlap zero.

Model Format Parameter | B: FG 85% C.1I. B: All 85% C.1I.
Line Line
Survivalfemale Survivaltemale 0.59 047-0.71 0.59 047-0.71
Survivalfemae + Line Distance 0.06 -0.11-0.23 0.11 -0.06 - 0.28
Survivalgmae + Line +  Distance
Line? 0.14 -0.04 -0.32 0.18 0.00 -0.36
Distance * -0.10 -0.21-0.01 -0.11 -0.24 -0.02
Line * Survivaltemale Distance 0.09 -0.11-0.29 0.09 -0.10-0.28
Survivaltemale 0.04 -0.12-0.2 -0.04 -0.20-0.12
Distance *
Survivaltemale 0.58 0.46 -0.7 0.58 0.46-0.70
(Line + Line?)* Distance
Survivaltemale 0.15 -0.03-0.33 0.19 0.01-0.37
Distance * -0.07 -0.20-0.06 -0.09 -0.24 - 0.06
Distance *
Distance *
Survivaltemale 0.08 -0.03-0.19 0.04 -0.07-0.15
Survivaltemale 0.51 0.37-0.65 0.54 0.41-0.67
Line Distance 0.14 -0.04-0.31 0.16 -0.02-0.34
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1880

1881

1882

1883

1884

1885

1886

1887

1888

1889

1890

1891

1892

1893

1894

1895

1896

1897

Line + Line? Distance 0.24 0.07 — 0.42 0.27 0.09-0.45

Distance 2 -0.15 -0.25 - -0.05 -0.17 -0.30 — -0.04

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with annual female survival are
denoted with Survivaliemae. Line and Line? represent models that considered a linear and
quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any power

line (columns 5-6).

P Parameter denotes the format of a given parameter estimate. Survivaliemare represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.

102



1898  Table 20. Performance of all multistate robust design models used to assess the influence of
1899  transmission lines on male greater sage-grouse survival (p) and among-lek movement rates ()

1900 in Eureka County, NV, from 2003-2012.

Model? AAIC. AIC.w; No.Par Dev.
o(Survivalpaie)y(.) 0.00 0.21 27 4406.53
@(Survival ae)w(AllLines?) 0.06 0.21 29 4402.43
@(Survivalpae )y (FGLINE) 0.50 0.17 28 4404.95
@(Survivalpae )y(AllLines) 1.24 0.11 28 4405.69
@(Survival pae+ FGLINE)y(.) 1.85 0.08 28 4406.30
@(Survival paie +AlILine)y(.) 2.07 0.08 28 4406.52
@(Survivalmaie)y(FGLINE?) 2.26 0.07 29 4404.62
o(Survivalmae+tFGHw(.) 3.28 0.04 29 4405.64
p(Survivalpae+AllLines®)y(.) 4.14 0.03 29 4406.51
(FGLINE)y(.) 11.29 0.00 27 4417.82
o(OW() 12.31 0.00 26 4420.92
(FGLINE?)y() 12.67 0.00 28 4417.12
@(AllLine)y(.) 12.79 0.00 27 4419.32
@(AlILines*)y(.) 14.87 0.00 28 4419.32

1901  * Model selection notation follows Burnham and Anderson (2002). All models allowed detection
1902  tovary by year (i.e., primary occasion; no. par = 10), month (i.e., secondary occasion; no. par =
1903  2), and lek of capture (no. par. = 12). FGLINE and AllLines is a represents the distance from the
1904  lek a male was associated with to Falcon-Gondor or any transmission line, respectively. 2 denotes
1905  aquadratic relationship. ¢ represents annual apparent survival. y represents the annual

1906  probability of a male moving to a new breeding lek among years. (.) denotes constancy, or

1907 intercept-only. Italicized model is the basic reference value model; bold model is the null model.

1908
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1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

Table 21. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines on male greater sage-grouse survival (¢) and among-lek

movement rates (y) in Eureka County, NV, from 2003-2012. Bold values indicate that the 85%

confidence intervals associated with a parameter estimate did not overlap zero.

Model Format Parameter | B: FG 85% C.1I. B: All 85% C.1I.
Line Line
o Survival nae Survival maie 0.41 0.25-0.57 0.41 0.25-0.57
o Survivalnge + Line Distance -0.06 -0.24-0.12 -0.01 -0.16-0.14
o Survivalge + Line + Distance
0.04 -0.21-0.29 0.02 -0.30-0.34
Line?
Distance -0.09 -0.25-0.07 -0.01 -0.17-0.15
o Line Distance -0.20 -0.35--0.04 -0.13 -0.27-0.02
¢ Line + Line? Distance -0.09 -0.32-0.15 -0.13 -0.43-0.17
Distance -0.09 -0.23-0.06 0.00 -0.15-0.15
w Line Distance -0.45 -1.00-0.10 -0.31 -0.84 -0.22
w Line + Line®? Distance -0.33 -1.00-0.34 -1.01 -1.68 - -0.34
Distance -0.21 -0.78 - 0.36 0.53 0.13-0.93

#Model format describes the parameter structure associated with a series of parameter estimates

(B)- Models that account for environmental variability associated with male survival () are

denoted with Survivalyae. We could not account for environmental variability associated with

male lek movement rates (). Line and Line? represent models that considered a linear and

quadratic effect, respectively, influence of the FG transmission line (columns 3-4) or any power

line (columns 5-6).
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1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

P parameter denotes the format of a given parameter estimate. Survival e represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.
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1937

1938

1939

Table 22. Performance of all robust design Pradel models used to assess the influence of power

lines and common ravens demographic structure on lek-specific population growth rates of male

greater sage-grouse in Eureka County, NV, 2003-2012.

Model® AAIC.  AIC.w; No.Par Dev.
PopGrowth +AllLines * RavenAbundance® 0.00 0.35 36 6395.95
PopGrowth +AllLines + RavenAbundance? 0.04 0.34 35 6398.14
PopGrowth +AllLines” + RavenAbundance 1.89 0.14 36 6397.84
PopGrowth + FGLINE * RavenAbundance’ 3.27 0.07 36 6399.22
PopGrowth + FGLINE + RavenAbundance? 3.92 0.05 35 6402.02
PopGrowth + FGLINE? + RavenAbundance’ 4.57 0.04 36 6400.53
PopGrowth + RavenAbundance® 6.49 0.01 34 6406.73
PopGrowth + RavenOccupancy® 16.55 0.00 34 6416.79
PopGrowth + AllLines 18.65 0.00 33 6421.02
PopGrowth + AllLine + RavenAbundance 20.71 0.00 34 6420.94
PopGrowth + AllLines® 20.77 0.00 34 6421.01
PopGrowth + FGLINE * RavenAbundance 21.08 0.00 35 6419.18
PopGrowth + FGLINE 22.74 0.00 33 6425.11
PopGrowth 23.27 0.00 32 6427.77
PopGrowth + RavenOccupancy 23.66 0.00 33 6426.04
PopGrowth + FGLINE + RavenAbundance 24.72 0.00 34 6424.96
PopGrowth + FGLINE? 24.87 0.00 34 6425.10
PopGrowth + RavenAbundance 25.19 0.00 33 6427.57
FGLINE® 118.95 0.00 33 6521.33
FGLINE 119.13 0.00 32 6523.64
NULL 121.90 0.00 31 6528.54
AllLines 122.61 0.00 32 6527.12
AllLines 123.12 0.00 33 6525.50
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1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

% Model selection notation follows Burnham and Anderson (2002). Apparent survival was
allowed to vary by year (no. par = 10). Detection was allowed to vary by year (i.e., primary
occasion, no. par = 10) and lek (no. par = 10). PopGrowth represents the reference value
covariate developed from the environmental characteristics which were supported to influence
lek-specific population growth rates (lek elevation (+); annual precipitation (+); covariate model
modified from Blomberg et al. 2012°). FGLINE and AllLines represents a leks distance from the
Falcon-Gondor or any transmission line during a given spring, respectively. RavenOccupancy
represents the annual average relative probability of a Common raven disturbing each lek.
RavenAbundance represents the annual estimated Common raven population abundance
associated with the survey transect along the Falcon-Gondor transmission line nearest to the
lek. 2 denotes a quadratic relationship. Models with interactions consider both the linear and
interaction terms. Italicized model is the basic reference value model; bold model is the null

model.

® Models considered two additional years of data and more complex model design. See

supplemental material for model results.
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1961

1962

1963

1964

Table 23. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines and common raven demographic structure on greater sage-

grouse population growth in Eureka County, NV, from 2003-2012. Bold values indicate that the

85% confidence intervals associated with a parameter estimate did not overlap zero.

Model Format Parameter-Type | B: FG Line 85% C.1I. B: All Line 85% C.1I.
PopGrowth PopGrowth 0.42 0.35-0.48 0.42 0.35-0.48
PopGrowth + Line Distance 0.02 0.00 - 0.04 0.04 0.02 - 0.06
PopGrowth + Line + Distance
Line? 0.02 -0.01-0.05 0.03 0.01-0.06
Distance 0.00 -0.02 -0.02 0.00 -0.02 -0.02
Line Distance -0.03 -0.04 --0.01 -0.02 -0.03-0.00
Line + Line? Distance 0.00 -0.03-0.03 0.00 -0.02 -0.03
Distance -0.02 -0.03-0.00 -0.02 -0.03 -0.00
Model Format Parameter-Type B: Raven 85% C.1I. B: Raven 85% C.1I.
Abundance Disturbance
PopGrowth + Raven Raven 0.02 -0.04 - 0.07 0.02 0.00 -0.04
PopGrowth + Raven Raven
+ Raven’ -0.14 -0.21--0.07 -0.03 -0.06 - 0.00
Raven’ 0.18 0.12-0.24 -0.05 -0.08 - -0.03
Model Parameter B: FG Line 85% C.I. p: All Line 85% C.I.
PopGrowth + Distance -0.01 -0.04 -0.03 0.00 -0.04 -0.04
FGLINE * RavenAbundance -0.15 -0.22 --0.08 -0.15 -0.22 --0.08
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1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

RavenAbundance’  RavenAbundance? 0.19 0.13-0.25 0.18 0.11-0.24

Distance 0.04 0.01-0.08 0.04 0.01-0.08

#Model format describes the parameter structure associated with a series of parameter estimates
(B). Models that account for environmental variability associated with population growth are
denoted with PopGrowth. Line and Line? represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line
(columns 5-6). Raven and Raven? represent models that considered a linear or quadratic effect,
respectively, of annual common raven abundance (columns 3-4) or the relative probability of a

common raven disturbing the breeding lek nearest to an individual female (columns 5-6).

P Parameter denotes the format of a given parameter estimate. Survival i represents reference

value; Distance represents distance from a power line; 2 denotes a quadratic relationship.

Table 24. Performance of all robust design Pradel models used to assess the influence of power
lines and common ravens demographic structure on lek-specific per capita recruitment rates of

greater sage-grouse in Eureka County, NV, from 2003-2012.
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1984

1985

1986

1987

Model? AAIC, AIC, w; No. Par Dev.
Recruit + AllLines” + RavenAbundance’ 0.00 0.40 36 6431.35
Recruit + AllLines + RavenAbundance® 0.23 0.36 35 6433.73
Recruit + AllLines * RavenAbundance® 1.23 0.22 36 6432.58
Recruit + RavenAbundance” 7.38 0.01 34 6443.02
Recruit + FGLINE + RavenAbundance® 8.35 0.01 35 6441.85
Recruit + FGLINE * RavenAbundance® 9.12 0.01 36 6440.47
Recruit + FGLINE*+ RavenAbundance® 10.10 0.00 36 6441.45
Recruit + RavenOccupancy” 10.43 0.00 34 6446.08
Recruit + AllLines’ 10.52 0.00 34 6446.17
Recruit + AllLines 11.68 0.00 33 6449.46
Recruit + AllLines+ RavenAbundance 12.95 0.00 34 6448.59
Recruit 16.88 0.00 32 6456.79
Recruit + RavenAbundance 18.38 0.00 33 6456.16
Recruit + FGLINE 18.43 0.00 33 6456.21
Recruit + RavenOccupancy 18.55 0.00 33 6456.33
Recruit + FGLINE * RavenAbundance 18.71 0.00 35 6452.21
Recruit + FGLINE? 19.17 0.00 34 6454.81
Recruit + FGLINE + RavenAbundance 19.87 0.00 34 6455.51
FGLINE® 60.19 0.00 33 6497.97
FGLINE 60.59 0.00 32 6500.50
NULL 61.75 0.00 31 6503.79
AllLines 62.98 0.00 32 6502.89
AllLines’ 63.62 0.00 33 6501.40

# Model selection notation follows Burnham and Anderson (2002). Apparent survival was

allowed to vary by year (no. par = 10). Detection was allowed to vary by year (i.e., primary

occasion, no. par = 10) and lek (no. par = 10). Recruit represents a covariate developed from the
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1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

environmental characteristics which were supported to influence lek-specific population growth
rates (lek elevation (+); annual precipitation (+); total vegetation cover (+); habitat converted to
exotic grassland (+);annual precipitation * habitat converted to exotic grassland; covariate
model modified from Blomberg et al. 2012"). FGLINE and AllLines represents a leks distance
from the Falcon-Gondor or any transmission line during a given spring, respectively.
RavenOccupancy represents the annual average relative probability of a Common raven
disturbing each lek. RavenAbundance represents the annual estimated Common raven population
abundance associated with the survey transect along the Falcon-Gondor transmission line nearest
to the lek. % denotes a quadratic relationship. Models with interactions consider both the linear
and interaction terms. Italicized model is the basic reference value model; bold model is the null

model.

® Models considered two additional years of data and more complex model design. See

supplemental material for model results.

Table 25. Parameter estimates (3), and 85% confidence intervals for selected parameters used to

assess the influence of power lines and common raven demographic structure on greater sage-
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2008

2009

grouse per capita recruitment in Eureka County, NV, from 2003-2012. Bold values indicate that

the 85% confidence intervals associated with a parameter estimate did not overlap zero.

Model Format Parameter-Type | B: FG Line 85% C.1I. B: All Line 85% C.1I.
Recruit Recruit 0.45 0.36 - 0.54 0.45 0.36 - 0.54
Recruit + Line Distance 0.04 -0.01-0.08 0.11 0.06 - 0.17
Recruit + Line + Distance
Line? 0.06 -0.01-0.13 0.17 0.09-0.26
Distance -0.02 -0.06 - 0.02 -0.05 -0.09 -0.00
Line Distance -0.05 -0.10--0.01 -0.03 -0.07 - 0.02
Line + Line? Distance 0.01 -0.05-0.08 0.01 -0.06 - 0.08
Distance -0.04 -0.08 - 0.01 -0.04 -0.08 - 0.00
Model Format Parameter-Type B: Raven 85% C.1I. B: Raven 85% C.1I.
Abundance Disturbance
Recruit + Raven Raven 0.07 -0.06 - 0.20 0.02 -0.02 - 0.06
Recruit + Raven + Raven
Raven’ -0.25 -0.45 - -0.06 -0.12 -0.20 - -0.04
Raven’ 0.29 0.17 - 0.40 -0.14 -0.21--0.08
Model Format Parameter B: FG Line 85% C.I. B: All Line 85% C.I.
Recruit + Line * Distance -0.01 -0.09 - 0.06 0.06 -0.02-0.15
RavenAbundance?  RavenAbundance -0.28 -0.47 - -0.09 -0.29 -0.49--0.10
RavenAbundance® 0.28 0.16 - 0.40 0.29 0.17-0.41
Distance 0.04 -0.01-0.08 0.04 -0.01-0.09
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2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

#Model format describes the parameter structure associated with a series of parameter estimates
(B)- Models that account for environmental variability associated with population growth are
denoted with PopGrowth. Line and Line? represent models that considered a linear and quadratic
effect, respectively, influence of the FG transmission line (columns 3-4) or any power line
(columns 5-6). Raven and Raven? represent models that considered a linear or quadratic effect,
respectively, of annual common raven abundance (columns 3-4) or the relative probability of a

common raven disturbing the breeding lek nearest to an individual female (columns 5-6).

P Parameter denotes the format of a given parameter estimate. Recruit represents reference value;

Distance represents distance from a power line; ® denotes a quadratic relationship.

Figure Headings
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2030
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2036
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2038
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2048

2049

2050

Figure 1: Reconstructed analysis from data previously reported in Hall and Haney 1997, which
originally suggested leks closer to transmission lines had lower male attendance and decreased
population growth. These analyses, like many others, failed to account for latent environmental

variability (e.g., elevation) correlated with transmission line placement.

Figure 2: Map of the Falcon-Gondor transmission line (gray line), all other power lines (black
hatched line), and state highways (black line) occurring within the study system located
primarily in Eureka County, NV, USA (see inset). Sage-grouse were primarily associated with

one of 13 study leks (black circles).

Figure 3. Representative images of towers within the Falcon-Gondor transmission line corridor
depicting the (A) 2-pole H-frame tower and (B; foremost) 3-pole guyed angle-transposition
tower design. The completed Falcon-Gondor transmission line was approximately 299km long
and consisted of 734 towers that varied in height (23-40m), and design (2-3 pole) depending on

topography and projection.

Figure 4: Regression of elevation and distance from any power line within Eureka County, NV,
USA. Black circles represent 2000 locations randomly generated within the study system

delineated in Fig. 2. Error bands represent 95% confidence intervals.

Figure 5: A) Maximum spring common raven abundance (solid black line) associated with the
surveyed portion of the Falcon-Gondor transmission line in Eureka County, Nevada from 2003-
2012. Construction for the Falcon-Gondor transmission line began in the fall of 2003 and was
completed in spring of 2004 (gray line). Regression line (dotted line) suggests an average
increase in common raven abundance of 22.7 individuals per year. Error lines (dashed black

lines) represent 95% credible intervals. B) The relative probability of a raven disturbance during
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2051  all lek observations in a given year regressed against annual maximum spring common raven
2052  abundance (solid line). Bi-lateral error bars around point estimates represent 95% credible

2053 intervals, error lines on regression (dashed lines) represents 95% confidence intervals.

2054  Figure 6: The relative probability of a raven disturbance during all lek observations at a given
2055 lek regressed against a study lek’s distance from the Falcon-Gondor transmission line (gray
2056  circles, solid gray line) or the study lek’s distance from the nearest power line (black circles,

2057  dashed black line). Error bars around point estimates represent 95% credible intervals.

2058  Figure 7: The influence of the average distance a female greater sage-grouse was from the

2059  Falcon-Gondor transmission line during the breeding season (A); maximum spring common
2060  raven abundance (B); and the relative probability of common raven observation at the lek nearest
2061 toafemale (C) and nesting (solid gray line) and re-nesting propensities (solid black line) in

2062  Eureka County, Nevada from 2003-2012. Error lines (dashed lines) represent 95% confidence

2063  intervals.

2064  Figure 8: The influence of the distance from the Falcon-Gondor (solid gray line) or any power
2065 line (solid black line) and the relative probability of selection as a nesting site at the (A)

2066  landscape scale or (B) local scale in Eureka County, Nevada from 2003-2012. Box plots

2067  represent the distribution of distances (solid: nests; diagonal lines: available) from the Falcon-

2068  Gondor transmission line (gray) or any power line (white). Error lines (dashed lines) represent

2069  95% confidence intervals.

2070  Figure 9: Year-specific beta parameter estimates assessing the influence of distance from the
2071  Falcon-Gondor transmission line on nest site selection (filled circles; regression line: dashed

2072 line) and nest survival (open circles; regression line: solid line) regressed against the estimated
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2087

2088

2089

2090

2091

2092

2093

2094

maximum number of common raven associated with the surveyed portion of the Falcon-Gondor
transmission line in Eureka County, Nevada from 2004-2012. Bi-lateral error bars represent

standard errors.

Figure 10: The relationship between the distance of a sage-grouse nest from the Falcon-Gondor
(solid gray line) and any power line (solid black line) on its overall nest survival (to 37 days) in
Eureka County, Nevada from 2004-2012. Box plot represent the distribution of nest distances
from the Falcon-Gondor transmission line (gray) or any power line (white). Error lines (dashed

lines) represent 95% confidence intervals.

Figure 11: The relationships between use of an area as brood rearing habitat at the landscape
scale and its distance from Falcon-Gondor (dashed line, light gray band) and any power line
(solid line, dark gray band) across a six week brood rearing period. Avoidance of habitat during
the brood rearing period near the Falcon-Gondor was less supported than avoidance of habitat
near any power line in Eureka County, Nevada from 2005-2012. Panels represent a shift in the
magnitude habitat avoidance, which weakened throughout the brood rearing period as sage-

grouse chicks aged. Error bands represent 95% confidence intervals.

Figure 12: The relationships between use of an area as brood rearing habitat at the local scale
and its distance from Falcon-Gondor (dashed line, light gray band) and any power line (solid
line, dark gray band) during the (A) early and (B) late brood rearing periods. Panels represent a
shift from avoidance of habitat associated with power lines to no selective pressure as sage-

grouse chicks aged. Error bands represent 95% confidence intervals.

Figure 13: Influence of an interaction between maximum raven abundance (dashed = low N,

solid = average N, short dashed = high N) and a brood’s distance from the Falcon-Gondor
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2108
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2110

2111

2112

2113

2114

2115

transmission line on weekly estimates of apparent pre-fledging chick survival during the first two

weeks after hatch. Estimates of raven population size represent a standard deviation below and
above the average maximum number of ravens in a given year. Box plots represent the
distribution of brood distances from the Falcon-Gondor transmission line the first (gray) and

second (white) weeks.

Figure 14: The influence of a female greater sage-grouse’s average monthly distance from the
Falcon-Gondor (solid gray line) and any power line (solid black line) on true annual female

survival. Error lines (dashed) represent 95% confidence intervals.

Figure 15: The influence of a lek’s distance from the Falcon-Gondor (solid gray line) and any
power line (solid black line) and the apparent annual survival of a male greater sage-grouse

associated with that lek. Error lines (dashed) represent 95% confidence intervals.

Figure 16: The influence of a lek’s distance from any power line (solid black line) and the
annual probability of a male Greater sage-grouse associated with that lek moving to a new lek.
Error lines (dashed) represent 95% confidence intervals. Black circles represent the distances

from each study lek to the nearest power line.

Figure 17: The influence of a lek’s distance from the Falcon-Gondor transmission (A) on lek-
specific per capita recruitment (f) and population growth (L) under three levels of estimated
numbers of Common ravens per survey transect associated with the Falcon-Gondor transmission
line. These estimates represent a standard deviation below (column 1), above (column 3), and
average (column 2) number of common ravens per transect. Also, the influence of relative

probability of a common raven disturbing a greater sage-grouse lek on lek-specific population
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2129

2130

2131

2132
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growth (1) (B) and per capita recruitment (f) in in Eureka County, Nevada from 2003-2012. Error

bands represent 95% confidence intervals.

Figure 18: Beta parameter estimates for models that did not account for environmental variation
(gray circles) and models that accounted for environmental variation (black circles) for each
analysis that assessed the linear effects of the distance from (column 1) any power line and
(column 2) distance from the Falcon-Gondor transmission line. Error bars represent 85%

confidence intervals.

Figure 19: Beta parameter estimates for models that did not account for environmental variation
(gray circles) and models that accounted for environmental variation (black circles) for each
analysis that assessed the non-linear effects (column 1: linear component; column 2: quadratic
component) of the distance from (A) the Falcon-Gondor transmission line and (B) distance from

any power line. Error bars represent 85% confidence intervals.

Figure 20: Predicted daily survival of a nest (filled circles) based on the surrounding habitat
characteristics in the absence of a modeled power line effect (Gibson et al. in review) regressed
against distance from (A) any power line and (B) Falcon-Gondor transmission line. Shaded gray

ribbon represents 95% confidence intervals around regression parameter.
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SUPPLEMENTAL MATERIAL

A) Methods and model results for specified reference value analyses

B) JAGS Code — Raven Abundance Model

C) JAGS Code - Raven Site Occupancy Model

141



2500

2501

2502

2503

2504

142



2505 SUPPLEMENTAL MATERIAL

2506  Table S1. List of all covariates considered to account for background environmental variation in
2507 an individual vital rate. Variables in italics were supported to influence a particular demographic

2508  rate of Greater sage-grouse in Eureka County, NV, USA from 2003-2012.

P
‘D
c
(b}
o
o —
= s
2 e
= S > S =
o s = % S 2 S
: S 3 S - S E
) 5] 2 = 3 c <)
= 3} — feh) o > =
g=] 2 S n o> 2 w = O
S n = © £ < 2 5 =
—~ g S = > £ < £ S
i 2 7 7 S 5 = = 5 3
Variable 7 $ f S @ = = ] =)
2 p 2 2] a < < @ a
Percent non-sagebrush
shrub cover X X X X X X
Percent forb cover X X X X X X
Percent total shrub
cover X X X X X X
Average shrub height X X X X X X
Total percent
vegetation cover X X X X X X
Percent grass cover X X X X X X
Percent sagebrush
shrub cover X X X X X X
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Forb taxa richness X X X
Average live grass

height X X X
Average residual grass

height X X X
Average forb height X X X
Proportion of

surrounding area

classified as exotic

grasslands X X X
Distance from nearest

road X X X
Proportion of

surrounding area

classified as Pinyon-

Juniper woodlands X X X
Proportion of

surrounding area

classified as sagebrush X X X
Elevation X X X
Distance to nearest

active lek X X X

Distance to nearest X X X
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2509

2510

2511

2512

2513

spring or water source
Slope

Northness :
cosine(aspect)
Eastness: sine(aspect)
Minimum age
Estimated male
population size
Precipitation

Summer temperature
Nest hatch date
Nesting success
Fledging success

Nest quality

Distance brood moved

Population
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2514  Table S2. Performance of all nest survival models used to assess the influence of habitat features
2515  selected for as nest sites on Greater sage-grouse nest survival in Eureka County, NV, 2004-2012.
2516  Tables are organized by individual heterogeneity (A), disturbance (B), landscape-scale habitat
2517  features (C), temporal characteristics (D), local-scale vegetation features (E), and multivariable

2518  models (F).

Individual Heterogeneity Models® AAIC. AIC.w; No.Par Dev.
Base + Pop 0.00 0.84 5 1268.21
Base 6.19 0.04 4 1276.40
Base + ID? 6.71 0.03 6 1272.91
Base + Season 6.88 0.03 5 1275.08
Base + Age Class 7.46 0.02 5 1275.67
Base + MinAge 8.09 0.01 5) 1276.30
Base + ID 8.11 0.01 5) 1276.32
Base + NestAttempt 8.18 0.01 5 1276.39

Disturbance Models” AAIC; AIC.w; No.Par Dev.
Base + WF 2000 0.00 0.31 5) 1274.06
Base 0.33 0.26 4 1276.40
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Base + WF 100 1.26 0.17 5 1275.32
Base + WFsqo 1.68 0.14 5) 1275.75
Base + DRoad 2.01 0.12 5) 1276.07
Geo-Spatial Models* AAIC. AIC.w; No.Par Dev.
Base + PJ2o00 0.00 0.71 5 1265.60
Base + Elev 4.20 0.09 5) 1269.80
Base + PJ1go0 4.22 0.09 5 1269.81
Base + Dlek 5.62 0.04 5 1271.21
Base + DLek? 7.51 0.02 6 1271.11
Base + Allg00 8.11 0.01 5 1273.71
Base + PJsgo 8.13 0.01 5 1273.72
Base 8.80 0.01 4 1276.40
Base + DSpring 8.82 0.01 5 1274.42
Base + North 8.83 0.01 5 1274.43
Base + Slope 8.96 0.01 5 1274.56
Base + Sagebrushgoo 9.76 0.01 5 1275.36
Base + Sagebrushsgg 10.56 0.00 5 1276.16
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Base +East 10.61 0.00 5 1276.20
Base + DSpring® 10.82 0.00 6 1274.42
Base + North * East 11.78 0.00 7 1273.37
Temporal Models® AAIC. AIC.w; No.Par Dev.
Stage + Incubation Trend (Base) 0.00 0.23 4 1276.40
@) 0.64 0.17 1 1283.04
Stage 0.64 0.16 3 1279.05
Snowpack 1.54 0.11 2 1281.95
Raven Index 2.02 0.08 2 1282.42
Weekly Trend 2.50 0.07 2 1282.90
Daily Trend 2.60 0.06 2 1283.00
Precipitation 2.60 0.06 2 1283.00
Week Quadratic Trend 4.50 0.02 3 1282.90
Day Quadratic Trend 4.56 0.02 3 1282.96
Week 5.65 0.01 6 1278.04
Year + Stage + Incubation Trend 9.18 0.00 12 1269.53
Year 10.24 0.00 9 1276.61
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Local Vegetation Models® AAIC. AIC.w; No.Par Dev.
Base + NSCs 0.00 0.79 5) 1264.68
Base + FCs 4.88 0.07 5) 1269.56
Base + TCos 6.54 0.03 5 1271.22
Base + TSCs 6.64 0.03 5 1271.32
Base + SH5 6.95 0.02 5) 1271.63
Base + TCs 8.39 0.01 5 1273.07
Base + FH5 8.67 0.01 5 1273.34
Base + SHo 5 9.53 0.01 5) 1274.21
Base 9.72 0.01 4 1276.40
Base + GHgs 10.87 0.00 5 1275.55
Base + GHs 11.24 0.00 5) 1275.92
Base + GCs 11.32 0.00 5 1276.00
Base + SCs 11.57 0.00 5 1276.24
Base + FRichs 11.71 0.00 5) 1276.39
Base + RGHs 11.72 0.00 5 1276.39
Base + FHg 5 11.72 0.00 5 1276.40
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2519

Multivariable Model’ AAIC.  AIC.w; Dev.
Base + NSCs + FCs + Pop 0.00 0.29 1253.92
Base + NSCs + FCs + Pop + PJagoo 0.56 0.22 1252.47
Base + NSCs + FCs + PJaooo 1.29 0.15 1255.20
Base + NSCs + FCs 3.29 0.06 1259.21
Base + NSCs + FCs + SHs 3.96 0.04 1257.88
Base + NSCs + PJaooo 4.19 0.04 1260.12
Base + NSCs + FCs + Dlek 4.29 0.03 1258.21
Base + NSCs + FCs + Elev 4.88 0.03 1258.80
Base + NSCs + FCs5 + TCos 4.93 0.02 1258.85
Base + NSCs + Pop 5.13 0.02 1261.05
Base + NSCs + TCy5s 6.50 0.01 1262.42
Base + NSCs + Dlek 6.50 0.01 1262.42
Base + NSCs + SHs 6.58 0.01 1262.50
Base + NSCs + Elev 6.63 0.01 1262.56
Base + NSCs 6.75 0.01 1264.68
Base + NSCs + DSpring 7.05 0.01 1262.97
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Base + NSCs + TCs

Base + NSCs + WF5q00

Base + PJogog

Base + NSCs; + TSC

Base + NSCs + SHy5

Base + NSCs + FHg5

Base + Pop

Base + FCs

Base + Elev

Base + Dlek

Base + TCqs

Base + TSCs

Base + SH5

Base + TCs

Base + WF 000

Base + SHg 5

Base + DSpring

Base + FHg 5

7.13

7.66

7.67

8.08

8.46

8.72

10.28

11.63

11.87

13.28

13.29

13.39

13.70

15.14

16.13

16.28

16.49

18.47

0.01

0.01

0.01

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1263.05

1263.59

1265.60

1264.00

1264.38

1264.65

1268.21

1269.56

1269.80

1271.21

1271.22

1271.32

1271.63

1273.07

1274.06

1274.21

1274.42

1276.40
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2520

2521

2522

2523

2524

2525

2526

2527

2528

2529

2530

2531

2532

2533

2534

2535

2536

2537

2538

2539

2540

2541

2542

abeder Model selection notation follows Burnham and Anderson (2002). Base represents a
competitive four parameter design to account for variation in nest survival related to nest age; we
allowed the laying period for the average nest (occasions 1-10), early incubation/late laying
period (occasions 11-15), and the primary incubation period (occasions 16-44) to estimate
independently from each other, with the linear trend (daily) on the primary incubation period.
Subscripts denote the scale of the variable (i.e., within 0.5m, 5m or within a radius of 500m,
1000m, or 2000m of a point). Horizontal cover variables included non-sagebrush shrub cover of
all size classes (NSC), sagebrush shrub cover at all size classes (SC), total shrub cover (TSC),
forb cover (FC), grass cover (GC), and total vegetation cover (TC). Vertical cover variables
included average shrub height (SH), average forb height (FH), average live grass height (GH),
and average residual grass height (RGH). FRich represented forb taxa richness within a given
plot. DLek, DRoad, and DSpring represent distance (in m) from nearest active lek, nearest road,
and nearest spring or water source, respectively. Sagebrush represent the proportion of habitat
classified as sagebrush at a specified scale; WF represented the proportion of habitat converted to
exotic grasslands due to wildfire at a specified scale; PJ represented the proportion of habitat
classified as pinyon-juniper woodlands at a specified scale. Elev represented the elevation (in m)
of a point; Slope represented the slope (in degrees) of a point. North is the cosine of aspect, East
is the sin of aspect. Pop was a binomial covariate delineating nests from females associated from
the Cortez Mountains from females associated with Roberts Creek Mountain. AgeClass was a
binomial covariate which delineated second year females from after second year females,
MinAge was a continuous covariate which represented the females minimum age. Season was a
binomial covariate which delineated females captured in the spring from females captured in the

fall. ID represented estimate nest initiation date. (.) denotes intercept-only model. Year denotes
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2543

2544

2545

2546

2547

2548

2549

2550

2551

2552

2553

2554

2555

2556

2557

2558

2559

2560

full annual variation. We also considered annual constraints related to annual precipitation
(precipitation), raven population size (raven index), and winter snowpack (snowpack). Week
allowed for variation among 7 day fixed periods. Stage allowed for the laying, early incubation,
and primary incubation phases to estimate separately. Linear and quadratic daily and weekly

trends are clearly denoted. All covariates were z-standardized prior to analysis
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2561  Table S3. Model parameter estimates, associated error, and measure of significance from single

2562  variable nest survival (Nest Survival) models.

Variable B S.E. Sig.? units
NSCs 0.29 0.09 * Prop. cover
FCs 0.21 0.09 * Prop. cover
TCos 0.15 0.06 * Prop. cover
TSCs 0.16 0.07 * Prop. cover
SHs 0.15 0.07 * cm
TPCs 0.12 0.07 * Prop. cover
FHos 0.12 0.07 * cm
SHos 0.11 0.08 * cm
G0.5 0.07 0.07 cm
GCs -0.05 0.07 Prop. cover
SCs -0.03 0.07 Prop. cover
FRichs 0.01 0.07 taxa
GHs 0.05 0.07 cm
RGHs -0.01 0.07 cm
FHs 0.00 0.07 cm
WF 2000 -0.11 0.07 * Prop. classified
WF 1000 -0.07 0.07 Prop. classified
WFs00 -0.06 0.07 Prop. classified
Road 0.04 0.07 m
PJ2000 0.25 0.08 * Prop. classified
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2563

2564

2565

2566

2567

2568

2569

2570

2571

2572

2573

2574

PJ1000 0.20 0.08 * Prop. classified

PJsoo 0.12 0.08 * Prop. classified
Sagezoo0 -0.13 0.08 * Prop. classified
Sageiooo -0.08 0.08 Prop. classified
Sagesoo -0.04 0.08 Prop. classified

Elev 0.18 0.07 * m

Dlek 0.17 0.08 * m
DSpring 0.10 0.07 * m

Slope 0.10 0.07 °

Northness -0.10 0.07 * °
Eastness 0.03 0.07 °

(*) denotes significance at 85 percent confidence intervals (Arnold 2010) in single variable
models. Subscripts denote the scale of the variable (i.e., within 0.5m, 5m, or within a radius of
500m, 1000m, or 2000m of a point). Horizontal cover variables included non-sagebrush shrub
cover of all size classes (NSC), sagebrush shrub cover at all size classes (SC), total shrub cover
(TSC), forb cover (FC), grass cover (GC), and total vegetation cover (TC). Vertical cover
variables included average shrub height (SH), average forb height (FH), average live grass height
(GH), and average residual grass height (RGH). FRich represented forb taxa richness within a
given plot. DLek, DRoad, and DSpring represent distance (in m) from nearest active lek, nearest
road, and nearest spring or water source, respectively. Sagebrush represent the proportion of
habitat classified as sagebrush at a specified scale; WF represented the proportion of habitat
converted to exotic grasslands due to wildfire at a specified scale; PJ represented the proportion

of habitat classified as pinyon-juniper woodlands at a specified scale. Elev represented the
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2575  elevation (in m) of a point; Slope represented the slope (in degrees) of a point. North is the

2576  cosine of aspect, East is the sin of aspect.
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2577  Table S3. Performance of all resource selection function generalized linear mixed models used to
2578  assess the influence of landscape-scale vegetation habitat features on Greater sage-grouse brood

2579  site selection in Eureka County, NV, 2005-2012.

Model® AAIC, AIC. w; No. Par Dev.

Elevation + Slope 0.00 0.37 5 2063.75
Elevation * Slope 0.21 0.34 6 2061.96
Elevation® + Slope 0.50 0.29 6 2062.25
Elevation® 21.00 0.00 5 2084.75
Elevation 21.99 0.00 4 2087.74
All Sagebrushsgg 73.83 0.00 4 2139.58
All Sagebrushiggo 75.42 0.00 4 2141.17
Pinyon-Junipersg 78.89 0.00 4 2144.64
All Sagebrush;goo 88.29 0.00 4 2154.04
Pinyon-Juniperigoo 93.19 0.00 4 2158.94
Pinyon-Junipergoo 136.71 0.00 4 2202.46
Slope 163.51 0.00 4 2229.26
Wildfiregoo 179.60 0.00 4 2245.35
Wildfiresgo 179.95 0.00 4 2245.70
Null 180.08 0.00 3 2247.83
Wildfirezgoo 180.50 0.00 4 2246.25
Distance from spring® 180.77 0.00 5 2244.52
Distance from spring 181.88 0.00 4 2247.63

2580
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2581

2582

2583

2584

2585

2586

2587

2588

2589

2590

2591

2592

2593

2594

2595

2596

2597

2598

2599

 Model selection notation follows Burnham and Anderson (2002). All models include random
intercepts for year and individual. Subscripts denote the scale of the variable (i.e., radius of
500m, 1000m, or 2000m from a point), superscripts denote quadratic relationships. DLek,
DRoad, and DSpring represent distance (in m) from nearest active lek, nearest road, and nearest
spring or water source, respectively. All Sagebrush represented the proportion of area classified
as sagebrush at a specified scale; WF represented the proportion of area converted to exotic
grasslands due to wildfire at a specified scale; PJ represented the proportion of area classified as
pinyon-juniper woodlands at a specified scale. Elev represented the elevation (in m) of a point;
Slope represented the slope (in degrees) of a point. Null denotes intercept-only model. All

variables were z-standardized prior to analysis.
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2600  Table S4. Performance of all resource selection function generalized linear mixed models used to
2601  assess the influence of local-scale vegetation habitat features on Greater sage-grouse brood site

2602  selection in Eureka County, NV, 2005-2012.

Model® AAIC;. AIC.w; No.Par Dev.

TC + RGH + FRich + GH + NSC 0.00 0.58 9 713.64
TC + RGH + FRich + GH + NSC + SC 1.05 0.35 10 712.69
TC + RGH + FRich + GH + SC 6.37 0.02 9 720.01
TC + RGH + FRich + GH + FH 7.29 0.02 8 722.93
TC + RGH + FRich + GH + FC 7.70 0.01 9 721.34
TC + RGH + FRich + GH + FC 8.51 0.01 8 724.15
TC + RGH + FRich + GH 9.87 0.00 7 727.52
TC + RGH + FRich + FH 10.50 0.00 7 728.14
TC + RGH + FRich + GH + TRich 11.87 0.00 8 727.51
TC + RGH + FRich + FC 16.27 0.00 7 733.91
TC + RGH + FRich 17.81 0.00 6 737.45
TC + RGH + FRich + GRich 17.84 0.00 7 735.48
TC + RGH + FRich + TRich 19.69 0.00 7 737.33
TC+RGH+ TR 21.68 0.00 6 741.33
TC+RGH +FH 31.10 0.00 6 750.74
TC+RGH + FC 34.14 0.00 6 753.79
TC + RGH + GH 36.35 0.00 6 756.00
TC + RGH + GRich 39.83 0.00 6 759.48
TC + RGH 42.93 0.00 5 764.57
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TC + FRich

TC+TR

TC +FH

TC + GH

TC + FC

TC + GRich

TC

TC + GC

FRich

FH

TRich

FC

GH

RGH

GRich

SC

GC

TSC

Null

NSC

SH

SRich
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47.90

50.71

57.21

57.90

63.52

65.10

69.27

70.24

83.05

83.76

86.97

89.78

92.28

94.48

121.69

122.94

124.53

126.96

127.87

128.95

129.08

129.59

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

769.54

772.35

778.85

779.54

785.16

786.75

792.92

791.88

806.70

807.40

810.61

813.43

815.92

818.12

845.34

846.58

848.17

850.60

853.51

852.59

852.72

853.23



2603

2604

2605

2606

2607

2608

2609

2610

2611

2612

2613

2614

2615

2616

2617

2618

2619

2620

2621

2622

 Model selection notation follows Burnham and Anderson (2002). All models include random
intercepts for year and individual. Horizontal cover variables included non-sagebrush shrub
cover (NSC), sagebrush shrub cover (SC), total shrub cover (TSC), forb cover (FC), grass cover
(GC), and total vegetation cover (TC). Vertical cover variables included average shrub height
(SH), average forb height (FH), average live grass height (GH), and average residual grass height
(RGH). FRich, GRich, SRich, and TRich represented forb, grass, shrub, and total taxa richness
within a given plot, respectively. Null denotes intercept-only model. All variables were z-

standardized prior to analysis.
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2623  Table S5. Parameter estimates from resource selection functions based on generalized linear
2624  mixed models to assess the influence of habitat characteristics on greater sage-grouse brood site

2625  selection in Eureka County, NV, 2005-2012.

Lower 85% Upper 85%
Parameters B
Confidence Interval Confidence Interval
FC1o 0.71 0.54 0.89
FRichy 0.78 0.61 0.95
GCip 0.24 0.09 0.39
GRichyg 0.30 0.15 0.45
RGH 1o 0.66 0.48 0.83
FH1o 0.75 0.58 0.93
GHjg 0.70 0.52 0.87
NSCio -0.09 -0.24 0.05
SCio 0.26 0.12 0.41
SH1o 0.09 -0.06 0.24
ShrubRichyg 0.05 -0.09 0.19
TCao 0.86 0.69 1.03
TotalRichyg 0.77 0.60 0.95
TSC1o 0.18 0.03 0.33
Elev 0.67 0.60 0.75
Slope 0.23 0.15 0.30
DSpring 0.03 -0.05 0.10
WFs500 -0.08 -0.17 0.00
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2626

2627

2628

2629

2630

2631

2632

2633

2634

2635

2636

2637

2638

2639

2640

WF 1000 -0.09 -0.18 -0.01

WF 2000 -0.07 -0.15 0.01
Sagesoo 0.72 0.62 0.83
Sageiono 0.75 0.64 0.87
Sage2o0o 0.76 0.64 0.88
PJsoo -0.87 -1.03 -0.70
PJ1000 -0.74 -0.88 -0.60
PJ2000 -0.45 -0.55 -0.34

Parameter estimates are each from a single variable model. Subscripts denote the scale of the
variable (i.e., within 10m, or a radius of 500m, 1000m, or 2000m from a point), superscripts
denote quadratic relationships. DLek, DRoad, and DSpring represent distance (in m) from
nearest active lek, nearest road, and nearest spring or water source, respectively. Sage
represented the proportion of habitat classified as sagebrush at a specified scale; WF represented
the proportion of habitat converted to exotic grasslands due to wildfire at a specified scale; PJ
represented the proportion of habitat classified as pinyon-juniper woodlands at a specified scale.
Elev represented the elevation (in m) of a point; Slope represented the slope (in degrees) of a
point. Horizontal cover variables included non-sagebrush shrub cover (NSC), sagebrush shrub
cover (SC), total shrub cover (TSC), forb cover (FC), grass cover (GC), and total vegetation
cover (TC). Vertical cover variables included average shrub height (SH), average forb height
(FH), average live grass height (GH), and average residual grass height (RGH). FRich, GRich,
SRich, and TRich represented forb, grass, shrub, and total taxa richness within a given plot,

respectively. All covariates were z-standardized prior to analysis.
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2641

2642

2643

2644

2645

2646

2647

2648

2649

2650

2651

2652

2653

2654

2655

2656

2657

2658

FEMALE SURVIVAL

Model Modifications

We modified the analyses reported in Blomberg et al. (2013) by the following: 1) inclusion of an
additional year of data [i.e., 2012]; 2) inclusion of additional predictor variables; and 3)
transitioning the modeling framework from a known-fate analysis to that of a nest survival

model.
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2659

2660

Table S6. Performance of all nest survival models used to assess the influence of environmental

characteristics on adult female Greater sage-grouse survival in Eureka County, NV, 2003-2012.

Model?

Elev + Seasons + PreBreeding + Agemin + HatChsymmer +
Fledgesa

Seasons + PreBreeding + Agemin + HatChsymmer + Fledgean
PJ + Seasons + PreBreeding + Agemin + HatChgymmer +
Fledgesa

Road + Seasons + PreBreeding + Agemin + HatChsymmer +
Fledgesa

Month + Winter + PreBreeding + Agemin + Hatchgymmer +
Fledgesa

Month + Winter + PreBreeding + Agemin

Seasons

Month + Winter + Hatchgymmer + Fledgesay

Month + Winter + Elev

Month + Winter + Fledgesa

Month + Winter + Hatchgymmer

Month + Winter + PreBreeding + Agemin’

Month + Winter + PreBreeding

Month + Winter + PJ

Month + Winter + Agenmin

Month + Winter
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AAIC,

0.00

0.51

1.01

1.40

5.50

10.36

11.77

13.62

14.55

14.60

15.48

15.74

16.01

16.75

16.76

17.15

AlC. w;

0.26

0.20

0.16

0.13

0.02

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

No. Par

13

11

11

10

10

10

12

10

10

10

Dev.

1511.44

1513.96

1512.45

1512.84

1508.90

1517.77

1533.25

1521.04

1523.98

1524.03

1524.91

1521.14

1525.44

1526.17

1526.19

1528.59



2661

2662

2663

2664

2665

2666

2667

2668

2669

2670

2671

2672

2673

2674

2675

2676

2677

2678

2679

Month + Winter + Fire 17.71 0.00 10

Year + Month + Winter 25.69 0.00 18
) 62.91 0.00 1
Year 73.17 0.00 10

 Model selection notation follows Burnham and Anderson (2002). Month + Winter (no. par = 9)
allows survival during March — October to estimate independently but constrained to estimate
together from November — February. Seasons (no. par = 4) constrains monthly survival into
seasonal blocks (i.e., March-May, June-July, August-October, and November — February) that
estimate independently from each other. Year (no. par = 10) allows survival each year (2003-
2012) to estimate independently from another. Elev is a monthly (March- October) time-varying
covariate that represents the average elevation from all locations of a radio-marked female
during that month. PJ is a monthly (March- October) time-varying covariate that represents the
average proportion of area classified as Pinyon-Juniper within 5km from all locations of a radio-
marked female during that month. Fire is a monthly (March- October) time-varying covariate
that represents the average proportion of area classified as exotic grasslands within 5km from all
locations of a radio-marked female during that month. Road is a monthly (March- October) time-
varying covariate that represents the average distance between each location of a radio-marked
female and the nearest road. PreBreeding is a binomial (yes/no) variable modeled on post-
breeding months (August-February) that delineates young-of-year individuals from females that
have survived at least one breeding season. Agenmin represents the minimum age for each female
each year. Hatchgymmer is @ binomial (yes/no) variable modeled on the season immediately
following hatching (June-July) that delineates females that successfully hatched a nest from

those that did not. Fledges, is a binomial (yes/no) variable modeled on the season immediately
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1527.14

1519.00

1590.40

1582.60



2680

2681

2682

2683

2684

2685

2686

2687

2688

2689

2690

2691

2692

2693

2694

2695

2696

2697

2698

2699

following fledging (August-October) that delineates females that successfully fledged at least

one chick from those that did not.

RECRUITMENT AND POPULATION GROWTH

Model Modifications

We modified the analyses reported in Blomberg et al. (2012) by the following: 1) inclusion of
two additional year of data [i.e., 2011-2012]; 2) inclusion of additional predictor variables; and
3) including increased model parameterization that allowed for lek specific estimates of per
capita recruitment and lambda. Additional predictor variables included various metrics of
vegetation composition (e.g., total percent vegetation cover, percent sagebrush cover) derived
from vegetation surveys generated from random locations within 5km from each lek. Each lek
was assigned the average value for each vegetation variable from all random surveys completed

within 5km from the lek.
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2700

2701

Table S7. Performance of all Pradel models used to assess the influence of environmental

characteristics on per capita recruitment in Eureka County, NV, 2003-2012.

Model?

r(Prec * WFpp0 + TC + Elev)

r(Prec + TC + Elev + WF400)

r(Prec + PC + Elev)

r(Prec + TC + RD + FRich + WF + FC)

r(Year + TC + FRich)
r(Prec + TC + FRich)
r(Year + TC + WF1g00)
r(Year + Lek)

r(Year + TC + FC)
r(Year + TC)

r(Prec + TC + WF1g00)
r(Year + TC + SH)
r(Year + Elev)

r(Prec + Elev + WF1000)
r(Year + WF1000)
r(Year + RD)

r(Year + FC)

r(Year + SH)

r(Lek)

r(Year + FRich)
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AAIC,

0.00

26.67

27.38

28.65

29.65

30.21

32.06

32.40

32.54

33.06

34.21

34.85

42.08

45.49

46.39

49.07

49.54

50.47

55.80

60.34

AIC. w;

1.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

No. Par

35

34

33

36

37

33

36

43

37

36

33

37

36

33

36

36

36

35

39

36

Dev.

6414.16

6442.98

6445.82

6440.67

6439.52

6448.66

6444.08

6429.29

6442.41

6445.08

6452.65

6444.72

6454.10

6463.94

6458.41

6461.09

6461.56

6464.63

6461.35

6472.36



r(Year) 61.76 0.00 34 6478.06

r(Year + DSpring) 61.93 0.00 36 6473.95
r(Year + FH) 62.24 0.00 36 6474.26
r(Prec) 62.47 0.00 31 6485.18
r(Year + RGH) 62.50 0.00 36 6474.52
r(Year + Pop) 63.04 0.00 36 6475.06
r(Year + GC) 64.40 0.00 36 6476.42
r(Year + TSC) 64.93 0.00 36 6476.95
r(Year + SC) 65.00 0.00 36 6477.02
r(Year + NSC) 65.10 0.00 36 6477.12
r(Year + GH) 65.22 0.00 36 6477.24
r(Elev) 72.35 0.00 31 6495.05
r(.) 84.10 0.00 30 6508.93

2702 ® Model selection notation follows Burnham and Anderson (2002). All models had identical

2703  constraints on survival and detection that allowed survival to vary by year (no. par = 9) and

2704  detection to vary by year (no. par = 10) and lek (no. par = 10). Elev Horizontal cover variables
2705 included average non-sagebrush shrub cover (NSC), average sagebrush shrub cover (SC),

2706  average total shrub cover (TSC), average forb cover (FC), average grass cover (GC), and average
2707  total vegetation cover (TC). Vertical cover variables included average shrub height (SH), average
2708  forb height (FH), average live grass height (GH), and average residual grass height (RGH).

2709  FRich represents average forb taxa richness across all vegetation surveys associated with each

2710  lek. (.) denotes intercept-only model. All variables were z-standardized prior to analysis.

2711
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2712

2713

Table S8. Performance of all Pradel models used to assess the influence of environmental

characteristics on population growth in Eureka County, NV, 2003-2012.

Model?®

MTC + Prec * WF + Elev)

MTC + RD + Prec * WF + Elev)

MTC + RD + Prec * WF)

MTC + RD + Prec * WF + DSpring + Elev)
MFC + Prec * WF + DSpring + Elev)

MFC + SH + Prec * WF + DSpring + Elev)
MWF * Prec + Elev)

MWEF * Prec)

MElev * Prec + WF)

MLek + Prec)

MTPC + Prec + RD)

MTPC + Prec + RD + WF)

MTPC + Prec)

MTPC + Prec + RD + WF + DSpring)
MYear + Lek)

MElev + Prec)

MLek)

MTPC)

MYear + Elev)

M(Prec)
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AAIC,

0.00

0.69

0.79

2.37

9.83

11.86

12.23

25.70

31.28

39.80

41.11

41.72

42.29

43.40

52.25

53.35

56.03

58.01

65.32

65.38

AIC. w;

0.37

0.26

0.25

0.11

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

No. Par

35

36

35

36

35

36

34

33

34

41

33

34

32

35

48

32

40

31

39

31

Dev.

6404.81

6403.35

6405.59

6405.03

6414.64

6414.52

6419.18

6434.79

6438.22

6431.67

6450.19

6448.66

6453.50

6448.21

6428.83

6464.57

6450.07

6471.36

6461.51

6478.73



MElev) 68.75  0.00 31 6482.09

A(Slope) 69.42 0.00 31 6482.76
MSH) 71.73 0.00 31 6485.08
MFH) 76.20 0.00 31 6489.54
MRD) 76.35 0.00 31 6489.70
MFC) 76.73 0.00 31 6490.07
MYear) 77.50 0.00 38 6475.86
MYear + WF) 79.15 0.00 39 6475.35
M) 80.20 0.00 30 6495.67
MDSpring) 80.28 0.00 31 6493.62
MFRich) 81.75 0.00 31 6495.09
MSC) 82.01 0.00 31 6495.36
MWF) 82.06 0.00 31 6495.41
MGO) 82.08 0.00 31 6495.42
MTSC) 82.11 0.00 31 6495.45
MRGH) 82.11 0.00 31 6495.46
AMNSC) 82.29 0.00 31 6495.64
MGH) 82.31 0.00 31 6495.66

2714  ® Model selection notation follows Burnham and Anderson (2002). All models had identical
2715  constraints on survival and detection that allowed survival to vary by year (no. par = 9) and
2716  detection to vary by year (no. par = 10) and lek (no. par = 10). Elev Horizontal cover variables
2717  included average non-sagebrush shrub cover (NSC), average sagebrush shrub cover (SC),

2718  average total shrub cover (TSC), average forb cover (FC), average grass cover (GC), and average
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2719

2720

2721

2722

2723

2724

2725

2726

2727

2728

2729

2730

2731

2732

2733

2734

2735

2736

2737

total vegetation cover (TC). Vertical cover variables included average shrub height (SH), average
forb height (FH), average live grass height (GH), and average residual grass height (RGH).
FRich represents average forb taxa richness across all vegetation surveys associated with each

lek. (.) denotes intercept-only model. All variables were z-standardized prior to analysis.
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2738 SUPPLEMENTAL MATERIAL - B

2739 JAGS Code:

2740 SUPPLEMENTAL MATERIAL -C

2741 JAGS Code

2742

173





