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Preface

This study was done to provide scientific findings to help inform habitat maps for greater 
sage-grouse (Centrocercus urophasianus) in Nevada and northeastern California. Specifically, 
we provide these analyses to help inform the Bureau of Land Management’s (BLM) land 
use planning amendment and associated environmental impact statements (86 FR 66331). 
These findings provide updated, detailed, and comprehensive information about the status of 
habitat for this species of high conservation concern in Nevada and California. Importantly, 
this document provides an example of integrating indices of habitat selection and survival 
during different life stages and seasons with updated indices on current occupancy patterns to 
delineate specific example habitat management categories that can be used by the BLM and 
other land managers to inform decisions related to conservation and management.
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Executive Summary
Greater sage-grouse populations 

(Centrocercus urophasianus; hereafter sage-grouse) are 
threatened by a suite of disturbances and anthropogenic factors 
that have contributed to a net loss of sagebrush-dominant 
shrub cover in recent decades. Declines in sage-grouse 
populations are largely linked to habitat loss across their 
range. A key component of conservation and land use planning 
efforts for sage-grouse involves the continued monitoring and 
modeling of habitat requirements and suitability across its 
range. The Bureau of Land Management (BLM) is addressing 
the management of sage-grouse habitats on BLM-authorized 
public lands throughout the western United States through a 
land use planning amendment and associated environmental 
impact statement (86 FR 66331). More than 25 percent of 
the range-wide distribution of sage-grouse is within Nevada 
and northeastern California, and information on sage-grouse 
distribution and habitat requirements is important to guide 
appropriate management decisions. Therefore, the BLM has 
identified the need for updated spatially explicit information 
on sage-grouse habitat in Nevada and northeastern California 
to guide the land use planning amendment and associated 
management decisions.

To address this need, researchers with the 
U.S. Geological Survey, in close cooperation with multiple 
State and Federal resource agency partners, including BLM, 

1U.S. Geological Survey.

2Contractor to the U.S. Geological Survey.

3Nevada Department of Conservation and Natural Resources, 
Reno, Nevada.

4Nevada Department of Wildlife, Reno, Nevada.

5Bureau of Land Management.

6California Department of Fish and Wildlife, Sacramento, California.

Nevada Department of Wildlife (NDOW) and California 
Department of Fish and Wildlife (CDFW), sought to map 
sage-grouse distribution and produce example habitat 
designations in these states. Herein, we report results of our 
primary study objective, which was to map sage-grouse 
habitat and create example habitat management areas, based 
on more than a decade of location and survival data collected 
from marked sage-grouse across the study region coupled with 
lek count survey data managed by the NDOW and the CDFW.

We expanded on previously developed methodology 
to incorporate information on habitat selection and survival 
during reproductive life stages and specific seasons with 
updated sage-grouse location and known fate datasets, while 
also including brood-rearing areas that are understood to 
be threatened and important for population persistence. 
We combined predictive habitat map surfaces for each 
life stage and season with updated information on current 
occupancy patterns to classify habitat based on its suitability 
and probability of occupancy. We carried out additional 
steps to delineate specific example habitat management 
areas, specifically (1) incorporated corridors connecting key 
nesting and brood-rearing habitat, (2) corrected outputs for 
pre-wildfire habitat conditions within areas burned in the 
last 16 years, and (3) masked out areas of anthropogenic 
development. Our methodological example of deriving habitat 
management areas was intended to help inform decisions 
by BLM and other land managers regarding conservation 
and management of sage-grouse. Associated data products 
in the form of habitat maps provide updated, detailed, and 
comprehensive information about the status of habitats and 
can be useful to partner agencies in their efforts to designate 
and rank habitats for this species of high conservation 
concern in Nevada and California, with full recognition that 
on-the-ground field data and local sources of information and 
expertise should be used in conjunction with inferences from 
these models.
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Background
Western North American sagebrush (Artemisia spp.) 

ecosystems are threatened by a suite of disturbances and 
anthropogenic factors that have contributed to a net loss of 
sagebrush-dominant shrub cover throughout recent decades. 
Threats and disturbances to sagebrush ecosystems have been 
described thoroughly in scientific literature, and include 
climate change, severe drought, altered wildfire regimes, 
expansion of native and non-native plant and wildlife species, 
anthropogenic development, and land use change (Miller 
and Rose, 1999; Andreadis and Lettenmaier, 2006; Seager 
and others, 2007; Leu and others, 2008; Boyd and others, 
2017; Davies and Bates, 2017; Heinrichs and others, 2018; 
Coates and others, 2021a; Harju and others, 2022). Changes in 
sagebrush ecosystems have preceded corresponding negative 
population trends for sagebrush obligate species, such as 
greater sage-grouse (Centrocercus urophasianus, hereafter 
sage-grouse; Connelly and Braun, 1997; Knick and others, 
2011; Coates and others, 2021b), leading to large-scale efforts 
to curb declines and prevent the continued loss of sage-grouse 
habitat and habitat for other shrub- and grassland-dependent 
species within the sagebrush biome (Bureau of Land 
Management, 2015; Stiver and others, 2015). Because declines 
in sage-grouse populations are largely linked to habitat loss, 
a key component of conservation efforts for the species 
involves the continued monitoring and modeling of habitat 
requirements and suitability across its range to inform land use 
management plans (Coates and others, 2016b, 2020a; O’Neil 
and others, 2020; Brussee and others, 2022; Saher and others, 
2022; Wann and others, 2023).

Under the National Environmental Policy Act of 1969, 
as amended, and Federal Land Policy and Management 
Act of 1976, as amended, the Bureau of Land Management 
(BLM) is required to develop resource management plans 
to guide management of public lands and to keep the plans 
current through amendments or revisions, as needed. The 
BLM is responsible for management of sagebrush ecosystems 
and sage-grouse habitat on BLM-authorized public lands 
throughout the western United States through a land use 
planning amendment and associated environmental impact 
statements (86 FR 66331; Bureau of Land Management, 
2021). Amended plans will update sage-grouse and sagebrush 
management strategies that were most recently finalized in 
2015 and 2019. The goals of this land use planning initiative 
include improving land management-related decisions to 
be consistent with new science by addressing rapid changes 
affecting sagebrush ecosystems, which include loss of 
sagebrush, invasion of annual grasses, severe drought, 
contemporary wildfire regimes, and loss of riparian areas. 
As part of this initiative and associated revisions, each of the 
western states were given an opportunity to update habitat 

designations and maps for sage-grouse populations based on 
best and current available science. The Nevada Department 
of Wildlife, California Department of Fish and Wildlife, and 
BLM have previously partnered with the U.S. Geological 
Survey (USGS) to map sage-grouse habitat in these states. 
However, previous maps were based on seasonal habitat 
selection patterns and indices of space use (Coates and others, 
2016b, 2020a) that did not include information on survival 
across different life stages. More recent methodological 
advancements have incorporated survival information into 
the mapping process (O’Neil and others, 2020; Brussee and 
others, 2022). In addition, the USGS has continued to monitor 
sage-grouse populations within Nevada and northeastern 
California, while adding new populations for monitoring, 
providing an opportunity to improve and update data-driven 
models that quantify and map habitat suitability (Smith and 
others, 2014; Kirol and others, 2015). Here, we build on 
previously developed methodology to incorporate information 
on selection and survival during different reproductive life 
stages (nest and brood survival) and specific seasons, while 
building in methods that ensure inclusion of brood-rearing 
areas that are understood to be at risk and important for 
population persistence.

Habitat modeling for sage-grouse, and many other avian 
species, has been conventionally carried out by analytically 
contrasting known locations of individual birds relative 
to random locations that characterize availability. These 
data, and subsequent analyses, have been referred to as 
“use versus availability” designs (Pearce and Boyce, 2006; 
McDonald, 2013; Warton and Aarts, 2013), and models 
used to analyze the data most commonly are referred to as 
“species distribution models,” “habitat selection models,” or 
“resource selection functions” (Johnson and others, 2006; 
Phillips and Dudik, 2008; McDonald, 2013; Matthiopoulos 
and others, 2015; Renner and others, 2015). The analytical 
methods used to fit such models vary widely depending on 
the level of complexity needed or desired by the analysts, 
but the foundational statistical framework for most of these 
applications has been demonstrated to be mathematically 
analogous to an inhomogeneous Poisson spatial point 
process (Warton and Shepherd, 2010; Aarts and others, 
2012; Warton and Aarts, 2013). Applications of species 
distribution and habitat selection models are widespread in 
the literature and are especially useful for describing and 
mapping spatial patterns in distribution and the primary 
environmental correlates of this distribution (Elith and 
others, 2006; Matthiopoulos and others, 2015; Renner and 
others, 2015). However, a weakness of all analyses that rely 
solely on location data is that species performance (survival, 
reproduction, and population change) cannot be directly 
estimated.
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Importantly, many species’ distributions and habitat 
selection patterns do not perfectly align with positive 
performance (for example, negative population rate of 
change in abundance), implying that not all occupied habitats 
should be considered suitable. Although there are a variety of 
explanations for why populations might occupy suboptimal 
habitat (Van Horne, 1983; Battin, 2004; Robertson and 
Hutto, 2006; Hirzel and Le Lay, 2008; Hale and Swearer, 
2017), one contemporary reasoning is that rapidly changing 
environments, characteristic of the Anthropocene, can 
outpace the evolutionary capacity of native species to adapt 
(Merkle and others, 2022; Ravi and others, 2022). Under 
these conditions, species with strong selective patterns of site 
fidelity are the most vulnerable to changes that might happen 
on relatively rapid time scales (Merkle and others, 2022). The 
sage-grouse is a textbook example of a species demonstrating 
these traits in an environment undergoing rapid transition. 
Sage-grouse are known to return to previous breeding grounds 
and nest sites (Holloran and Anderson, 2005; O’Neil and 
others, 2020), and the habitats they occupy are increasingly 
altered by wildfire, annual grass invasion, loss of mesic 
habitat productivity resulting from drought or weather 
pattern changes, and anthropogenic development (Coates and 
others, 2016c; Foster and others, 2019; O’Neil and others, 
2020; Anthony and others, 2021; Brussee and others, 2022). 
Sage-grouse occupancy of increasingly fragmented habitat is 
often expected to manifest in source-sink landscape population 
dynamics characterized by the presence of ecological traps 
(Battin, 2004) and maladaptive habitat selection (Heinrichs 
and others, 2018; Cutting and others, 2019; Pratt and Beck, 
2021; Brussee and others, 2022).

Because of this potential maladaptive selection, whenever 
possible, delineations of habitat for species of conservation 
interest, such as sage-grouse, will benefit from quantifying 
performance within the boundaries of selected habitat where 
habitat suitability is measured in terms of success within 
selected habitat instead of gradients of selection/occupancy 
alone (Hirzel and Le Lay, 2008; Gaillard and others, 2010; 
Matthiopoulos and others, 2015). The outcomes of such 
exercises can be critical toward identifying threatened 
priority habitats and determining the need for restoration 
after disturbance (Pyke and others, 2020; Saher and others, 
2022). For example, the loss of habitat and subsequent 
restoration potential can be characterized not only by previous 
distribution and habitat use, but by the expected loss of 
success due to continued occupation of degraded habitat (Roth 
and others, 2022).

An additional consideration when implementing 
comprehensive approaches to habitat suitability and species 
distribution modeling is the concept of seasonal and life 
stage-specific responses, wherein certain life stages may 
be especially important or indicate limitations that have 
disproportionate implications for overall population growth 
and stability. Sage-grouse and many other species rely 
on seasonal migrations within an annual home range to 
meet the habitat needs of specific life stages. For example, 
sage-grouse often move to higher elevations when raising 
broods to access more productive vegetation typically 
associated with late-season moisture availability (Drut and 
others, 1994; Donnelly and others, 2016, 2018) but later 
move to lower elevations and southern exposures during 
winter to gain better access to sagebrush forage (Connelly 
and others, 2000). Consequently, habitat analyses may require 
a seasonal or life stage-specific focus to identify key source 
areas (for example, relatively high selection and increased 
reproductive performance) and sink (high selection with 
reduced performance) areas that may disproportionately affect 
populations during critical life stages. Such characteristics are 
more likely to go undetected when considering population 
response within an annual home range or time step. 
Furthermore, because reproductive performance is expected to 
be a primary determinant of population growth, analyses may 
benefit from partitioning responses between males and females 
within the population.

Finally, when identifying habitat suitability, the 
distribution of current occupancy should be considered 
if objectives include mapping the true or realized species 
distribution. Because habitat selection and species distribution 
analyses involve predictive models, mapping habitat does 
not inherently account for areas that consist of conditions 
that are consistent with occupied, selected habitat, but are 
not occupied for reasons independent of habitat suitability. 
In most ecological studies, proxies for abundance and 
space use are evaluated separately from measures of habitat 
selection or quality, independently informing conservation 
and management decisions (Stephens and others, 2015). 
However, coarse data on current occupancy patterns can be 
combined with fine-scale data on habitat suitability to guide 
landscape-scale management decisions (for example, Coates 
and others, 2016b, 2020a). This combination can highlight 
priority areas for habitat preservation, identify areas where 
management and restoration activities are likely to have 
the greatest benefit, identify areas where anthropogenic 
development can occur with minimal effects, and indicate 
regions where reintroduction or translocation might 
be appropriate.
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Objectives

Nevada and northeastern California contain a substantial 
proportion of the present-day range-wide distribution 
of sage-grouse (Coates and others, 2021b). To provide 
information necessary for management decisions, including 
BLM’s land use planning amendment and associated 
environmental impact statements (86 FR 66331), our primary 
objective was to map sage-grouse habitat and produce 
example habitat management areas in these states. To produce 
this map, we investigated habitat responses by sage-grouse in 
Nevada and northeastern California, using a comprehensive 
research study design, wherein habitat selection and 
survival patterns were considered and mapped across six 
distinct annual life stages and seasons: (1) nesting, (2) early 
brood-rearing, (3) late brood-rearing, (4) spring, (5) summer, 
and (6) winter. The overarching goal was to establish example 
habitat management areas that may be used by the BLM and 
other land managers to guide conservation and management 
decision-making in conjunction with on-the-ground field data 
and local expertise. The specific objectives were:

1. Evaluate habitat selection patterns across six distinct 
annual life stages and seasons to generate predictive 
habitat map surfaces.

2. Evaluate survival patterns across three reproductive life 
stages to produce predictive habitat map surfaces.

3. Model and map space use and occupancy.

4. Integrate indices of selection and survival with 
those of occupancy to delineate example habitat 
management areas.

Study Area
We collected data at 15 field sites within the northern 

Great Basin region during 2009–21 (fig. 1). Northern 
and western sites were typical sagebrush steppe and 
generally received more precipitation relative to other 
sites, whereas south-central sites consisted of warmer 
and drier soil types of sagebrush semi-desert (West and 
Young, 2000). Elevations among study areas ranged from 
1,158 to 3,770 meters (m). At high elevations, mountain 
big sagebrush (Artemisia tridentata ssp. vaseyana) was 
common, whereas lower elevations (below 2,100 m) primarily 
consisted of Wyoming big sagebrush (Artemisia tridentata 
ssp. wyomingensis), black (Artemisia nova), and low 
(Artemisia arbuscula) sagebrush. Non-sagebrush shrubs 
included rabbitbrush (Chrysothamnus ssp.), Mormon 
tea (Ephedra viridis), snowberry (Symphoricarpos 
spp.), western serviceberry (Amelanchier alnifolia), 
and antelope bitterbrush (Purshia tridentata). Conifer 
forests were most frequently composed of single-leaf 
pinyon pine (Pinus monophylla) and Utah juniper 

(Juniperus osteosperma; hereinafter, pinyon-juniper). 
Herbaceous vegetation consisted of non-native annual grasses, 
including cheatgrass (Bromus tectorum) and medusahead 
rye (Taeniatherum caput-medusae) and native perennial 
grasses, including needle and thread (Hesperostipa comata), 
Indian ricegrass (Achnatherum hymenoides), and squirreltail 
(Elymus elymoides).

Methods
We captured sage-grouse at night using spotlighting 

techniques (Giesen and others, 1982; Wakkinen and others, 
1992). We outfitted sage-grouse with necklace-style very high 
frequency (VHF) radio-transmitters (Kolada and others, 2009), 
and for a subset, we included combined rump-mounted Global 
Positioning Systems (GPS)—Platform Transmitter Terminals 
(North Star Science and Technology, LLC, King George, 
Virginia). During the nesting period, hens were tracked every 
3 days until nests hatched or failed as determined by either 
a visual assessment of eggshell remains or observing chicks 
in the nest bowl. During the brood-rearing period, broods 
affiliated with marked females were located every 10 days 
for as many as 50 days during daylight or nocturnal hours. 
Nocturnal checks consisted of using spotlighting to confirm 
presence or absence of chicks. We only used GPS location 
data for winter analyses because location frequency collected 
from VHF transmitters was inadequate during this period. All 
sage-grouse were captured and handled in accordance with 
USGS Western Ecological Research Center Animal Care and 
Use Protocol WERC-2015-02.

Environmental Landscape Covariates

We quantified landscape conditions potentially associated 
with sage-grouse habitat using remotely sensed geographic 
information system (GIS) products. Landscape conditions 
included vegetation type, hydrologic features, and topography. 
We considered all landscape variables at multiple spatial 
scales (Aldridge and others, 2008; Casazza and others, 
2011) calculated from sage-grouse movement patterns. We 
calculated landscape characteristics using a circular moving 
window (neighborhood analysis tool, ArcGIS Spatial Analyst) 
within radii representing the minimum (167.9 m; 8.7 hectare 
[ha]), mean (439.5 m; 61.5 ha), and maximum (1,451.7 m; 
661.4 ha), daily distances traveled by sage-grouse primarily 
during the spring and summer seasons (Coates and others, 
2016b). We also included neighborhoods corresponding to 
75, 260 and 370 m for nest and brood analyses based on the 
assumption that movement patterns would be different during 
these life stages because a female is tied to either a single nest 
site or a brood that has limited mobility (Dudko and others, 
2018). The smallest radius (75 m; 1.8 ha) was intended to 
accommodate landscape attributes more directly associated 
with cover characteristics at sage-grouse nest locations.



Study Area  5

42°

40°

38°

114°116°118°120°

EXPLANATION

Greater sage-grouse field site

Base from U.S. Geological Survey digital data, various scales and dates;
Base map from Esri and its licensors, copyright 2023;
Universal Transverse Mercator, zone 11 north;
North American Datum of 1983

0 50 10025 75 MILES

0 50 10025 75 KILOMETERS

Map area

Figure 1. Field sites in the western Great Basin region where greater sage-grouse (Centrocercus urophasianus) were 
monitored from 2009 to 2021.
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To characterize shrubland cover types, we used 
Rangeland Condition Monitoring Assessment and Projection 
base layers from the National Land Cover Database (RCMAP; 
Rigge and others, 2020), where each 900-square meter 
(m2) pixel represented a continuous percentage of cover. 
Vegetation cover types included annual percent cover of 
sagebrush, non-sagebrush shrub, and total shrub cover. We 
used Rangeland Analysis Platform data (RAP; Jones and 
others, 2018; Allred and others, 2021) to characterize annual 
estimates of percent cover of bare ground, annual grass, 
perennial grass, litter, total shrub, and tree cover. We used 
data from the Sage Grouse Initiative representing mesic 
areas (Donnelly and others, 2016) to extract alfalfa fields. To 
characterize burned areas, we created spatiotemporal surfaces 
of cumulative burned area using Monitoring Trends in Burn 
Severity (U.S. Geological Survey, 2020) data combined with 
information on sagebrush recovery rates (Coates and others, 
2016c; O’Neil and others, 2020). We included an interaction 
between annual grass and burned areas in summer selection, 
brood selection, and brood survival models to account for 
varying responses to annual grass and recent burns previously 
documented during key brood-rearing periods (Brussee and 
others, 2022). Hydrologic feature representations included 
combined intermittent and perennial stream types, and 
perennial streams only, which were gathered from the National 
Hydrography Dataset (U.S. Geological Survey, 2017). 
We obtained data representing wet meadow and riparian 
features from the U.S. Fish and Wildlife Service National 
Wetlands Inventory (https://www.fws.gov/ program/ national- 
wetlands- inventory/ wetlands- data). We measured distances to 
hydrologic, wetland, and alfalfa features using Spatial Analyst 
(ArcGIS 10.6.1). We transformed all distance-based variables 
so their effects would decay with increasing distances using 
the formula exp(−d/α), where α represented either the median 
distance value measured from all locations, or 1,451 m 
(maximum daily distance traveled), whichever was smaller. 
For alfalfa, we also considered log-transformed distance to 
account for the potential for human-modified landscapes to 
affect sage-grouse beyond 1,451 m, primarily by affecting 
the predator community (Coates and others, 2016a, 2020b). 
We also calculated density of linear and polygon features 
(streams and alfalfa fields) within each moving window 
scale. Topographic variables derived from digital elevation 
models (900-m2 pixels) included elevation, topographic 
roughness representing variance in elevation (Riley and 
others, 1999; Evans and others, 2014), topographic position 
index (TPI; De Reu and others, 2013), heat load index (HLI; 
McCune and Keon, 2002), and transformed aspect (TRASP; 

Roberts and Cooper, 1989). We averaged each of these 
indices across each circular moving neighborhood to capture 
scale-dependent responses.

Study Design

To evaluate sage-grouse use of the landscape relative to 
all accessible habitat, we characterized available habitat in GIS 
by generating five random locations for each used location 
for each life stage and season (Northrup and others, 2013). 
For nests and broods, we calculated the 95th percentile of 
distance from used locations to the nearest lek (for analysis of 
nest data) and to nests (for analysis of brood data) separately 
for each study site. Using these distances, we created buffers 
around leks and nests within which we then conditioned the 
available distribution of background locations (Holloran and 
Anderson, 2005; Coates and others, 2013). We defined spring 
as March 16–June 30, summer as July 1–October 15, and 
winter as October 16–March 15. For seasonal models, we 
restricted available locations to within the 99-percent kernel 
utilization distribution (UD) using all locations from each 
study site for a given season to delineate each boundary. We 
generated five random locations for every used location with 
the boundary. We extracted values of landscape vegetation 
characteristics, distance metrics, and topographic indices at 
used and random locations for all analyses. We centered and 
standardized continuous landscape variables that represented 
index values or percent cover and centered exponential 
decay variables.

Sage-grouse require specific vegetation components 
during brood-rearing which are functionally different from 
those required for nesting. When the two habitat types are 
not adjacent, females must move their broods to meet the 
requirements of this later reproductive life stage. For these 
reasons, we classified vegetation characteristics used during 
the transitional period (defined as 20 days after hatch) as early 
brood-rearing habitat, whereas those used from days 21 to 
51 post hatch were classified as late brood-rearing habitat. 
We performed our analyses separately for early and late 
brood-rearing stages (Blomberg and others, 2013; Brussee and 
others 2022).

For all analyses, we withheld 15 percent of all birds and 
reserved it to use as testing data for model validation. The 
data from the remaining 85 percent of birds was used to train 
models and predict habitat. Model validation techniques are 
described in the following sections and were used to check 
model fit and predictive capacity of all final models across 
seasons and life stages.

https://www.fws.gov/program/national-wetlands-inventory/wetlands-data
https://www.fws.gov/program/national-wetlands-inventory/wetlands-data
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Analysis: Variable Selection

In total, we considered 90 landscape variables as 
candidates in our models for selection and survival. However, 
we could not fit models to the complete dataset because 
we measured similar habitat characteristics across multiple 
spatial scales; strong pairwise correlations existed between 
some of these covariates (|r|>0.65), and model performance 
suffers when large numbers of covariates are used to predict 
a response, resulting in overfitting (Tibshirani and others, 
2012; Dormann and others, 2013). To consider all candidate 
variables equally while accounting for these potential issues, 
we implemented Bayesian variable and scale selection 
techniques to evaluate statistical support for each variable and 
scale and subsequently identify a subset of the most predictive 
variables to be used for habitat mapping.

Our variable and scale selection models combined two 
methodological approaches to first identify the most effective 
variable among a group of similar and typically correlated 
variables and second to test statistical support for inclusion of 
those variables when included in models with subsets of other 
potentially important variables. The first method, known as 
Bayesian latent indicator scale selection (BLISS; Stuber and 
others, 2017), was specified to identify the most appropriate 
scale within a group of candidate scales. Briefly, the BLISS 
method facilitates estimation of a latent categorical probability 
for each variable within a defined group. For example, given 
six measurements of sagebrush cover at six different scales, 
BLISS estimates a posterior probability (0–1) for each scale. 
The highest probability can then be interpreted as the scale 
with the most statistical support (Brussee and others, 2022; 
O’Neil and others, 2023). The second method, known as 
Gibbs or indicator variable selection (Kuo and Mallick, 
1998; O’Hara and Sillanpää, 2009), involves specifying an 
indicator dummy variable, termed “w,” to be assigned to each 
candidate variable (or each group of candidate variables). 
When fit using Markov Chain Monte Carlo (MCMC) 
sampling methods, the inclusion probability for each variable 
is updated, and the support for inclusion can be evaluated from 
the proportion of MCMC iterations where w=1. Hierarchical 
modeling using MCMC sampling methods allows BLISS 
and indicator variable selection to be incorporated within 
the same model framework, such that the probability of 
inclusion for all candidate variables could be evaluated from 
Bayesian posterior distributions. We assigned flat priors for 
sub-variables within groups (as in, equal prior probability 
of selection for each scale) and assigned a prior probability 
of 0.5 for each w, representing a 50/50 initial probability of 
inclusion. We fit models using MCMC procedures described 
in proceeding sections (“Analysis: Computation”) and carried 
forward the variables receiving substantial statistical support 
when fitting a final predictive model for each season and life 
stage. Final variables were included if w was greater than 0.50 
from the highest supported scale for each candidate group.

Analysis: Models for Habitat Selection

For each life stage and season, we analyzed habitat 
selection by contrasting used locations with random available 
locations (Johnson and others, 2006; Northrup and others, 
2013) to infer sage-grouse spatial habitat patterns. Specifically, 
the base model took the form shown in equation 1:

 logit(Y) = β0+Xβ+ γ + η (1)

where
 β0 is the fixed effects intercept,

 Xβ is a vector of selection coefficients multiplied 
by the matrix of fixed environmental 
covariates, and

 γ and η are random effects for year and individual bird 
to account for multiple observations drawn 
from each bird and to balance the study 
throughout the course of each life stage, 
respectively (Gillies and others, 2006).

The response observations Y were assumed to follow 
a Bernoulli distribution, with y=1 indicating a sage-grouse 
location, and y=0 indicating a randomly sampled background 
location. After estimation of all model parameters, we 
computed the resource selection function,    ̂  w   (x)  , by 
discarding the intercepts and applying the exponential 
link:    ̂  w   (x)  = exp (X𝛃)   (Johnson and others, 2006; McDonald, 
2013; Northrup and others, 2013). We validated our models by 
applying resource selection function (RSF) cross-validation 
methods to the independent testing data subset. We interpreted 
each model’s ability to make predictions proportional to the 
probability of selection from linear model fit statistics (β, R2, 
Spearman’s rank coefficient ρ), comparing the proportion of 
observations in the testing dataset to those expected based on 
ordinal RSF bins from the fitted model (Johnson and others, 
2006; Fieberg and others, 2018). Full model specification is 
reported in appendix 1.

Analysis: Models for Survival

We used a hierarchical logistic exposure model (Rotella 
and others, 2004; Shaffer, 2004; Catlin and others, 2015) to 
estimate survival across all life stages and evaluate habitat 
covariate effects. The logistic exposure model assumes a daily 
survival rate (DSR) that follows a Bernoulli distribution, 
wherein each day the event of interest represented whether 
the nest or brood survived. Exposure time is accounted 
for through the length of each encounter history. For each 
life stage, we created encounter histories for each bird that 
consisted of known alive and censored intervals throughout 
the season. For nests and broods, encounter histories ended 
with either a successful or failed nest (or brood), and exposure 
time was calculated as the length of time between visits. 
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To model environmental effects, we considered only the 
landscape covariates that were determined to be important in 
the variable and scale selection process. For brood models, 
we created two time-varying categorical brood stage variables 
representing early versus late. Because it was not always 
possible to perform counts exactly 10 days apart, when time 
intervals overlapped both periods, we split the encounter 
history and divided the exposure time to correspond to 
each brood age. When broods failed during an interval that 
overlapped 21 days for brood age, we allowed the covariate 
information to inform effects for early and late broods 
(Brussee and others, 2022). For example, for early broods, the 
categorical brood stage multiplier variable was 0 for late brood 
intervals, thus only covariates determined to be important for 
early brood survival varied, whereas variables determined to 
be important for survival of late broods were held constant at 
0. Similar to the base model for habitat selection, DSR was 
modeled through the logit link function shown in equation 2:

 logit(DSR) = γ0 + Xβ + κ (2)

where
 γ0 is a baseline intercept,

 Xβ is a vector of coefficients multiplied by the 
matrix of fixed environmental covariates 
(affecting survival), and

 κ is an additional random year intercept to 
capture interannual variation.

Observation data were indexed for nest or brood (h) with 
a row for each interval (i) where   y  h,i    ~  Bernoulli ( θ  h,i  )  , and 
where   y  h,i   = 1  if nest/brood h survived interval i,   y  h,i   =  0 if 
the nest/brood failed, and   θ  h,i    is the probability of nest/brood 
h surviving interval i:   θ  h,i   = DS  R    t  h,i    . In this expression,   θ  h,i    
represents the daily survival probability, DSR, raised to the 
length t of interval i for nest/brood h.

We validated our models by comparing observed 
encounter histories and fates in the testing data to simulate 
“replicate” encounter histories generated from final model 
posterior predictive distributions (Schmidt and others, 2010). 
We did post-hoc 1,000 simulations to calculate a Bayesian 
predictive P-value (Gelman and others, 2013), where values 
approaching 0 or 1 indicate poor model fit, and values closer 
to 0.5 indicate good fit. Full model specifications are reported 
in appendix 2.

Analysis: Computation

We used NIMBLE (version 1.0.1; de Valpine and others, 
2017, 2022) in R (version 4.1.3; R Development Core Team, 
2022) to estimate all models within a Bayesian hierarchical 

framework using MCMC sampling. To prevent overestimation 
of habitat effects and optimize predictions from each model, 
we implemented L-1 regularization (Tibshirani and others, 
2012; Gerber and Northrup, 2020) by specifying Lasso (as 
in, Laplace, or double-exponential) prior distributions for 
all coefficients β with an uninformative hyperprior to be 
estimated for the tuning parameter λ (Park and Casella, 2008; 
Hooten and Hobbs, 2015). We included the best scale for all 
important variables identified from Bayesian variable selection 
process such that strongly correlated variables (r>0.65) did 
not co-occur in models. If strongly correlated variables were 
selected during the Bayesian variable selection process, we 
included the variable with the highest inclusion probability. 
All random intercepts were assumed to follow a Gaussian 
distribution centered on zero, such that their effects could be 
interpreted as deviations away from the population’s grand 
mean (Gelman and Hill, 2007; Kéry, 2010; Kéry and Royle, 
2015). Using MCMC methods, we ran 3 chains of 30,000 
iterations, after a burn-in of 20,000 iterations, and retained 
every fifth sample. We verified chain convergence visually 
and using the Gelman-Rubin statistic (   ̂  r   <1.1). For parameter 
estimates, we reported median values and 95-percent 
credible intervals of the posterior distribution. We used 
high-performance computing resources (Falgout and Gordon, 
2022) when necessary to facilitate model runs of adequate 
length with large datasets.

Space Use Index

We created an abundance and space use index (ASUI) 
using peak male sage-grouse abundances at leks from the 
period between the most recent population nadir for the 
Great Basin region (2013) and the most recent counts (2021) 
in combination with a surface that represented distance to 
leks. The lek abundances were used as the input for kernel 
point density models (Doherty and others, 2016) using the 
Kernel Density (KDE) tool in ArcMap. We created a surface 
representing distance to lek to a maximum of 30 kilometers 
(km) and reclassified that surface using non-linear curves 
previously derived for sage-grouse, where values of pixels 
proximal to leks are weighted much more heavily than 
remote pixels (Coates and others, 2013, 2016b). The KDE 
and exponential decay rasters were then normalized to have 
values between 0 and 1. The normalized surfaces were 
averaged together to produce the ASUI. From the ASUI, we 
calculated isopleths at every 5-percent probability contour and 
considered the region contained within the 85-percent isopleth 
to be high use and areas outside of that isopleth to be low use 
(Coates and others, 2016b). Lastly, previous research indicates 
that sage-grouse use is concentrated within 5 km of leks 
(Coates and others, 2013), so we buffered all leks by 5 km and 
merged those buffers with the high ASUI so that remote leks 
were not underrepresented.
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Habitat Mapping

We developed spatially explicit index maps of habitat 
to guide conservation decision-making throughout the study 
region, using methods adapted from previous research 
(Coates and others, 2016b, 2020a; Doherty and others, 2016; 
O’Neil and others, 2020; Brussee and others, 2022). For 
habitat mapping, we used the median value of the posterior 
distribution of slope parameters to represent each covariate 
effect and applied these in the model equations, where the 
matrix X included the relevant standardized raster values for 
each covariate representation at each 900-m2 pixel across 
the study area. For selection maps, we transformed estimates 

using a habitat selection index (HSI) as  HSI =   
w (x) 

 _ 1 + w (x)   , 

which indicates relative habitat use proportional to availability 

on a scale of 0–1 (Coates and others, 2016b). For survival 
maps, and to obtain cumulative survival, we exponentiated 
values of DSR based on the number of days in the period 
(nesting=38 days, early brood-rearing=21 days, late 
brood-rearing=28 days). We produced nine initial maps, each 
representing predictions of habitat selection and expected 
survival on a continuous scale for an associated life stage 
(nest, early brood, late brood) or season (spring, summer, 
and winter).

For management purposes, we used the continuous 
selection and survival layers to calculate a habitat suitability 
index which we combined with the abundance and space use 
index to develop a single metric that characterizes habitat 
selection and survival with sage-grouse occupancy. To create 
the habitat suitability index, we first calculated seasonal 
selection and survival indices, where the spring index was a 
combination of seasonal spring, nest, and early brood-rearing 
layers, the summer index included seasonal summer and late 
brood-rearing layers, and the winter selection index only 
included the seasonal winter selection layer. To calculate 
the seasonal selection indices, we relativized each layer by 
dividing by its maximum value, added the individual selection 
components together and then scaled the seasonal selection 
indices between 0 and 1. To create seasonal survival indices, 
we followed the same procedure but only created seasonal 
survival indices for spring, which included nest and early 
brood-rearing survival layers, and summer, which only 
included the late brood-rearing survival layer. To create the 
habitat suitability index, we added the seasonal selection 
and survival indices together and relativized them to create 
seasonal suitability indices for spring, summer, and winter. 
We then added the three seasonal suitability layers together 
and scaled the resulting layer between 0 and 1 to calculate the 
annual habitat suitability index. Finally, we added the annual 
habitat suitability index to the abundance and space use index, 
which was multiplied by 0.5 to give greater weight to habitat 
suitability than occupancy.

To aid interpretation for conservation and management 
purposes, we categorized individual habitat selection and 
survival maps. Because output from RSFs represent the 
relative probability of selection, we first categorized each 
HSI within mesic and xeric hydrographic regions (Brussee 
and others, 2023) into four categories: (1) non-habitat, 
(2) low, (3) moderate, and (4) high (Coates and others, 2016b, 
2020a). Categorizing by hydrographic region prevented areal 
predictions of habitat from being disproportionately skewed 
in one region relative to the other. To delineate the habitat 
selection categories, we set three cut-points from the observed 
location data by updating locations spatially with underlying 
RSF scores from each selection map and identifying the 
5th, 25th, and 50th RSF percentiles. Resource selection 
function values lower than the 5th percentile were considered 
non-habitat, those between the 5th and 25th percentile were 
assigned low, values between the 25th and 50th values were 
assigned moderate, and values above the 50th percentile were 
assigned high.

To delineate the survival categories (very low, low, 
moderate, and high) for each life stage within hydrographic 
regions, we first updated locations with underlying predicted 
cumulative survival values from the logistic exposure model 
for each life stage by hydrographic region. We then used 
a kernel density estimator to approximate the probability 
distribution of survival at all failed and successful locations. 
We assigned the highest category as values exceeding the 
75th percentile of the distribution of successful nests or 
broods. We assigned the lowest category as values less than 
the 25th percentile of the distribution of failed nests or broods. 
The final cut-point was calculated from the mean of the 
joint distribution of failed and successful nests or broods to 
distinguish between high versus moderate (above the mean 
value but lower than the 75th percentile of successful) and low 
(below the mean value but higher than the 25th percentile of 
failed) versus very low. Importantly, delineating categories 
separately by hydrographic region does not imply differences 
in survival responses to environmental covariates. The purpose 
of this procedure was to make sure that priority habitat areas 
were not disproportionately mapped within sage-grouse 
distributional extent. For example, in the Great Basin region, 
sagebrush plant community type, herbaceous cover, and grass 
and forb height depend largely on soil type, moisture, and 
temperature characteristics. In more mesic regions, vegetation 
characteristics on average are more conducive to sage-grouse 
habitat suitability, relative to more xeric regions (Brussee 
and others, 2023), yet sage-grouse occupy substantial areas 
in both hydrographic types. Delineating habitat categories 
by hydrographic region helped to balance the amount of 
area assigned to highly ranked habitat categories more 
proportionally across occupied areas.
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We then created a source-sink index map by combining 
the categories from the individual habitat selection and 
survival maps for each reproductive life stage. Specifically, we 
categorized all habitat such that the highest rank was assigned 
to pixels with the highest selection and survival, representing 
high quality source habitats. In contrast, the lowest ranks were 
assigned to pixels that received high selection but very low 
survival because these pixels represented maladaptive habitat 
selection and were most likely to contribute to ecological traps 
or habitat sinks. Source habitats were defined as any pixel 
that supported high selection and high survival for a given life 
stage. Importantly, a given pixel was only considered source 
habitat if it was not sink habitat in another life stage to avoid 
prioritizing selected areas supporting very low survival.

We combined all six individual habitat selection maps 
(nesting, early brood-rearing, late brood-rearing, spring, 
summer, and winter) to create a composite map. Because 
habitat requirements can differ across seasons and life 
stages, we prioritized all periods equally and for each pixel 
we selected the highest value (high, moderate, low, or 
non-habitat) across seasons and life stages. This allowed 
important habitat within any period to be prioritized regardless 
of its value during other seasons or life stages. Then, we 
used the composite habitat selection map and the identified 
source habitat in combination with the abundance and space 
use index described earlier to delineate specific example 
habitat management categories, with the following procedure 
and criteria:

1. Priority+ habitat management areas (PHMA+ or 
priority+): source habitat for any reproductive life 
stage within the high-use ASUI class. This example 
habitat management category was intended to capture 
the best sage-grouse habitat with high certainty of 
current occupancy.

2. Priority habitat management areas (PHMA): the 
intersection between categorized habitat selection classes 
(high, moderate, and low) and the high-use ASUI class, 
all source areas for any reproductive life stage within 
the low ASUI class, and all areas within 500 m of lek 
locations. This example habitat management category 
was intended to capture areas that support sage-grouse 
with a high certainty of current occupancy, the best 
source habitat regardless of occupancy, and lekking 
sites. The reasoning behind this second criteria was 
that including source habitat that may not currently 
have high occupancy can help promote conservation 
actions that curb decades of population declines, 
such as translocation, restoration, or improvements to 
connectivity between seasonal use areas. We included 

the third criteria to encompass lek locations which may 
not be appropriately captured within seasonal or life 
stage models but are critical for reproduction, with a 
500-m buffer to capture satellite leks (O’Donnell and 
others, 2021).

3. General habitat management areas (GHMA): the 
intersection between high habitat selection with the low 
ASUI class, and areas considered non-habitat based 
on the composite habitat selection map but within 
high ASUI areas. Specifically, these areas include 
high-quality habitat with low potential for occupancy 
given the current distribution of sage-grouse and 
potentially occupied areas in low-quality habitat that 
could be important for populations, such as corridors 
of low-quality habitat connecting isolated high-quality 
habitats. Occupied areas that contain low-quality habitat 
can also be identified as high priority for conservation 
action, with potential to improve population performance 
(for example, through native vegetation restoration 
or enhancement).

4. Other habitat management areas (OHMA): areas with 
moderate habitat selection within the low ASUI class. 
This represents areas used less frequently by sage-grouse 
where conditions may still be conducive for occupancy.

To avoid prioritizing reproductive sink habitat outside of 
occupied areas, we reduced a pixel’s value by one level if that 
pixel was considered sink habitat (high selection coupled with 
very low survival) in any of the three reproductive life stages 
within the low ASUI class (that is, if a pixel was considered 
general habitat it was reduced to other habitat or if it was 
considered other habitat it was reduced to non-habitat). We did 
not apply this adjustment within the high ASUI class because 
all selected habitat within occupied areas was determined to 
merit designation as priority.

Habitat Mapping: Adjustments 
and Modifications

Finally, we made additional adjustments to the example 
habitat management categories to incorporate two phenomena 
that could not be integrated directly into habitat models 
and source-sink mapping, yet had clear implications for the 
landscape’s potential to support current and future sage-grouse 
population stability and persistence: (1) pre-fire conditions 
in fire scars that recently burned and still had the potential to 
recover (less than 16 years old; Coates and others, 2016c) and 
(2) connectivity between important nesting and brood-rearing 
habitats. We describe these modifications in the next sections.
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Habitat Recovery Potential in Recently 
Burned Areas

Modern remotely sensed land cover data products now 
represent vegetation cover estimates on an annual time step, 
so wildfires are represented in these data through their effect 
on vegetation cover from one year to the next. Although a vast 
improvement over static land cover data, an implication is that 
habitat mapping efforts based on the most current conditions 
do not inherently account for vegetation regrowth after fire 
and may lead areas with high potential for recovery to be 
defined as poor quality habitat or not habitat at all from lack 
of sagebrush or shrub cover. Therefore, to capture pre-fire 
conditions, we recreated seasonal and life stage selection 
maps within the perimeter of fires that occurred in the last 
16 years (Coates and others, 2016c) using temporally varying 
spatial layers (RAP or RCMAP) from the year before the 
fire. We then followed the steps outlined earlier, by taking 
the highest value for each pixel across all seasons and life 
stages and combining that layer with the ASUI to delineate 
pre-fire priority habitat. To allow for recovery potential within 
occupied habitat, we then included any pixels that were 
considered priority (PHMA or PHMA+) within the high ASUI 
class based on the pre-fire layers as priority in the final map of 
example habitat management categories. This ensured burned 
areas that originally had high-quality habitat and are currently 
occupied but still have the potential to recover (burned less 
than 16 years ago) were prioritized.

Movement and Corridor Analysis

A second potential limitation of the methods described 
to delineate example habitat management categories is 
that although they may successfully identify areas that are 
important for sage-grouse for a given life stage, movement 
among areas is likely underrepresented. As such, it is possible 
that the areas categorized as PHMA or PHMA+ may form 
a fragmented pattern on the landscape. Although the areas 
between fragments may not be used frequently for specific 
life stages, they may need to be traversed to access and move 
between patches of high-quality habitat. Connectivity is 
particularly important when the fragmented patches are used 
at different life stages (for example, nesting to brood-rearing) 
because it may be necessary for a sage-grouse to travel 
between patches that are used in different ways in different 
seasons. Therefore, there may be areas between priority 
habitat that, although not classified as priority habitat by the 
above methodology, are corridors for traveling between habitat 
patches, with important conservation value for sage-grouse. 
To incorporate connectivity, we used a least-cost paths (LCP) 
approach to identify areas that may serve as corridors between 
areas of high abundance and areas that were identified as 
source areas. The LCP algorithm originated in graph theory 
for finding the LCP across weighted edges in a graph (Dijkstra 

and others, 1959) and is easily extended to finding LCPs on 
a raster representing movement resistance; that is, a raster 
where each cell contains a value indicating the difficulty of 
movement through that cell (Huber and Church, 1985; Van 
Bemmelen and others, 1993; Etherington, 2016). Given a 
start and end point, the LCP algorithm finds the path that 
accumulates the lowest total cost. This is a frequently used 
method in ecology for evaluating connectivity on landscapes 
(Adriaensen and others, 2003; Sawyer and others, 2011; 
Etherington, 2016).

The movement resistance surface used in connectivity 
analyses is critical; a resistance surface that does not 
accurately represent a species’ movement behavior will likely 
yield incorrect results. Previous studies have used a variety 
of data sources to develop resistance surfaces, including 
expert opinion, presence and absence data, and movement 
path data. Of these data sources, movement path data is 
generally preferred because it explicitly represents an animal’s 
movement (Zeller and others, 2012). Therefore, we created 
a resistance surface using movement data from GPS-tracked 
sage grouse. To capture movement between nesting and 
brood-rearing habitat, we first fit an integrated step-selection 
model using the GPS data from female sage-grouse that had 
successful nests and subsequently moved up in elevation to 
access important brood-rearing habitat (Avgar and others, 
2016). We used the “amt” package (Signer and others, 2019) 
in R to format location data into steps and randomly sample 
three available steps for each used step, with step lengths and 
turning angles for available steps drawn from a Gamma and a 
von Mise’s distribution, respectively (Avgar and others, 2016; 
Signer and others, 2019). We included the log-transformed 
step length and the cosine of the turning angle in the model 
to allow for unbiased inferences regarding habitat selection 
and movement and evaluated habitat variables at the end of 
each step (Avgar and others, 2016). We included variables 
outlined earlier that represented vegetation type, hydrologic 
features, and topography. Because movement models evaluate 
selection at a smaller scale than resource selection functions, 
we measured all variables only within the 75-m radial buffer 
to balance small-scale movement with accuracy of the 
underlying remotely sensed layers. We used the “inla” package 
(Rue and others, 2009) in R to fit conditional Poisson models 
with stratum-specific intercepts (for example, step selection 
functions), where strata consisted of matched used and 
available steps and were modeled as random effects with large, 
fixed variance (Muff and others, 2020).

We then used the model output to create a predictive 
surface across the study area following the methods outlined 
earlier for creating a map from a habitat selection model. 
We scaled this surface to be between 0.01 and 1, where 
1 represents the highest possible movement resistance. We 
used 0.01 as the lowest value, because using zero as the lowest 
value in LCP analysis can result in unrealistic paths that 
wander through a patch of zero-resistance cells.
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Because the LCP algorithm operates on pairs of points, 
it was necessary to create sets of points to use as start and end 
locations. Sage-grouse move from nesting habitat around leks 
into higher elevation wet meadows to support their broods. To 
create a set of starting locations, we multiplied the previously 
created nest selection surface by the ASUI to create a 
probability surface that captured areas of high abundance and 
use and high nesting potential. We then sampled 10,000 points 
from this probability surface with the restriction that all 
sampled points must fall in a polygon created by taking the 
top 85th percentile of the ASUI surface and then buffering the 
result by 5 km. Doing this ensured that all start points would 
fall within areas classified as suitable sage grouse habitat. For 
the destination points, we used areas identified as brood source 
habitat. To avoid finding paths to very small patches of brood 
source habitat, we removed all patches that were made up of 
less than 10 cells (9,000 m2). This decision was more based on 
optimization of model output than on biological mechanisms. 
Having many very small patches was not considered 
biologically realistic for corridor analysis; ultimately this 
decision point only led to the removal of less than 1 percent 
of all patches and, as such, the decision turned out to be fairly 
inconsequential. For each remaining patch, we identified the 
centroid of each 900-m2 cell that formed the border of the 
patch and used these points as the destination points.

To identify paths between the start and end points, we 
iterated over the set of 10,000 start points. For each point, we 
first identified all destination points (brood source locations) 
within 15.3 km, which was the maximum distance from leks 
for all used locations during the late brood-rearing period. 
Ideal brood-rearing habitat is generally at higher elevations 
where moisture is retained into the summer. Therefore, we 
removed any destination points that were at a lower elevation 
than the start point. We then determined all LCPs between 
the start point and the destination points and counted the 
number of paths that passed through each cell of the resistance 
surface for each of the 10,000 start points. The results from 
each iteration were then summed to create a single raster with 
30- by 30-m resolution where the cell values represent the 
total number of LCPs that passed through that cell. In general, 
the resulting raster had very narrow corridors because LCPs 
between different pairs of points may coalesce to a single, 
low-cost path. However, true corridors will be wider than the 
narrow paths identified by the algorithm. To account for this 
issue, we smoothed the raster using a circular moving average 
with a radius of 439 m, which represented the mean daily 
distance traveled by sage-grouse (Coates and others, 2016b).

We then converted this raster to binary values to 
incorporate the results into the previously described map of 
example habitat management categories. Because we were 
interested in finding corridors that were not already included 
in the priority habitat classification, we first masked out all 
areas of the raster that fell into the high-use ASUI class. 
We then converted all the cells of this raster that were in 
the 95th percentile or above to 1, whereas all other cells 

were converted to 0 (after visual inspection, we determined 
that using the 95th percentile as the cutoff point produced 
reasonable results). Although this process captured the areas 
with the most LCPs, in some cases this resulted in patches of 
cells that did not connect to a high ASUI area or source area. 
Therefore, we removed contiguous areas that did not connect 
to a high-use ASUI area and source area. However, this does 
not remove offshoots that may not reach either a high ASUI 
area or a source area. To identify and remove these areas, 
we added an additional processing step. We first masked the 
resistance surface and brood source areas with the binary 
raster such that all areas where the binary raster had “0” 
were removed from the resistance and source rasters. These 
two rasters were then used to rerun the LCP analysis, using 
the original 10,000 starting points. This restricted all paths 
to fall within the already-identified corridors and meant that 
no paths would travel through offshoots that did not lead to 
either a high ASUI area or a source area. Using these results, 
we removed all areas from the original binary raster that did 
not have a path within 439 m to match the moving window 
distance used previously. The resulting raster represented the 
final corridors, which were incorporated as general habitat in 
the map of example habitat management categories.

Finally, we masked out perennial waterbodies and 
towns, which do not represent habitat for sage-grouse. 
To capture recreational activity around urban centers, we 
buffered town boundaries based on population size using an 
asymptotic regression curve with a maximum of 1,000 m, 
which was chosen because all leks were a minimum of 
1,100 m from towns, and we did not want to remove any 
lek locations from designated habitat. We also masked all 
buildings regardless of location using the Esri building 
footprints layer (htt ps://hub.a rcgis.com/ maps/ esri::microsoft- 
building- footprints- tiles/ about), which we buffered by 100 m 
to capture the land parcel and infrastructure associated with 
each building. Urbanization can also spread beyond town 
boundaries, however, so we hand digitized all areas within 
10 km of town buffers with permanent structures based 
on both the Esri building footprints layer and the National 
Land Cover Database’s imperviousness layer (Dewitz and 
U.S. Geological Survey, 2021). Digitized areas were meant 
to capture regions around neighborhoods or concentrated 
structures, not areas around isolated houses or ranches. We 
then reduced these digitized areas by one level (that is, from 
priority+ to priority, priority to general, general to other, 
or other to non-habitat). To ensure the adoptability and 
effectiveness of the final output, we employed a months-long 
and iterative stewardship-based process of coproduction 
to create the final map of example habitat management 
categories, the process of which is described in appendix 3. 
We provide all raster surfaces, including selection maps, 
survival maps, example habitat management categories, source 
habitat, sink habitat, pre-fire priority habitat, and corridors to 
support land management and conservation efforts (Coates and 
others, 2024).

https://hub.arcgis.com/maps/esri::microsoft-building-footprints-tiles/about
https://hub.arcgis.com/maps/esri::microsoft-building-footprints-tiles/about
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Results

Nest Selection and Survival

We located and monitored 1,220 nests from 
885 individual hens across 13 years and 15 study sites. The 
95th percentile of distances between lek locations and nearest 
nest varied by study site, with a median of 6,332 m (range: 
4,260–13,873 m). From variable selection analyses (for 
full results, see appendix 4), the most effective landscape 
predictor variables from correlated groups of variables for 
the nest selection model were bare ground (r=75 m), litter 
cover (r=439 m), perennial grass cover (r=1,451 m), total 
shrub cover (RAP; r=75 m), sagebrush cover (r=1,451 m), 
tree cover (r=167 m), elevation (r=167 m), HLI (r=439 m), 
TRASP (r=1,451 m), topographic roughness (r=439 m), TPI 
(r=167 m), total stream density (r=1,451 m), perennial stream 
density (r=1,451 m), alfalfa (r=1,451 m), and proximity to 
wetland (α=0.21). The most effective predictors for the nest 
survival model were annual grass cover (r=167 m), bare 
ground (r=1,451 m), total shrub cover (RCMAP; r=75 m), tree 
cover (r=1,451 m), HLI (r=439 m), and topographic roughness 
(r=370 m).

Nesting sage-grouse demonstrated apparent selection 
of greater values for litter cover, total shrub cover, sagebrush 
cover, elevation, TRASP (more south-facing slopes), and 
total stream density, while demonstrating apparent avoidance 
of greater values of bare ground, perennial grass cover, tree 
cover, HLI, topographic roughness, TPI, perennial stream 
density, alfalfa, and proximity to wetland (table 1; fig. 2). All 
coefficients were interpreted as strongly informative, with all 
effect probabilities exceeding 0.95 (table 1). Our nest selection 
model had reasonable out-of-sample predictive capabilities 
(Spearman’s rank ρ=0.96; R2=0.85; βpredict=0.86)

Habitat effects on nest survival were positive for total 
shrub cover, tree cover, HLI, and topographic roughness and 
were negative for annual grass cover and bare ground (table 2; 
fig. 2). All six habitat effects were interpreted as at least 
moderately informative (pd>0.9; table 2). In addition, there 
was little evidence for an effect of hen age on nest survival. 
Throughout the study area, cumulative 38-day nest survival 
was estimated to be 0.25 (95-percent credible intervals 
[CRI]=0.20–0.30). Predicted survival estimated from our 
final model of nest survival was consistent when compared 
with testing data (Bayesian P-value=0.59) and training data 
(Bayesian P-value=0.60) encounter histories, evidence that 
our model had good model fit and strong out-of-sample 
predictive capabilities.

Table 1. Habitat coefficient summaries from models of greater sage-grouse 
(Centrocercus urophasianus) habitat selection during the nesting, brood-rearing, 
spring, summer, and winter life stages and seasons in the western Great Basin 
region, 2009–21.

[Models were fit using a Bayesian framework, and estimates reported include means and 
percentiles from posterior distributions, as well as the probability of direction (pd) statistic, 
indicating the proportion of the distribution falling on the same side of 0 as the median 
estimate. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; HLI, heat load index; 
TRASP, transformed aspect; TPI, topographic position index; RCMAP, Rangeland Condition 
Monitoring Assessment and Projection; ×, multiplied by]

Variable Mean 2.5th Median 97.5th pd

Nest

Bare ground (75 m) −0.748 −0.886 −0.747 −0.611 1.000
Litter (439 m) 0.086 0.005 0.086 0.168 0.981
Perennial grass (1,451 m) −0.311 −0.426 −0.311 −0.202 1.000
Total shrub (RAP; 75 m) 0.107 0.018 0.107 0.194 0.993
Sagebrush (1,451 m) 0.189 0.099 0.189 0.279 1.000
Tree (167 m) −1.071 −1.257 −1.071 −0.893 1.000
Elevation (167 m) 0.568 0.467 0.569 0.669 1.000
HLI (439 m) −0.245 −0.338 −0.245 −0.154 1.000
TRASP (1,451 m) 0.104 0.021 0.104 0.185 0.995
Roughness (439 m) −0.313 −0.420 −0.312 −0.210 1.000
TPI (167 m) −0.155 −0.231 −0.156 −0.077 1.000
Total stream (1,451 m) 0.205 0.113 0.204 0.297 1.000
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Table 1. Habitat coefficient summaries from models of greater sage-grouse 
(Centrocercus urophasianus) habitat selection during the nesting, brood-rearing, 
spring, summer, and winter life stages and seasons in the western Great Basin 
region, 2009–21.—Continued

[Models were fit using a Bayesian framework, and estimates reported include means and 
percentiles from posterior distributions, as well as the probability of direction (pd) statistic, 
indicating the proportion of the distribution falling on the same side of 0 as the median 
estimate. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; HLI, heat load index; 
TRASP, transformed aspect; TPI, topographic position index; RCMAP, Rangeland Condition 
Monitoring Assessment and Projection; ×, multiplied by]

Variable Mean 2.5th Median 97.5th pd

Nest—Continued

Perennial stream (1,451 m) −0.215 −0.300 −0.215 −0.131 1.000
Alfalfa (1,451 m) −0.638 −1.172 −0.610 −0.256 1.000
Proximity to wetland −0.777 −1.061 −0.777 −0.495 1.000

Early brood

Bare ground (75 m) −0.255 −0.340 −0.254 −0.169 1.000
Total shrub (RAP; 75 m) 0.065 −0.015 0.065 0.146 0.943
Tree (167 m) −1.088 −1.329 −1.083 −0.869 1.000
Elevation (167 m) 0.342 0.246 0.342 0.439 1.000
HLI (75 m) −0.264 −0.355 −0.265 −0.173 1.000
Roughness (75 m) −0.670 −0.821 −0.668 −0.524 1.000
TPI (1,451 m) 0.170 0.075 0.170 0.258 1.000
Total stream (370 m) −0.148 −0.238 −0.148 −0.059 0.999
Proximity to alfalfa 1.258 0.560 1.261 1.934 1.000
Proximity to wetland −0.520 −0.834 −0.522 −0.200 0.999

Late brood

Annual grass (439 m) 0.487 0.361 0.488 0.614 1.000
Bare ground (75 m) −0.261 −0.414 −0.260 −0.106 1.000
Litter (439 m) 0.115 0.025 0.115 0.205 0.993
Perennial grass (75 m) 0.194 0.088 0.194 0.304 1.000
Total shrub (RCMAP; 75 m) 0.305 0.213 0.305 0.400 1.000
Tree (439 m) −1.058 −1.257 −1.057 −0.864 1.000
Elevation (260 m) 1.083 0.966 1.082 1.202 1.000
HLI (370 m) −0.383 −0.463 −0.382 −0.303 1.000
Roughness (260 m) −0.696 −0.816 −0.695 −0.580 1.000
TPI (1,451 m) 0.195 0.120 0.196 0.271 1.000
Proximity to stream 0.904 0.654 0.903 1.153 1.000
Proximity to alfalfa 2.172 1.689 2.173 2.675 1.000
Burned area 0.512 0.154 0.513 0.887 0.998
Annual grass (439 m) × Burned area −0.367 −0.577 −0.366 −0.167 1.000

Spring

Annual grass (75 m) −0.083 −0.111 −0.083 −0.055 1.000
Bare ground (75 m) −0.520 −0.555 −0.521 −0.485 1.000
Litter (439 m) 0.169 0.148 0.169 0.189 1.000
Perennial grass (1,451 m) −0.192 −0.219 −0.191 −0.163 1.000
Total shrub (RAP; 439 m) −0.133 −0.161 −0.133 −0.106 1.000
Sagebrush (1,451 m) 0.189 0.167 0.189 0.212 1.000
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Table 1. Habitat coefficient summaries from models of greater sage-grouse 
(Centrocercus urophasianus) habitat selection during the nesting, brood-rearing, 
spring, summer, and winter life stages and seasons in the western Great Basin 
region, 2009–21.—Continued

[Models were fit using a Bayesian framework, and estimates reported include means and 
percentiles from posterior distributions, as well as the probability of direction (pd) statistic, 
indicating the proportion of the distribution falling on the same side of 0 as the median 
estimate. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; HLI, heat load index; 
TRASP, transformed aspect; TPI, topographic position index; RCMAP, Rangeland Condition 
Monitoring Assessment and Projection; ×, multiplied by]

Variable Mean 2.5th Median 97.5th pd

Spring—Continued

Tree (439 m) −1.272 −1.320 −1.272 −1.222 1.000
Elevation (167 m) 0.562 0.536 0.562 0.588 1.000
HLI (439 m) −0.179 −0.203 −0.179 −0.154 1.000
TRASP (75 m) −0.064 −0.084 −0.064 −0.045 1.000
Roughness (167 m) −0.652 −0.684 −0.652 −0.620 1.000
TPI (439 m) 0.251 0.230 0.252 0.273 1.000
Stream density (1,451 m) 0.221 0.199 0.221 0.243 1.000
Perennial stream density (1,451 m) −0.202 −0.223 −0.202 −0.180 1.000
Distance to alfalfa (log) −0.095 −0.110 −0.095 −0.080 1.000
Proximity to wetland −0.635 −0.704 −0.635 −0.566 1.000

Summer

Bare ground (1,451 m) −0.561 −0.618 −0.560 −0.506 1.000
Litter (75 m) −0.056 −0.091 −0.055 −0.020 0.998
Perennial grass (1,451 m) −0.210 −0.264 −0.210 −0.157 1.000
Total shrub (RAP; 1,451 m) −0.203 −0.249 −0.203 −0.157 1.000
Total shrub (RCMAP; 75 m) 0.168 0.121 0.168 0.212 1.000
Tree (1,451 m) −1.508 −1.595 −1.508 −1.423 1.000
Elevation (167 m) 1.038 0.983 1.038 1.095 1.000
HLI (1,451 m) −0.377 −0.431 −0.377 −0.324 1.000
TRASP (1,451 m) 0.380 0.335 0.380 0.424 1.000
Roughness (167 m) −0.806 −0.873 −0.806 −0.739 1.000
TPI (439 m) 0.106 0.066 0.106 0.145 1.000
Proximity to stream 0.544 0.415 0.545 0.670 1.000
Proximity to perennial stream 0.411 0.284 0.412 0.541 1.000
Distance to alfalfa (log) −0.146 −0.176 −0.146 −0.116 1.000
Proximity to wetland −0.221 −0.353 −0.220 −0.087 0.999
Burned area −0.493 −0.630 −0.492 −0.360 1.000

Winter

Annual grass (370 m) 0.039 −0.012 0.038 0.092 0.930
Bare ground (1,451 m) −0.266 −0.320 −0.266 −0.210 1.000
Litter (439 m) 0.124 0.083 0.124 0.164 1.000
Total shrub (RCMAP; 1,451 m) 0.086 0.043 0.086 0.129 1.000
Tree (1,451 m) −1.069 −1.157 −1.069 −0.984 1.000
Elevation (75 m) 0.615 0.562 0.614 0.668 1.000
HLI (1,451 m) −0.268 −0.324 −0.269 −0.211 1.000
TRASP (1,451 m) 0.121 0.078 0.121 0.163 1.000
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EXPLANATION

Model

Nest selection

Nest survival

Figure 2. Habitat coefficient plots from models of greater sage-grouse (Centrocercus urophasianus) habitat 
selection and survival during the nesting life stage in the western Great Basin region, 2009–21. Models were fit 
using a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection, with 
medians of posterior distributions represented by dots, thick lines representing one standard deviation, and thin 
lines representing the upper (97.5th) and lower (2.5th) percentiles of the distribution. The dashed vertical line 
occurs at zero and represents no effect. Abbreviations: RAP, Rangeland Analysis Platform; RCMAP, Rangeland 
Condition Monitoring Assessment and Projection; HLI, heat load index; TRASP, transformed aspect; 
TPI, topographic position index.

Table 1. Habitat coefficient summaries from models of greater sage-grouse 
(Centrocercus urophasianus) habitat selection during the nesting, brood-rearing, 
spring, summer, and winter life stages and seasons in the western Great Basin 
region, 2009–21.—Continued

[Models were fit using a Bayesian framework, and estimates reported include means and 
percentiles from posterior distributions, as well as the probability of direction (pd) statistic, 
indicating the proportion of the distribution falling on the same side of 0 as the median 
estimate. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; HLI, heat load index; 
TRASP, transformed aspect; TPI, topographic position index; RCMAP, Rangeland Condition 
Monitoring Assessment and Projection; ×, multiplied by]

Variable Mean 2.5th Median 97.5th pd

Winter —Continued

Roughness (439 m) −0.556 −0.624 −0.556 −0.492 1.000
TPI (439 m) 0.078 0.037 0.078 0.120 1.000
Proximity to stream 0.461 0.351 0.462 0.574 1.000
Perennial stream density (439 m) −0.138 −0.179 −0.138 −0.098 1.000
Proximity to alfalfa 0.447 0.168 0.450 0.719 0.999
Proximity to wetland −0.478 −0.612 −0.479 −0.346 1.000
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Table 2. Habitat coefficient summaries from models of greater sage-grouse 
(Centrocercus urophasianus) survival during the nesting and brood-rearing 
life stages in the western Great Basin region, 2009–21.

[Logistic exposure models were fit using a Bayesian framework, and estimates reported 
include means and percentiles from posterior distributions, as well as the probability 
of direction (pd) statistic, indicating the proportion of the distribution falling on the 
same side of 0 as the median estimate. Abbreviations: NA, not applicable; m, meters; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; HLI, heat load 
index; TRASP, transformed aspect; TPI, topographic position index]

Variable Mean 2.5th Median 97.5th pd

Nest

38-day survival 0.248 0.196 0.250 0.300 NA
38-day survival yearling 0.259 0.195 0.261 0.328 NA
38-day survival adult 0.242 0.188 0.244 0.298 NA
Hen age −0.051 −0.233 −0.045 0.103 0.730
Annual grass (167 m) −0.172 −0.301 −0.171 −0.039 0.996
Bare ground (1,451 m) −0.211 −0.326 −0.211 −0.095 1.000
Total shrub (RCMAP; 75 m) 0.089 −0.007 0.088 0.189 0.966
Tree (1,451 m) 0.069 −0.028 0.066 0.180 0.903
HLI (439 m) 0.068 −0.020 0.067 0.163 0.925
Roughness (370 m) 0.107 0.005 0.105 0.223 0.982

Brood

Daily survival 0.985 0.980 0.985 0.990 NA
Daily survival (yearling) 0.984 0.978 0.985 0.990 NA
Daily survival (adult) 0.985 0.980 0.985 0.990 NA
Hen age 0.040 −0.167 0.032 0.274 0.642
Brood age 0.007 −0.003 0.007 0.017 0.908

Early brood

Bare ground (439 m) −0.115 −0.274 −0.112 0.029 0.938
Litter (1,451 m) 0.179 −0.006 0.177 0.384 0.969
Non-sagebrush shrub (1,451 m) 0.149 −0.026 0.145 0.354 0.942
Tree (370 m) 0.187 −0.016 0.174 0.469 0.955
TRASP (1,451 m) 0.247 0.084 0.247 0.411 0.999
Roughness (167 m) −0.116 −0.272 −0.115 0.026 0.935
Stream density (167 m) −0.113 −0.286 −0.111 0.038 0.912
Distance to alfalfa −0.026 −0.450 −0.015 0.332 0.554
Burned area 0.112 −0.170 0.077 0.567 0.731

Late brood

Annual grass (75 m) 0.134 −0.046 0.124 0.362 0.909
Bare ground (1,451 m) −0.094 −0.269 −0.090 0.065 0.870
TPI (75 m) −0.100 −0.291 −0.095 0.053 0.875
Stream density (1,451 m) 0.098 −0.080 0.087 0.322 0.841
Proximity to perennial stream 0.066 −0.244 0.040 0.479 0.641
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Brood Selection and Survival

We monitored 480 broods from 437 individual 
hens across all years and study sites collecting a total of 
1,155 locations during the early brood-rearing period and 
1,469 locations during the late brood-rearing period. The 
95th percentile of distances between an individual’s brood 
location and its nest varied by study site with a median 
of 4,945 m during the early brood-rearing period (range: 
1,123–11,758 m) and 11,631 m during the late brood-rearing 
period (range: 2,394–54,036 m). From variable selection 
analysis (for full results, see appendix 4), the most effective 
landscape predictor variables from correlated groups for 
the early brood habitat selection model component were 
bare ground (r=75 m), total shrub cover (RAP; r=75 m), 
tree cover (r=167 m), elevation (r=167 m), HLI (r=75 m), 
topographic roughness (r=75 m), TPI (r=1,451 m), total 
stream density (r=370 m), proximity to alfalfa (α=1,451), 
and proximity to wetland (α=0.24). For the late brood habitat 
selection component, the most effective predictor variables 
were annual grass cover (r=439 m), bare ground (r=75 m), 
litter cover (r=1451 m), perennial grass cover (r=75 m), 
total shrub cover (RCMAP; r=75 m), tree cover (r=439 m), 
elevation (r=260 m), HLI (r=370 m), topographic roughness 
(r=260 m), TPI (r=1,451 m), proximity to stream (α=1,451), 
proximity to alfalfa (α=1,451), whether or not an area was 
burned, and an interaction between annual grass and whether 
or not an area was burned. For brood survival models, during 
the early brood component the most effective predictors from 
variable selection were bare ground (r=439 m), litter cover 
(r=1,451 m), non-sagebrush shrub cover (r=1,451 m), tree 
cover (r=370 m), TRASP (r=1,451 m), topographic roughness 
(r=167 m), total stream density (r=167 m), proximity to alfalfa 
(α=1,451), and whether or not an area was burned. During the 
late brood component, the most effective survival predictors 
were annual grass cover (r=75 m), bare ground (r=1,451 m), 
TPI (r=75 m), total stream density (r=1,451 m), and proximity 
to perennial streams (α=1,451 m).

Broods demonstrated apparent selection of greater values 
for total shrub cover, elevation, TPI, and areas closer to alfalfa, 
while demonstrating apparent avoidance of greater values 
of bare ground, tree cover, HLI, and topographic roughness, 
during the early and late periods (table 1; fig. 3). Early broods 
demonstrated apparent avoidance of areas with higher total 
stream densities and closer proximities to wetlands, whereas 
late broods demonstrated apparent selection of areas closer 
to streams (table 1; fig. 3). Late broods also demonstrated 
apparent selection of annual grass, litter cover, perennial grass 
cover, and burned areas but demonstrated decreased selection 
for annual grass within burned areas. All habitat effects for 
the early and late brood-rearing periods were interpreted 
as moderately or strongly informative (table 1). Selection 
models had adequate out-of-sample predictive capabilities 
for the early (Spearman’s rank ρ=0.90; R2=0.73; βpredict=0.90) 
and late (Spearman’s rank ρ=0.95; R2=0.82; βpredict=0.68) 
brood-rearing periods.

Habitat effects on brood survival were negative for 
bare ground for early and late periods. Early broods also 
demonstrated positive responses to litter cover, non-sagebrush 
shrub cover, tree cover, TRASP, and burned areas while 
demonstrating negative responses to topographic roughness, 
proximity to alfalfa, and total stream density (table 2; 
fig. 3). Late brood survival was lower with greater values of 
TPI and higher with more annual grass cover, greater total 
stream densities, and closer to perennial streams. Of the 
nine habitat effects estimated for early brood survival, seven 
were interpreted as moderately or strongly informative, with 
burned area indicating weaker evidence (table 2). For late 
brood survival, effects of annual grass cover, bare ground, 
and TPI were interpreted as moderately informative, with 
the remaining two habitat effects showing weaker evidence 
of effects (table 2). In addition, there was not moderate or 
strong evidence of an effect of hen age on brood survival, 
but there was evidence for a positive effect of brood age 
on survival (table 2). The estimated daily survival rate for 
broods was 0.985 (95-percent CRI=0.980–0.990). Predicted 
survival estimated from our final model of brood survival 
was consistent when compared with testing data (Bayesian 
P-value=0.64) and training data (Bayesian P-value=0.58) 
encounter histories, evidence that our model had good model 
fit and strong out-of-sample predictive capabilities.

Spring Selection

We monitored 2,171 individuals during the spring across 
years and study sites, collecting a total of 22,735 locations. 
The median 99-percent kernel UD for all birds at a study site 
was 1,431 square kilometers (km2; range: 720–3,743 km2). 
From variable selection analysis (for full results, see 
appendix 4), the most effective landscape predictor variables 
from correlated groups for the spring habitat selection model 
component were annual grass cover (r=75 m), bare ground 
(r=75 m), litter cover (r=439 m), perennial grass cover 
(r=1,451 m), total shrub cover (RAP; r=439 m), sagebrush 
cover (r=1,451 m), tree cover (r=439 m), elevation (r=167 m), 
HLI (r=439 m), TRASP (r=75 m), topographic roughness 
(r=167 m), TPI (r=439 m), total stream density (r=1,451 m), 
perennial stream density (r=1,451 m), log-transformed 
distance to alfalfa, and proximity to wetland (α=0.22). In 
the spring, sage-grouse demonstrated apparent selection for 
greater values of litter cover, sagebrush cover, elevation, 
TPI, total stream densities, and closer to alfalfa, while 
demonstrating apparent avoidance of areas with greater 
values for annual grass cover, bare ground, perennial grass 
cover, total shrub cover, tree cover, HLI, TRASP, topographic 
roughness, perennial stream densities, and closer to wetland 
(table 1; fig. 4). All 16 habitat effects were interpreted as 
strongly informative (table 1). The spring selection model had 
strong out-of-sample predictive capabilities (Spearman’s rank 
ρ=0.99; R2=0.94; βpredict=0.91).
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Summer Selection

We monitored 1,778 individuals during the summer 
across years and study sites, collecting a total of 
5,919 locations. The median 99-percent-kernel UD for all 
birds at a study site was 1,362 km2 (range: 493–3,141 km2). 
From variable selection analysis (for full results, see 
appendix 4), the most effective landscape predictors from 
correlated groups for the summer habitat selection model 
component were bare ground (r=1,451 m), litter cover 
(r=75 m), perennial grass cover (r=1,451 m), total shrub cover 
(RAP; r=1,451 m), total shrub cover (RCMAP; 75 m), tree 
cover (r=1,451 m), elevation (r=167 m), HLI (r=1,451 m), 
TRASP (r=1,451 m), topographic roughness (r=167 m), 

TPI (r=439 m), proximity to stream (α=540), proximity to 
perennial stream (α=1,451), log-transformed distance to 
alfalfa, proximity to wetland (α=0.18), and whether or not an 
area was burned. In the summer, sage-grouse demonstrated 
apparent selection of areas with greater values of total shrub 
cover within 75 m, elevation, TRASP, TPI, closer to total 
and perennial streams, and closer to alfalfa (table 1; fig. 4). 
Sage-grouse demonstrated apparent avoidance of areas with 
greater values of bare ground, litter cover, perennial grass 
cover, total shrub cover within 1,451 m, tree cover, HLI, 
topographic roughness, closer to wetlands, and burned areas 
(table 1; fig. 4). All 16 habitat effects were interpreted as 
strongly informative (table 1). The summer selection model 
had strong out-of-sample predictive capabilities (Spearman’s 
rank ρ=1.00; R2=0.92; βpredict=0.86).

EXPLANATION

Model

Early selection

Late selection

Survival early

Survival late

Figure 3. Habitat coefficient plots from models of greater sage-grouse (Centrocercus urophasianus) habitat 
selection and survival during the early brood-rearing (darker shades) and late brood-rearing (lighter shades) life 
stages in the western Great Basin region, 2009–21. Models were fit using a hierarchical modeling framework 
subject to Bayesian lasso regularization and variable selection, with medians of posterior distributions 
represented by dots, thick lines representing one standard deviation, and thin lines representing the upper 
(97.5th) and lower (2.5th) percentiles of the distribution. The dashed vertical line occurs at zero and represents 
no effect.
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Winter Selection

We monitored 264 individuals during winter across years 
and study sites, collecting a total of 5,508 locations. The 
median 99-percent kernel UD for all birds at a study site was 
2,058 km2 (range: 946–4,110 km2). From variable selection 
analysis (for full results, see appendix 4), the most effective 
landscape predictor variables from correlated groups for 
the winter habitat selection model component were annual 
grass cover (r=370 m), bare ground (r=1,451 m), litter cover 
(r=439 m), total shrub cover (RCMAP; r=1,451 m), tree 
cover (r=1,451 m), elevation (r=75 m), HLI (r=1,451 m), 
TRASP (r=1,451 m), topographic roughness (r=439 m), 
TPI (r=439 m), proximity to stream (α=660), perennial 
stream density (r=439 m), proximity to alfalfa (α=1,451), 
and proximity to wetland (α=0.21). Wintering sage-grouse 
demonstrated apparent selection of areas with greater values 
for annual grass cover, litter cover, total shrub cover, elevation, 
TRASP, TPI, and closer to streams and alfalfa, while 
demonstrating apparent avoidance of areas with greater values 

for bare ground, tree cover, HLI, topographic roughness, 
perennial stream densities, and closer to wetland (table 1; 
fig. 4). Of the 14 habitat effects included in the final model, 
all were interpreted as strongly informative (table 1). The 
winter selection model had strong out-of-sample predictive 
capabilities (Spearman’s rank ρ=0.99; R2=0.97; βpredict=0.92).

Movement Model

We monitored 18 GPS-marked individuals to inform 
the resistance surface that was used to quantify connectivity 
between nesting and brood-rearing habitat. Based on an 
integrated step-selection model, females moving from nesting 
to brood-rearing habitat demonstrated apparent selection 
for greater total shrub cover, litter cover, higher densities 
of streams, areas closer to wetlands, higher elevations, 
and greater values of TPI (table 3). In contrast, females 
demonstrated apparent avoidance of higher tree cover, more 
bare ground, greater terrain roughness, and greater values of 
HLI (table 3).

EXPLANATION

Model
Spring selection

Summer selection

Winter selection

Figure 4. Habitat coefficient plots from models of greater sage-grouse (Centrocercus urophasianus) 
habitat selection during the spring, summer, and winter in the western Great Basin region, 2009–21. 
Models were fit using a hierarchical modeling framework subject to Bayesian lasso regularization and 
variable selection, with medians of posterior distributions represented by dots, thick lines representing 
one standard deviation, and thin lines representing the upper (97.5th) and lower (2.5th) percentiles of the 
distribution. The dashed vertical line occurs at zero and represents no effect. Note that negative alfalfa 
effect for spring and summer selection are log(distance), which suggests selection.
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Results: Habitat Mapping

Maps demonstrating seasonal sage-grouse selection 
patterns indicated that habitat potential (estimated from 
habitat selection models) was similar during the spring 
(fig. 5) and summer (fig. 6) but more widespread in the winter 
(fig. 7) when considering the overall area falling into the 
moderate or high categories. For reproductive life stages, 
habitat potential based on habitat selection models was more 
widespread across the study area during the nesting (fig. 8) 
and early brood-rearing periods (fig. 9) compared to the late 
brood-rearing period (fig. 10). Habitat suitability from survival 
models seemed possibly most limited during the nesting 
period (fig. 11) compared to the early brood-rearing (fig. 12) 
and late brood-rearing periods (fig. 13).

Areas of high-use based on the ASUI (fig. 14) generally 
aligned with areas of high use based on the habitat selection 
models (figs. 5–10) and the combined metric of habitat 
suitability and occupancy (appendix 5). Priority habitat 
seemed to be concentrated in the northern parts of California 
and Nevada and more fragmented in the southern parts of 
the study area (fig. 15). A total of 1.5 percent of the study 
area was classified as priority+ (5,112 km2), 15.5 percent as 
priority (51,683 km2), 6.4 percent as general (21,359 km2), and 
9.1 percent as other (30,410 km2) with the remainder classified 
as non-habitat. Including corridors that connect occupied 
nesting habitat to brood source habitat resulted in small 
increases in general habitat (0.18 percent), particularly in the 
southern part of the study area (fig. 16).

Table 3. Habitat coefficient summaries from a movement model 
of greater sage-grouse (Centrocercus urophasianus) transitioning 
from nesting to brood-rearing habitat in the western Great Basin 
region, 2009–21.

[Logistic exposure models were fit using a Bayesian framework, and estimates 
reported include means and percentiles from posterior distributions, as 
well as the probability of direction (pd) statistic, indicating the proportion 
of the distribution falling on the same side of 0 as the median estimate. 
Abbreviations: HLI, heat load index; TPI, topographic position index]

Variable Mean 2.5th Median 97.5th pd

Total shrub 0.048 −0.171 0.048 0.267 0.665
Tree −0.230 −0.376 −0.229 −0.089 0.999
Elevation 1.118 −0.338 1.111 2.608 0.933
Bare ground −0.504 −0.763 −0.503 −0.248 1.000
Proximity to wetland 0.307 −0.303 0.307 0.916 0.838
Roughness −0.193 −0.360 −0.192 −0.029 0.990
HLI −0.238 −0.431 −0.238 −0.046 0.993
TPI 0.069 0.008 0.069 0.131 0.987
Total stream 0.078 −0.022 0.077 0.177 0.937
Litter 0.278 0.071 0.277 0.488 0.996
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Base from U.S. Geological Survey digital data, various scales and dates; Base map from Esri and its licensors, copyright 2023;
Universal Transverse Mercator, zone 11 north; North American Datum of 1983
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Figure 5. The A, habitat selection index and B, categorized habitat selection during the spring for greater sage-grouse (Centrocercus 
urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients of habitat selection models fit 
within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection contrasting known locations 
from telemetry data with available locations in the western Great Basin region, 2009–21. Habitat classes were delineated based on 
percentiles of resource selection function values associated with known used locations of sage-grouse.
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Base from U.S. Geological Survey digital data, various scales and dates; Base map from Esri and its licensors, copyright 2023;
Universal Transverse Mercator, zone 11 north; North American Datum of 1983
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Figure 6. The A, habitat selection index and B, categorized habitat selection during the summer for greater sage-grouse (Centrocercus 
urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients of habitat selection models fit 
within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection contrasting known locations 
from telemetry data with available locations in the western Great Basin region, 2009–21. Habitat classes were delineated based on 
percentiles of resource selection function values associated with known used locations of sage-grouse.
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Figure 7. The A, habitat selection index and B, categorized habitat selection during the winter for greater sage-grouse (Centrocercus 
urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients of habitat selection models fit 
within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection contrasting known locations 
from telemetry data with available locations in the western Great Basin region, 2009–21. Habitat classes were delineated based on 
percentiles of resource selection function values associated with known used locations of sage-grouse.
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Figure 8. The A, habitat selection index and B, categorized habitat selection during the nesting period for greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients of habitat 
selection models fit within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection 
contrasting known locations from telemetry data with available locations in the western Great Basin region, 2009–21. Habitat classes 
were delineated based on percentiles of resource selection function values associated with known used locations of sage-grouse.
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Figure 9. The A, habitat selection index and B, categorized habitat selection during the early brood-rearing period for greater 
sage-grouse (Centrocercus urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients 
of habitat selection models fit within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection 
contrasting known locations from telemetry data with available locations in the western Great Basin region, 2009–21. Habitat classes 
were delineated based on percentiles of resource selection function values associated with known used locations of sage-grouse.
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Base from U.S. Geological Survey digital data, various scales and dates; Base map from Esri and its licensors, copyright 2023;
Universal Transverse Mercator, zone 11 north; North American Datum of 1983
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Figure 10. The A, habitat selection index and B, categorized habitat selection during the late brood-rearing period for greater 
sage-grouse (Centrocercus urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients 
of habitat selection models fit within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection 
contrasting known locations from telemetry data with available locations in the western Great Basin region, 2009–21. Habitat classes 
were delineated based on percentiles of resource selection function values associated with known used locations of sage-grouse.
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Base from U.S. Geological Survey digital data, various scales and dates; Base map from Esri and its licensors, copyright 2023;
Universal Transverse Mercator, zone 11 north; North American Datum of 1983
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Figure 11. The A, overall survival and B, categorized survival during the nesting period for greater sage-grouse (Centrocercus 
urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients of survival models fit within a 
hierarchical modeling framework subject to Bayesian lasso regularization and variable selection using encounter histories from marked 
birds in the western Great Basin region, 2009–21. Survival classes were delineated based on percentiles of cumulative survival values 
associated with successful and failed locations of sage-grouse.
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Base from U.S. Geological Survey digital data, various scales and dates; Base map from Esri and its licensors, copyright 2023;
Universal Transverse Mercator, zone 11 north; North American Datum of 1983
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Figure 12. The A, overall survival and B, categorized survival during the early brood-rearing period for greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients of survival 
models fit within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection using encounter 
histories from marked birds in the western Great Basin region, 2009–21. Survival classes were delineated based on percentiles of 
cumulative survival values associated with successful and failed locations of sage-grouse.
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Base from U.S. Geological Survey digital data, various scales and dates; Base map from Esri and its licensors, copyright 2023;
Universal Transverse Mercator, zone 11 north; North American Datum of 1983
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Figure 13. The A, overall survival and B, categorized survival during the late brood-rearing period for greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 2009–21. Predictions were developed from coefficients of survival 
models fit within a hierarchical modeling framework subject to Bayesian lasso regularization and variable selection using encounter 
histories from marked birds in the western Great Basin region, 2009–21. Survival classes were delineated based on percentiles of 
cumulative survival values associated with successful and failed locations of sage-grouse.
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Figure 14. The A, continuous and B, categorized abundance and space use index (ASUI) for greater sage-grouse (Centrocercus 
urophasianus) in the western Great Basin region, 2013–21. Peak male sage-grouse abundances at leks were used as input into kernel 
density models to generate a surface denoting high use (greater than 85-percent isopleth).
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Figure 15. The example habitat management categories delineated for greater sage-grouse (Centrocercus urophasianus) in the 
western Great Basin region, 2009–21. The categorized selection maps and maps of source habitat describing areas of high selection 
and high survival for a specific life stage or season were combined with the abundance and space use index to delineate four 
management categories. Priority+ captures the best sage-grouse habitat with a high certainty of current occupancy. Priority habitat 
includes areas that support sage-grouse with high certainty of current occupancy plus the best source habitat with low potential 
for occupancy and lek locations. General habitat includes high-quality habitat that has a low potential for occupancy and potentially 
occupied areas in low-quality habitat. Other habitat captures areas used less frequently by sage-grouse where conditions may still 
be conducive for occupancy. Abbreviations: PHMA+, priority+ habitat management area; PHMA, priority habitat management area; 
GHMA, general habitat management area; OHMA, other habitat management area.
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Figure 16. Examples of the corridors delineated for greater sage-grouse (Centrocercus urophasianus) in the western 
Great Basin region, 2009–21, connecting occupied nest habitat with brood source habitat, including the A, output of the 
least cost paths analysis; B, identified corridors in grey connecting an area of high abundance and space use index 
to brood source habitat in black; C, example habitat management categories before inclusion of the corridors; and 
D, example habitat management categories with the corridors included. The least-cost paths analysis identified areas 
that could serve as corridors between areas of high abundance and areas identified as source areas for broods, with 
the underlying resistance layer developed using movement data from Global Positioning System-tracked sage-grouse. 
Abbreviations: PHMA+, priority+ habitat management area; PHMA, priority habitat management area; GHMA, general 
habitat management area; OHMA, other habitat management area.
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Interpretation and Synthesis
We investigated habitat responses of sage-grouse by 

evaluating habitat selection and survival patterns across 
distinct seasons and life stages to guide conservation and 
management decision-making. This comprehensive approach 
allowed us to highlight habitat features that were consistently 
important across the annual life cycle of sage-grouse but 
also identify features for which selection and survival 
responses differed, indicating potential maladaptive selection 
(Remeš, 2000; Pratt and Beck, 2021). Habitat selection 
can become maladaptive when individuals select areas that 
reduce their demographic performance, and this is becoming 
more pronounced in rapidly changing environments, such 
as sagebrush ecosystems within the Great Basin (Anthony 
and others, 2021; Brussee and others, 2022; Merkle and 
others, 2022). Resource selection analyses and subsequent 
habitat maps are regularly used to guide management 
actions, but focusing solely on selection patterns could 
result in management decisions that inadvertently promote 
ecological traps (Battin, 2004; Hale and Swearer, 2017). In 
contrast, evaluating selection and demographic performance, 
particularly across multiple life stages, as done here, can 
highlight both important source habitats that support high 
selection and high survival and thus have critical value for 
long-term conservation, and sink habitats that support high 
selection but low success and may represent key areas to target 
for restoration. In addition, our efforts integrating measures 
of selection and demographic performance with information 
on the distribution of current occupancy will likely better 
guide landscape-scale management decisions. The modeling 
and mapping efforts demonstrated in this work represent a 
comprehensive approach that combines and updates previous 
efforts (Coates and others, 2020a; O’Neil and others, 2020; 
Brussee and others, 2022) with all current datasets, new 
information on spring and summer habitat selection, an 
updated abundance and space use index, and additional 
analyses to represent pre-fire conditions and connectivity 
between important nesting and brood-rearing habitat. Overall, 
we delineated example habitat management categories that 

can be used to guide conservation and management actions, 
with 1.5 percent of the study area classified as priority+, 
15.5 percent as priority, 6.4 percent as general, and 9.1 percent 
as other habitat. We discuss specific findings regarding 
the habitat responses of sage-grouse and their relevance to 
management in the next paragraphs.

Our findings revealed consistent patterns of sage-grouse 
habitat selection, and generally survival responses, for some 
key environmental characteristics such as shrub, sagebrush, 
higher relative elevations, and tree cover. However, habitat 
responses were more nuanced with respect to topographic 
indices, and moisture and agriculture variables (for example, 
stream densities and proximity to wetlands or meadows and 
alfalfa fields). Sage-grouse had strong selection responses 
to total shrub cover during summer and brood-rearing life 
stages, whereas sagebrush cover was a better predictor during 
spring and nesting. Other important vegetation components 
were tree cover and bare ground, where larger values typically 
corresponded to avoidance by sage-grouse or reduced survival 
across multiple life stages. Trees and expanding conifer 
cover have largely been associated with negative effects to 
sage-grouse in most places where it has been studied (Coates 
and others, 2017; Prochazka and others, 2017; Sandford 
and others, 2017; Severson and others, 2017; Olsen and 
others, 2021), mainly because tree expansion leads to loss of 
sagebrush and herbaceous cover, and trees provide nest and 
perch substrate for certain predators. Although we observed 
the expected negative response in association with habitat 
selection across all life stages, we observed weak evidence of 
increased survival response to tree cover during nesting and 
early brood-rearing. Because of strong avoidance, a positive 
survival response suggests that relatively small amounts of 
tree cover are occasionally used during these life stages, and 
these trees may be highly associated with upland riparian 
areas, which are important to survival. More complex models 
that fit interactions between trees and riparian areas would 
be beneficial. Importantly, conifers occur at higher elevations 
where other habitat characteristics collectively tend to support 
greater survival (Billings, 1951; Miller and others, 2008; 
Gibson and others, 2017).
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Although responses to vegetation variables were 
generally consistent across life stages, responses to 
topographic, moisture, and agriculture variables were more 
varied. Sage-grouse demonstrated strong selection responses 
for higher elevations, which is consistent with previous 
studies (Freese and others, 2016; Blomberg and others, 2017; 
Gibson and others, 2017), although effects on survival were 
largely neutral. Effects of other topographic variables varied 
by life stage. Selection based on topographic position index 
was negative during nesting but positive during spring, 
summer, winter, and brood-rearing, which suggests selection 
for higher ridges later during the reproductive season and is 
consistent with previous studies (Freese and others, 2016; 
Gibson and others, 2017). Greater topographic roughness was 
avoided during all seasons and life stages despite a positive 
effect on nest survival, a pattern which has been observed 
previously (Coates and others, 2019; O’Neil and others, 
2020). Sage-grouse also avoided higher heat loads across 
seasons and life stages, although we observed weak evidence 
of a positive effect on nest survival. Similarly, selection and 
survival responses for moisture variables including streams 
and wetlands differed across life stages. Sage-grouse avoided 
perennial streams during the spring, winter, and nesting and 
all streams during early brood-rearing but demonstrated 
strong selection for all streams during spring, summer, 
winter, nesting, and late brood-rearing. Survival responses 
also differed, with a negative effect of streams during early 
brood-rearing but a positive effect during late brood-rearing. 
Wetlands and wet meadows were more consistently avoided 
during spring, nesting, early brood-rearing, summer, and 
winter. Overall, seasonal differences suggest a shift in habitat 
use from early to late brood-rearing when access to moisture 
becomes increasingly important but that wet riparian areas are 
evidently risky during other life stages, which is consistent 
with previous research (Casazza and others, 2011; Dzialak and 
others, 2015; Donnelly and others, 2016; Coates and others, 
2020a). Responses to alfalfa fields were also more variable 
across seasons and life stages. Sage-grouse demonstrated 
strong avoidance of alfalfa fields during nesting. In contrast, 
sage-grouse demonstrated selection responses for alfalfa fields 
during the spring, summer, and early and late brood-rearing, 
despite experiencing lower survival during the early 
brood-rearing period near alfalfa fields. Cropland conversion 

removes sagebrush ecosystems and can threaten sage-grouse 
persistence at large spatial scales (Smith and others, 2016) 
by providing anthropogenic subsidies for predators, such as 
ravens (Coates and others, 2016a, 2020b), but consistent with 
our findings, sage-grouse can have inconsistent and possibly 
maladaptive responses to irrigated croplands at small scales 
(Pratt and Beck, 2021).

By evaluating habitat selection and survival responses 
across multiple life stages, we were able to highlight situations 
in which selection may not be adaptive or where selection 
in one life stage may affect survival in a different stage. For 
example, sage-grouse had strong selection responses for 
perennial and annual grass during late brood-rearing and 
moderate selection for annual grass during winter, but there 
was no clear evidence of a survival response to perennial 
grass. However, during the late brood-rearing period, selection 
for annual grass was reduced in burned areas, although 
reductions were not sufficient to result in strong avoidance. 
Despite finding evidence of a positive effect of annual grass 
cover on late brood survival, previous studies indicate that 
brood survival in the Great Basin decreased with greater 
annual grass cover but only in the presence of wildfire 
(Brussee and others, 2022). Wildfire can have negative effects 
across multiple life stages (Foster and others, 2019; O’Neil 
and others, 2020; Anthony and others, 2021; Dudley and 
others, 2021), largely a result of a positive feedback loop 
between wildfire and invasive annual grasses (Germino and 
others, 2016; Condon and Pyke, 2018). Sage-grouse also 
selected for greater litter cover during spring, nesting, late 
brood-rearing, and winter, despite no observed effects on nest 
survival. Given the positive effects on survival during early 
brood-rearing, selection during nesting likely represents a 
tradeoff where selection patterns that increase one aspect of 
fitness have a negative or neutral effect on another component 
(Battin, 2004; Stamps and others, 2005). Such tradeoffs have 
been previously identified for sage-grouse, such as when birds 
may select specific components of nesting habitat because it 
increases chick survival instead of nest survival (Gibson and 
others, 2016). Tradeoffs highlight the importance of evaluating 
selection and survival across multiple life stages, because 
focusing on a single life stage can miss important constraints 
where habitat use can affect multiple components of fitness 
(Chalfoun and Martin, 2007; Gibson and others, 2016).
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Our analysis was not without caveats and considerations. 
We intentionally did not include anthropogenic factors in this 
analysis because our objective was to predict sage-grouse 
habitat as a function of natural environmental characteristics 
across the landscape. One potential exception to this was 
the inclusion of agricultural areas. We included agricultural 
areas and changes in land cover associated with wildfire 
because these areas represent land cover that are often used 
by sage-grouse at relatively broader scales and are thought 
to affect sage-grouse populations positively and negatively. 
We recognize that anthropogenic features, such as roads 
and transmission lines, could also be important drivers of 
sage-grouse selection and demographic responses, but these 
types of point sources do not represent major land cover 
changes. We also recognize the importance of incorporating 
anthropogenic features into analyses that use modeled outputs 
presented here when assessing specific areas for conservation 
and management decisions. Another important limitation 
to our study was brood survival was modeled as binary 
data type, indicating presence or absence instead of chick 
survival. Modeling brood survival inevitably results in a loss 
of information and limits the scope of our results regarding 
the brood-rearing life stage. Information on chick survival 
could improve resolution regarding features affecting bird 
mortality but is often difficult to reliably collect. Analyses of 
brood survival can provide information on factors affecting 
overall brood success, but future analyses could consider chick 
survival when such data are available.

Although resource selection maps are often used to guide 
or prioritize management actions, we included an additional 
layer of information by creating maps of selection and 
survival. The selection maps (figs. 5–10) provide important 
information on areas used by sage-grouse but when used 
without information on survival, can lead to decisions that 
inadvertently promote ecological traps by prioritizing areas 
with high selection but low survival. In contrast, survival 
maps (figs. 11–13) focus on population performance but 
may not increase local distribution if not used in conjunction 
with information on areas used by birds. Importantly, our 
approach evaluated habitat selection and survival responses 
across multiple seasons and life stages, thus allowing the 
identification of key habitats that may disproportionately affect 
populations during critical periods but may go undetected 
when considering effects throughout an annual period.

In addition to identifying habitats important for 
individual seasons or life stages, we also accounted for 
movement between these areas by delineating corridors 
between key nesting and brood-rearing habitats. Although we 
did not have sufficient data to empirically identify corridors 

based on sage-grouse movements across the study area, 
we used fine resolution movement data from GPS-marked 
individuals to develop a resistance surface representing 
movement potential across the landscape, which is the 
preferred data source for connectivity analyses (Zeller and 
others, 2012). Although these areas may not constitute 
high-quality habitat by themselves, they represent important 
movement corridors between fragmented patches that are used 
at different life stages, and it is important to recognize their 
conservation value. Importantly, the LCP analysis to identify 
corridors could benefit from additional data from GPS-marked 
sage-grouse, particularly in areas where potential corridors 
were identified. Ideally, the delineation of corridors would 
be determined empirically by observing the movements of 
sage-grouse. However, it is unrealistic to expect available 
data to cover the extent examined here. In the absence of 
range-wide data, methods like LCP analysis can be used 
to make predictions as to the location of corridors. The 
LCP methods are not without criticisms, however. Animal 
movement may follow a non-optimal path instead of the route 
identified by the LCP algorithm (Fahrig, 2007). In addition, 
the fact that the LCP algorithm only selects a single, 1-pixel 
wide path means that other high-quality paths may be ignored 
(Sawyer and others, 2011). Although this issue is partially 
addressed in our methodology by selecting 10,000 random 
points and finding paths to every source cell within 15.3 km, 
this does not completely solve the issue because the paths still 
tend to coalesce to a few, low-cost areas. Additionally, the use 
of a moving-window to widen the paths, though useful for 
visualization and analysis purposes, does not remedy the fact 
that only single-pixel-width paths were used in generating the 
original LCPs. Another weakness is the arbitrary selection of 
the 95th percentile for determining which areas are designated 
as corridors. While this cutoff serves to limit the identified 
corridors to those with the most LCPs, a better thresholding 
method would take empirical movement into account to 
determine the threshold used to create the binary raster.

Finally, we incorporated an improved abundance and 
space use index, which when combined with the habitat 
selection and survival layers, allowed us to delineate example 
habitat management categories. Our updated abundance and 
space use index was based on abundance estimates from 
recent hierarchical modeling done across the region (Coates 
and others, 2022), and incorporated estimation for leks that 
lacked enough information to be included in the hierarchical 
modeling. As a result, the updated abundance and space 
use index provided a better representation of all leks across 
the study area and thus an improved depiction of currently 
occupied habitat in Nevada and northeastern California. 
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By considering the distribution of current occupancy, our 
approach to identifying habitat suitability allows priority areas 
to be highlighted for habitat preservation. For example, source 
habitat, with high selection and high survival, has key value 
for long-term conservation (O’Neil and others, 2020; Brussee 
and others, 2022; Saher and others, 2022) particularly when in 
currently occupied areas, which is designated as priority+ in 
our example habitat management categories and represented 
a total of 1.5 percent of our study area. Our approach can also 
identify areas where anthropogenic development can occur 
with minimal effect and highlight areas where management 
and restoration activities are likely to have the greatest benefit, 
such as in occupied areas with lower predicted habitat quality. 
Overall, by evaluating selection and survival responses across 
multiple life stages, our maps provide detailed information 
that can allow for a more flexible and targeted management 
approach. The power of this approach lies within the 
combination of multiple map outputs that can be directed 
toward local level efforts to help inform specific management 
decisions, with full recognition that on-the-ground field data 
and other sources of information and expertise should be used 
in conjunction with inferences from these models.
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Appendix 1. Model Specifications for Habitat Selection Models
We evaluated habitat selection for individual seasons and life stages by comparing used locations with random available 

locations. Habitat selection models for each life stage and season were specified using the following equations:

  Logit (Y)   =  β  0   + Xβ +  γ  i   +  η  j    (1.1)

   β  0     ~ Logit ( p  0  )   (1.2)

   p  0   ~ Beta (1,  1)   (1.3)

   β  k    ~ Laplace (0,  λ)   (1.4)

   λ ~ Uniform (0.1,  10)   (1.5)

   γ  i    ~ Normal (0,    σ  γ  2 )   (1.6)

   σ  γ  2   ~ Uniform (0, 5)   (1.7)

   η  j   ~ Normal (0,    σ  η  2 )   (1.8)

   σ  η  2   ~ Uniform (0, 5)   (1.9)

where
 Y is the response variable with y=1 indicating a sage-grouse location, and y=0 indicating a randomly sampled 

background location,

 β0 is the fixed effects intercept,

 Xβ is a vector of selection coefficients multiplied by the matrix of fixed environmental covariates,

 γ and η are random effects for year and individual bird,

 p0 is the hyperparameter for the fixed effects intercept,

 λ is the tuning parameter for the Lasso prior distribution for each habitat predictor, and

   σ  γ  2   and   σ  η  2   are the standard deviation hyperparameters for the random effects for year and individual bird.
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Appendix 2. Model Specifications for Survival Models
We used hierarchical logistic exposure models to evaluate survival during reproductive life stages. The nest survival model 

was specified using the following equations:

   y  h,i    ~ Bernoulli ( θ  h,i  )    (2.1)

   θ  h,i    =  DS  R    t  h,i     (2.2)

  Logit (DS  R  h,i  )   =    γ  0   +  β  hen age   + Xβ +  κ  i   +  η  j    (2.3)

   γ  0    ~ Logit ( p  0  )   (2.4)

   p  0   ~ Beta (1,  1)   (2.5)

   β  hen age    ~ Laplace (0,  λ)   (2.6)

   β  k    ~ Laplace (0,  λ)   (2.7)

   λ ~ Uniform (0.1,  10)   (2.8)

   κ  i    ~ Normal (0,    σ  κ  2 )   (2.9)

   σ  κ  2   ~ Uniform (0, 5)   (2.10)

   η  j   ~ Normal (0,    σ  η  2 )   (2.11)

   σ  η  2   ~ Uniform (0, 5)   (2.12)

where
 y is the response variable representing whether nest h survived interval i,

 θ is the probability of the nest surviving the interval of length t,

 DSR is the daily survival rate,

   γ  0    is the fixed effects intercept,

 βhen age is the fixed effect of hen age,

 Xβ is a vector of selection coefficients multiplied by the matrix of fixed environmental covariates,

 κ and η are random effects for year and individual bird,

 p0 is the hyperparameter for the fixed effects intercept,

 λ is the tuning parameter for the Lasso prior distribution for the fixed effect of hen age and for each habitat 
predictor, and

   σ  κ  2   and   σ  η  2   are the standard deviation hyperparameters for the random effects for year and individual bird.
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The brood survival model was specified using the following equations:

   y  h,i    ~ Bernoulli ( θ  h,i  )    (2.13)

   θ  h,i    =  DS  R    t  h,i     (2.14)

 
Logit DSRh i hen age brood age,

* *� � � � � � �γ β β β β
0   

early X late Xearly llate �κ i  (2.15)

   γ  0    ~ Logit ( p  0  )   (2.16)

   p  0   ~ Beta (1,  1)   (2.17)

   β  hen age    ~ Laplace (0,  λ)   (2.18)

   β  brood age    ~ Laplace (0,  λ)   (2.19)

   β  early,k    ~ Laplace (0,  λ)   (2.20)

   β  late,k    ~ Laplace (0,  λ)   (2.21)

   λ ~ Uniform (0.1,  10)   (2.22)

   κ  i    ~ Normal (0,    σ  κ  2 )   (2.23)

   σ  κ  2   ~ Uniform (0, 5)   (2.24)

where
 y is the response variable representing whether brood h survived interval i,

 θ is the probability of the brood surviving the interval of length t,

 DSR is the daily survival rate,

   γ  0    is the fixed effects intercept,

 βhen age is the fixed effect of hen age,

 βbrood age is the fixed effect of brood age,

 early and late are binary indicator variables representing the period of interval i,

 Xβ is a vector of selection coefficients multiplied by the matrix of fixed environmental covariates for each period,

 κ is a random effect for year,

 p0 is the hyperparameter for the fixed effects intercept,

 λ is the tuning parameter for the Lasso prior distribution for the fixed effects of hen and brood age and for each 
habitat predictor, and

   σ  κ  2   is the standard deviation hyperparameter for the random effect for year.
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Appendix 3. Review and Revision Process
To ensure the rigor of the scientific process underpinning 

the maps presented here and that the maps were relevant 
to practitioners and managers, we implemented a 
stewardship-based process of coproduction to create the final 
version of the map of example habitat management categories. 
Within this cooperative conservation framework (Klinger and 
others, 2007), we sought to engage diverse partner agencies to 
allow for a collaborative approach that could best advance our 
science production to inform the management of sage-grouse 
habitat within California and Nevada and facilitate application 
of the eventual scientific products. We solicited comments 
and reviews from experts in partner agencies, including the 
Bureau of Land Management, U.S. Fish and Wildlife Service, 
Nevada Department of Wildlife, California Department of 
Fish and Wildlife, and University of Nevada Reno. These 
partners contributed to the mapping process by identifying 
omitted or inaccurate categorizations of habitat based on their 
on-the-ground knowledge of the habitat and management 
history that could not be immediately represented by remote 
sensing products. Partners engaged throughout the mapping 
process and iteratively reviewed outputs as adjustments were 
made. In addition, all products underwent the peer review 
process following the U.S. Geological Survey’s Fundamental 
Science Practices (h ttps://www .usgs.gov/ office- of- science- 
quality- and- integrity/ fundamental- science- practices). Using 
input from experts allowed us to make adjustments based on 
quantitative evidence (from either data collected in the field or 
environmental variables derived from satellite imagery), while 
also informing the scientific process in a manner that was 
relevant to management agencies. We addressed numerous 
comments from reviewers through a months-long review and 
stewardship process. Below we outline six key suggestions 
in bold received from partners as part of their review of the 
first version (“Draft 1;” fig. 3.1) and then describe how we 
addressed these suggestions and how the revisions improved 
the final map. We highlight these six suggestions (a small 
subset of the total comments addressed) because they led to 
substantial differences between the two versions. This process 
of coproduction and peer review allowed us to incorporate 
multiple model and output improvements that the initial 
draft had not accounted for, thus improving opportunities for 
adoptability and effectiveness of the final output (as presented 
in the main document, fig. 15).

1. The models might be improved using newer statistical 
approaches and additional years of data instead of 
relying on past outputs from previous models.

Draft 1 of the map relied on previously developed 
outputs that represented spring and summer habitat selection 
(Coates and others, 2020), whereas outputs for other seasons 
and life stages were derived from newly developed models. 
The previous spring and summer habitat selection outputs 
that were used in the first draft relied on older statistical 
approaches and telemetry data collected through 2014 (Coates 
and others, 2020), while the models for other seasons and life 
stages used a more up-to-date approach within a Bayesian 
framework and used data through 2021. Therefore, updating 
the spring and summer habitat selection models and outputs 
allowed for greater consistency across models, a more rigorous 
statistical approach described in the “Analysis” sections (see 
main text), inclusion of an additional 7 years of data, and the 
adoption of newly available and improved remote sensing 
products. Implementing models within a Bayesian framework 
allowed for a more thorough variable selection process, 
described in “Analysis: Variable Selection,” which provided 
a strong statistical basis for which variables were included in 
the final models. Furthermore, release of more accurate remote 
sensing land cover products (Jones and others, 2018; Rigge 
and others, 2020; Allred and others, 2021), which our models 
used for analysis and inference, particularly the development 
of back-in-time projections of land cover, helped improve 
the accuracy of model predictions and habitat classifications. 
For example, two important predictors of selection, annual 
grass (at the 439-meter [m] scale) and sagebrush cover (at the 
1,451-m scale), changed 5 percent and 1 percent, respectively, 
across the study area between the different versions of 
remote sensing products and per-pixel changes ranged from 
an 84-percent decrease to 99-percent increase for annual 
grass and a 21-percent decrease and 24-percent increase for 
sagebrush cover. Updating the spring and summer models 
and maps resulted in a reduction in general habitat (from 
54,927 square kilometers [km2] to 21,359 km2), with some 
changes in the other categories (a decrease of 349 km2 in 
priority habitat and an increase of 7,863 km2 in other habitat). 
The reductions in habitat areas were due to the greater 
accuracy of the newer modeling methodology and improved 
remote sensing land cover products, whereas previous outputs 
most likely overestimated general habitat. For example, clear 
areas of non-habitat, such as playas, were included as general 
habitat in Draft 1 (questioned as part of our coproduction 
process), that we addressed by updating the spring and 
summer outputs with additional data and newly available 
remote sensing products to improve the final map.

2. Apply some form of validation to the habitat selection 
and survival models to enhance its effectiveness.

https://www.usgs.gov/office-of-science-quality-and-integrity/fundamental-science-practices
https://www.usgs.gov/office-of-science-quality-and-integrity/fundamental-science-practices
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Figure 3.1. The initial draft (“Draft 1”) of the example habitat management categories delineated for greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 2009–21. Draft 1 was reviewed by experts from partner agencies and 
improved to create the final version (as presented in the main document). Abbreviations: PHMA+, priority+ habitat management area; 
PHMA, priority habitat management area; GHMA, general habitat management area; OHMA, other habitat management area.
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Model validation can provide important information on 
model fit and thus the appropriateness of a model. Updating 
our modeling approach as described above allowed for the 
opportunity to incorporate validation for each seasonal and life 
stage model, which otherwise would not have been possible. 
Full model validation methodology is described in “Analysis: 
Models for Habitat Selection” and “Analysis: Models for 
Survival” and the validation results are described in each 
section of the “Results” (see main text). Incorporating model 
validation alone did not change the maps beyond what was 
described in the previous section with the updates in the spring 
and summer models. However, including model validation 
allowed for quantification of how well the models predicted 
data not used in the original modeling process. Because it is 
not feasible to monitor all individual sage-grouse, models 
by necessity are based on samples of individual marked 
sage-grouse. Model validation, however, provides information 
on how well a model predicts to unknown individuals and 
populations. Demonstrating good model fit as described in the 
“Results” indicates that the models were appropriate and had 
strong out-of-sample predictive capabilities, thus providing 
useful representations of sage-grouse habitats across the states 
of California and Nevada.

3. Accounting for movement between seasonal habitats 
might be important.

The individual habitat selection and survival models 
implemented here identify areas that are important for 
sage-grouse during a given season or life stage. However, 
movement between these areas is likely underrepresented. If 
important movement corridors are unaccounted for during 
the modeling and mapping process, management actions may 
not be properly informed and inadvertently lead to increased 
fragmentation between important seasonal habitats with 
population-level impacts. To account for underrepresented 
connectivity between seasonal habitats, we implemented an 
additional analysis, described in “Movement and Corridor 
Analysis” to classify corridors that may connect areas of 
high abundance with areas identified as source habitat. This 
analysis provided a novel improvement by incorporating 
connectivity not addressed using seasonal or life stage 
models alone and more appropriately captured behavior of 
sage-grouse. The corridors identified in this analysis were 
incorporated in the final map as general habitat, increasing that 
category by 0.18 percent in the final version. In addition, we 
have provided the corridors as a separate map layer to identify 
areas that may not represent good seasonal habitat but are 
important for connectivity between habitats.

4. Selected areas predicted to have very low survival were 
classified as general habitat regardless of whether those 
areas were occupied causing concern.

The initial set of model rules used for Draft 1 used 
demographic information to downgrade areas if they had high 
selection but very low survival (for example, from priority 
to general habitat) regardless of its location. However, this 
resulted in small areas (sometimes as small as 900 square 
meters [m2]) of habitat surrounding some lek locations being 

classified as general habitat instead of priority habitat. This 
represented the inherent trade-off between habitat needs 
during reproduction (lekking versus nesting and brood 
rearing). Display sites of a lekking species are typically 
situated in open areas where the displaying individuals can 
be assessed. However, due to the exposed nature of these 
sites, they are often risky and typically do not represent good 
nesting or brood-rearing habitat, as shown in our study where 
some sites were identified as habitat sinks (areas of loss) for 
a specific life stage. Nevertheless, both habitats, lek sites and 
areas for nesting and brood-rearing, are crucial for successful 
reproduction. Using expert knowledge on sage-grouse 
behavior and biology, the stewardship group suggested that all 
selected habitat within the high use category of the abundance 
and space use index (that is, everything within occupied 
habitat excluding non-habitat) may be best represented as 
priority habitat. This update to the map meant that adjustments 
based on predicted low survival were only applied outside of 
the high use category of the abundance and space use index 
to general and other habitat management areas. Within the 
“low use” of the abundance and space use index any pixels 
predicted to have high selection but very low survival were 
downgraded one level (for example, from general to other). 
This change resulted in the addition of 4,538 km2 of priority 
habitat that was previously downgraded to general habitat. 
We have also provided the layer representing areas predicted 
to have high selection but very low survival (sink habitat; 
see “Habitat Mapping”) to allow managers to identify these 
areas for which sage-grouse are selecting but where they 
experienced reduced demographic performance to provide the 
opportunity to tailor specific management actions.

5. Burned areas should not necessarily be discounted as 
habitat if they have the potential to recover.

Wildfires were represented in our data through annually 
time-varying remotely sensed land cover layers representing 
vegetation cover, such as sagebrush cover, from one 
year to the next. The time-varying layers represent a vast 
improvement over static layers, but habitat mapping efforts 
are then typically based on the most current conditions and 
do not account for past or future conditions. For example, a 
recently burned area may be defined as poor quality habitat 
or non-habitat due to a lack of sagebrush or shrub cover. 
However, that discounts the potential of that area to recover 
and may result in all burned areas being considered a loss if 
they are currently defined as non-habitat. Several partners 
expressed concern that this could lead to the unnecessary loss 
of habitat based on current conditions despite their potential 
to provide future sage-grouse habitat. To address this, we 
incorporated an additional adjustment, described in “Habitat 
Recovery Potential in Recently Burned Areas,” to capture 
pre-fire conditions and allow for recovery potential within 
occupied habitat. Importantly, we only evaluated pre-fire 
conditions in fire scars that had recently burned and still had 
the potential to recover (less than 16 years old; Coates and 
others, 2016). Overall, this resulted in an addition of 111 km2 
of priority habitat to the final map.
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6. Town boundaries based on U.S. Census data are not 
inclusive enough to capture outlying developed areas 
associated with urban areas.

We intentionally did not include anthropogenic features 
in our models, but we masked out towns, which do not 
represent habitat for sage-grouse. In Draft 1, to capture 
recreational activity associated with urban centers we buffered 
town boundaries based on population size using data on 
population size and town boundaries from the U.S. Census 
Bureau. However, this mask did not capture all outlying 
buildings or new development associated with urban areas. 
Therefore, we implemented additional steps to improve 
how towns were represented in the final map. First, we 
established a buffer distance of 10 kilometers (km) from 
the boundaries of the initial mask layer based on known 
distances of development from town centers across Nevada. 
We then identified any permanent structures using heads-up 
digitizing based on the National Land Cover Database’s layer 
representing imperviousness (Dewitz and U.S. Geological 
Survey, 2021) after excluding roads and Esri’s building 
footprints layer (htt ps://hub.a rcgis.com/ maps/ esri::microsoft- 
building- footprints- tiles/ about). We then reduced any areas 
within the digitized boundaries by one level (that is, from 
priority+ to priority, priority to general, general to other, or 
other to non-habitat). We also masked all buildings from Esri’s 
building footprints layer with a 100-m buffer to capture the 
entire land parcel and other infrastructure associated with 
the building. The final version therefore better captured the 
structures associated with population centers. This resulted 
in reductions of 9 km2 of priority+ habitat, 207 km2 of 
priority habitat, 175 km2 of general habitat and 363 km2 
of other habitat. However, there are multiple options when 
incorporating information on human infrastructure and end 
users should take advantage of more localized field data and 
expertise that could not be incorporated or were not available 
across the study area to inform management at the local scale.
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Appendix 4. Results of Variable Reduction Analyses
Table 4.1. Candidate landscape covariates for habitat 
selection models of nesting greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Annual grass

1,451 m 0.211 0.454
370 m 0.163
439 m 0.162
75 m 0.156
167 m 0.156
260 m 0.153

Bare ground

75 m 0.912 1.000
167 m 0.051
1,451 m 0.016
439 m 0.009
260 m 0.009
370 m 0.003

Litter

439 m 0.206 0.533
370 m 0.185
1,451 m 0.167
167 m 0.157
260 m 0.155
75 m 0.130

Perennial grass

1,451 m 0.955 1.000
439 m 0.032
370 m 0.012
260 m 0.001
167 m 0.000
75 m 0.000

Table 4.1. Candidate landscape covariates for habitat 
selection models of nesting greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Shrub (RAP)

75 m 0.363 0.796
1,451 m 0.250
167 m 0.108
260 m 0.097
439 m 0.095
370 m 0.088

Shrub (RCMAP)

Sagebrush 1,451 m 0.790 0.992
Total shrub 1,451 m 0.027
Sagebrush 75 m 0.026
Sagebrush 167 m 0.017
Sagebrush 260 m 0.016
Total shrub 75 m 0.013
Sagebrush 370 m 0.013
Sagebrush 439 m 0.011
Total shrub 260 m 0.011
Total shrub 370 m 0.011
Total shrub 167 m 0.010
Non-sagebrush 

shrub 75 m
0.010

Total shrub 439 m 0.009
Non-sagebrush 

shrub 439 m
0.009

Non-sagebrush 
shrub 260 m

0.008

Non-sagebrush 
shrub 370 m

0.008

Non-sagebrush 
shrub 167 m

0.007

Non-sagebrush 
shrub 1,451 m

0.006



Appendix 4. Results of Variable Reduction Analyses  53

Table 4.1. Candidate landscape covariates for habitat 
selection models of nesting greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Tree

167 m 0.554 1.000
439 m 0.219
260 m 0.167
370 m 0.059
75 m 0.001
1,451 m 0.000

Elevation

167 m 0.245 1.000
260 m 0.240
75 m 0.186
370 m 0.184
439 m 0.129
1,451 m 0.016

HLI

439 m 0.283 0.999
370 m 0.263
260 m 0.198
167 m 0.195
75 m 0.060
1,451 m 0.001

TRASP

1,451 m 0.267 0.561
167 m 0.154
75 m 0.152
370 m 0.148
260 m 0.140
439 m 0.139

Table 4.1. Candidate landscape covariates for habitat 
selection models of nesting greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Roughness

439 m 0.515 1.000
1,451 m 0.408
370 m 0.049
260 m 0.015
167 m 0.013
75 m 0.000

TPI

167 m 0.638 0.995
260 m 0.320
370 m 0.026
75 m 0.008
439 m 0.007
1,451 m 0.002

Total stream

1,451 m 0.997 0.999
Exponential distance 0.002
439 m 0.001
75 m 0.001
370 m 0.001
167 m 0.000

Perennial stream

1,451 m 0.966 1.000
Exponential distance 0.029
370 m 0.004
439 m 0.001

Alfalfa

1,451 m 0.999 1.000
Exponential distance 0.001
Log(distance) 0.001

Wetland

Exponential distance NA 1.000
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Table 4.2. Candidate landscape covariates for nest survival 
models of greater sage-grouse (Centrocercus urophasianus) in 
the western Great Basin region, 2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Annual grass

167 m 0.350 0.878
260 m 0.210
75 m 0.142
370 m 0.116
439 m 0.111
1,451 m 0.071

Bare ground

1,451 m 0.276 0.989
75 m 0.221
260 m 0.186
167 m 0.116
439 m 0.106
370 m 0.095

Litter

75 m 0.185 0.439
439 m 0.169
370 m 0.166
260 m 0.165
1,451 m 0.162
167 m 0.153

Perennial grass

1,451 m 0.171 0.403
75 m 0.169
370 m 0.169
439 m 0.167
260 m 0.164
167 m 0.160

Shrub (RAP)

167 m 0.231 0.799
75 m 0.176
260 m 0.174
370 m 0.149
439 m 0.147
1,451 m 0.123

Table 4.2. Candidate landscape covariates for nest survival 
models of greater sage-grouse (Centrocercus urophasianus) in 
the western Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Shrub (RCMAP)

Total shrub 75 m 0.068 0.546
Total shrub 1,451 m 0.063
Non-sagebrush 

shrub 439 m
0.061

Non-sagebrush 
shrub 167 m

0.060

Non-sagebrush 
shrub 370 m

0.059

Total shrub 260 m 0.059
Sagebrush 75 m 0.059
Non-sagebrush 

shrub 260 m
0.057

Sagebrush 1,451 m 0.056
Total shrub 167 m 0.056
Non-sagebrush 

shrub 75 m
0.055

Non-sagebrush 
shrub 1,451 m

0.055

Total shrub 370 m 0.053
Total shrub 439 m 0.052
Sagebrush 260 m 0.048
Sagebrush 167 m 0.048
Sagebrush 370 m 0.048
Sagebrush 439 m 0.043

Tree

1,451 m 0.239 0.609
439 m 0.163
75 m 0.157
370 m 0.152
260 m 0.148
167 m 0.141
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Table 4.2. Candidate landscape covariates for nest survival 
models of greater sage-grouse (Centrocercus urophasianus) in 
the western Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Elevation

1,451 m 0.173 0.331
260 m 0.171
439 m 0.169
370 m 0.165
75 m 0.161
167 m 0.161

HLI

439 m 0.205 0.633
370 m 0.191
167 m 0.173
260 m 0.158
1,451 m 0.142
75 m 0.131

TRASP

1,451 m 0.211 0.451
260 m 0.161
75 m 0.160
167 m 0.158
439 m 0.156
370 m 0.155

Roughness

370 m 0.261 0.767
439 m 0.254
260 m 0.173
167 m 0.154
1,451 m 0.083
75 m 0.075

Table 4.2. Candidate landscape covariates for nest survival 
models of greater sage-grouse (Centrocercus urophasianus) in 
the western Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

TPI

75 m 0.179 0.301
439 m 0.175
1,451 m 0.168
370 m 0.167
260 m 0.159
167 m 0.152

Total stream

Exponential distance 0.162 0.420
260 m 0.161
370 m 0.152
439 m 0.141
1,451 m 0.135
167 m 0.133
75 m 0.116

Perennial stream

Exponential distance 0.548 0.428
1,451 m 0.452

Alfalfa

Exponential distance 0.570 0.482
log(distance) 0.430

Wetland

Exponential distance NA 0.426
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Table 4.3. Candidate landscape covariates for habitat 
selection models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not appliable; ×, multiplied by]

Scale Proportion w

Annual grass

75 m 0.196 0.126
260 m 0.189
167 m 0.173
370 m 0.170
439 m 0.159
1,451 m 0.113

Bare ground

75 m 0.291 0.978
167 m 0.278
1,451 m 0.192
260 m 0.115
370 m 0.071
439 m 0.053

Litter

370 m 0.193 0.257
439 m 0.182
167 m 0.168
1,451 m 0.158
260 m 0.151
75 m 0.147

Perennial grass

1,451 m 0.204 0.343
75 m 0.185
260 m 0.163
370 m 0.161
167 m 0.143
439 m 0.143

Shrub (RAP)

75 m 0.294 0.557
167 m 0.147
1,451 m 0.146
260 m 0.140
370 m 0.140
439 m 0.134

Table 4.3. Candidate landscape covariates for habitat 
selection models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not appliable; ×, multiplied by]

Scale Proportion w

Shrub (RCMAP)

Non-sagebrush 
shrub 370 m

0.073 0.491

Non-sagebrush 
shrub 439 m

0.067

Total shrub 370 m 0.066
Non-sagebrush 

shrub 167 m
0.064

Non-sagebrush 
shrub 260 m

0.061

Total shrub 439 m 0.056
Sagebrush 167 m 0.056
Total shrub 260 m 0.055
Total shrub 167 m 0.055
Non-sagebrush 

shrub 1,451 m
0.055

Total shrub 75 m 0.054
Sagebrush 75 m 0.054
Sagebrush 260 m 0.050
Non-sagebrush 

shrub 75 m
0.049

Total shrub 1,451 m 0.048
Sagebrush 1,451 m 0.047
Sagebrush 370 m 0.046
Sagebrush 439 m 0.044

Tree

167 m 0.787 1.000
260 m 0.165
75 m 0.039
370 m 0.008
439 m 0.002
1,451 m 0.000
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Table 4.3. Candidate landscape covariates for habitat 
selection models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not appliable; ×, multiplied by]

Scale Proportion w

Elevation

167 m 0.233 1.000
260 m 0.193
75 m 0.187
370 m 0.148
439 m 0.130
1,451 m 0.108

HLI

75 m 0.720 0.999
370 m 0.082
167 m 0.069
260 m 0.065
439 m 0.060
1,451 m 0.004

TRASP

75 m 0.236 0.446
439 m 0.158
370 m 0.156
1,451 m 0.152
167 m 0.150
260 m 0.148

Roughness

75 m 0.999 1.000
167 m 0.001
260 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Table 4.3. Candidate landscape covariates for habitat 
selection models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not appliable; ×, multiplied by]

Scale Proportion w

TPI

1,451 m 0.896 0.989
439 m 0.047
370 m 0.027
167 m 0.011
260 m 0.010
75 m 0.009

Total stream

370 m 0.423 0.950
167 m 0.348
75 m 0.106
439 m 0.075
1,451 m 0.025
Exponential distance 0.023

Perennial stream

Exponential distance 0.239 0.287
370 m 0.195
439 m 0.194
1,451 m 0.191
260 m 0.180

Alfalfa

Exponential distance 0.966 0.998
1,451 m 0.023
Log(distance) 0.011

Wetland

Exponential distance NA 0.990
Burned area

Binary NA 0.304
Burned area × annual grass

Interaction NA 0.500
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Table 4.4. Candidate landscape covariates for survival 
models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Annual grass

260 m 0.172 0.396
75 m 0.171
167 m 0.169
370 m 0.165
1,451 m 0.164
439 m 0.159

Bare ground

439 m 0.185 0.604
1,451 m 0.185
370 m 0.180
260 m 0.164
167 m 0.149
75 m 0.138

Litter

1,451 m 0.232 0.743
439 m 0.182
370 m 0.163
260 m 0.153
167 m 0.150
75 m 0.120

Perennial grass

75 m 0.178 0.409
370 m 0.169
260 m 0.168
167 m 0.165
439 m 0.162
1,451 m 0.159

Shrub (RAP)

370 m 0.178 0.437
167 m 0.169
75 m 0.165
439 m 0.165
260 m 0.164
1,451 m 0.159

Table 4.4. Candidate landscape covariates for survival 
models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Shrub (RCMAP)

Non-sagebrush 
shrub 1,451 m

0.074 0.641

Non-sagebrush 
shrub 370 m

0.072

Non-sagebrush 
shrub 260 m

0.068

Non-sagebrush 
shrub 439 m

0.067

Total shrub 370 m 0.064
Total shrub 167 m 0.063
Non-sagebrush 

shrub 167 m
0.061

Total shrub 260 m 0.055
Total shrub 439 m 0.055
Total shrub 75 m 0.052
Total shrub 1,451 m 0.051
Sagebrush 370 m 0.050
Non-sagebrush 

shrub 75 m
0.050

Sagebrush 167 m 0.048
Sagebrush 75 m 0.044
Sagebrush 1,451 m 0.044
Sagebrush 439 m 0.044
Sagebrush 260 m 0.039

Tree

370 m 0.209 0.805
439 m 0.189
260 m 0.180
75 m 0.153
167 m 0.146
1,451 m 0.124
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Table 4.4. Candidate landscape covariates for survival 
models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Elevation

439 m 0.174 0.388
167 m 0.170
260 m 0.166
370 m 0.165
1,451 m 0.164
75 m 0.162

HLI

1,451 m 0.180 0.480
75 m 0.171
439 m 0.167
260 m 0.166
167 m 0.163
370 m 0.153

TRASP

1,451 m 0.802 0.989
439 m 0.069
260 m 0.042
370 m 0.037
167 m 0.026
75 m 0.025

Roughness

167 m 0.210 0.507
75 m 0.178
260 m 0.167
1,451 m 0.151
439 m 0.148
370 m 0.147

Table 4.4. Candidate landscape covariates for survival 
models of early brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

TPI

75 m 0.180 0.409
439 m 0.167
370 m 0.167
167 m 0.163
260 m 0.162
1,451 m 0.162

Total stream

167 m 0.216 0.579
Exponential distance 0.173
370 m 0.163
75 m 0.159
439 m 0.145
1,451 m 0.143

Perennial stream

Perennial stream—Continued

Exponential distance 0.280 0.465
370 m 0.244
439 m 0.240
1,451 m 0.236

Alfalfa

Exponential distance 0.526 0.503
Log(distance) 0.474

Wetland

Exponential distance NA 0.486
Burned area

Binary NA 0.528
Burned area × annual grass

Interaction NA 0.478
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Table 4.5. Candidate landscape covariates for habitat 
selection models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Annual grass

439 m 0.614 1.000
1,451 m 0.257
370 m 0.117
260 m 0.011
167 m 0.001
75 m 0.000

Bare ground

75 m 0.587 0.931
167 m 0.106
439 m 0.082
370 m 0.082
260 m 0.078
1,451 m 0.065

Litter

1,451 m 0.375 0.715
167 m 0.130
260 m 0.128
75 m 0.123
370 m 0.123
439 m 0.121

Perennial grass

75 m 0.800 0.983
167 m 0.102
260 m 0.039
370 m 0.024
439 m 0.020
1,451 m 0.015

Shrub (RAP)

75 m 0.399 0.849
167 m 0.166
260 m 0.159
370 m 0.116
439 m 0.094
1,451 m 0.066

Table 4.5. Candidate landscape covariates for habitat 
selection models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Shrub (RCMAP)

Total shrub 75 m 0.882 1.000
Total shrub 167 m 0.100
Total shrub 260 m 0.012
Total shrub 370 m 0.005
Total shrub 439 m 0.001
Total shrub 1,451 m 0.000
Sagebrush 75 m 0.000
Sagebrush 167 m 0.000
Sagebrush 260 m 0.000
Sagebrush 370 m 0.000
Sagebrush 439 m 0.000
Sagebrush 1,451 m 0.000
Non-sagebrush 

shrub 75 m
0.000

Non-sagebrush 
shrub 167 m

0.000

Non-sagebrush 
shrub 260 m

0.000

Non-sagebrush 
shrub 370 m

0.000

Non-sagebrush 
shrub 439 m

0.000

Non-sagebrush 
shrub 1,451 m

0.000

Tree

439 m 0.446 1.000
370 m 0.440
260 m 0.106
167 m 0.008
75 m 0.000
1,451 m 0.000
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Table 4.5. Candidate landscape covariates for habitat 
selection models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Elevation

260 m 0.245 1.000
167 m 0.243
370 m 0.166
75 m 0.134
1,451 m 0.114
439 m 0.098

HLI

370 m 0.783 1.000
439 m 0.161
167 m 0.028
260 m 0.028
75 m 0.000
1,451 m 0.000

TRASP

1,451 m 0.206 0.342
439 m 0.167
75 m 0.159
167 m 0.157
260 m 0.155
370 m 0.155

Roughness

260 m 0.496 1.000
167 m 0.402
370 m 0.101
75 m 0.000
439 m 0.000
1,451 m 0.000

Table 4.5. Candidate landscape covariates for habitat 
selection models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

TPI

1,451 m 0.995 1.000
439 m 0.003
370 m 0.002
75 m 0.000
167 m 0.000
260 m 0.000

Total stream

Exponential distance 1.000 1.000
75 m 0.000
167 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Perennial stream

Perennial stream—Continued

Exponential distance 0.300 0.497
370 m 0.188
439 m 0.182
1,451 m 0.171
260 m 0.159

Alfalfa

Exponential distance 1.000 1.000
1,451 m 0.000
Log(distance) 0.000

Wetland

Exponential distance NA 0.313
Burned area

Binary NA 0.904
Burned area × annual grass

Interaction NA 0.985
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Table 4.6. Candidate landscape covariates for survival 
models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Annual grass

75 m 0.213 0.656
1,451 m 0.182
439 m 0.159
370 m 0.153
167 m 0.152
260 m 0.141

Bare ground

1,451 m 0.223 0.654
75 m 0.189
439 m 0.157
167 m 0.147
370 m 0.142
260 m 0.142

Litter

1,451 m 0.178 0.432
260 m 0.170
75 m 0.170
167 m 0.165
439 m 0.161
370 m 0.158

Perennial grass

1,451 m 0.181 0.547
260 m 0.169
167 m 0.166
439 m 0.163
370 m 0.162
75 m 0.160

Shrub (RAP)

260 m 0.180 0.553
75 m 0.178
167 m 0.174
439 m 0.163
370 m 0.157
1,451 m 0.148

Table 4.6. Candidate landscape covariates for survival 
models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Shrub (RCMAP)

Total shrub 1,451 m 0.063 0.424
Non-sagebrush 

shrub 75 m
0.059

Total shrub 370 m 0.059
Non-sagebrush 

shrub 370 m
0.058

Non-sagebrush 
shrub 167 m

0.057

Sagebrush 439 m 0.057
Total shrub 260 m 0.057
Sagebrush 1,451 m 0.056
Sagebrush 260 m 0.056
Total shrub 167 m 0.056
Sagebrush 370 m 0.056
Non-sagebrush 

shrub 260 m
0.056

Non-sagebrush 
shrub 439 m

0.054

Sagebrush 75 m 0.053
Sagebrush 167 m 0.053
Total shrub 439 m 0.052
Total shrub 75 m 0.052
Non-sagebrush 

shrub 1,451 m
0.048

Tree

1,451 m 0.171 0.389
260 m 0.169
439 m 0.168
167 m 0.166
75 m 0.165
370 m 0.163
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Table 4.6. Candidate landscape covariates for survival 
models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Elevation

1,451 m 0.173 0.460
439 m 0.171
167 m 0.168
370 m 0.168
260 m 0.162
75 m 0.159

HLI

260 m 0.173 0.384
75 m 0.168
370 m 0.167
1,451 m 0.166
439 m 0.163
167 m 0.163

TRASP

75 m 0.176 0.443
370 m 0.167
439 m 0.167
167 m 0.167
260 m 0.164
1,451 m 0.159

Roughness

439 m 0.176 0.405
370 m 0.174
260 m 0.171
167 m 0.169
1,451 m 0.157
75 m 0.154

Table 4.6. Candidate landscape covariates for survival 
models of late brood-rearing greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 
2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

TPI

75 m 0.195 0.544
1,451 m 0.174
439 m 0.173
370 m 0.163
260 m 0.156
167 m 0.139

Total stream

1,451 m 0.213 0.560
Exponential distance 0.170
439 m 0.161
75 m 0.157
370 m 0.152
167 m 0.149

Perennial stream

Exponential distance 0.273 0.514
370 m 0.249
439 m 0.244
1,451 m 0.234

Alfalfa

Exponential distance 0.552 0.483
Log(distance) 0.448

Wetland

Exponential distance NA 0.490
Burned area

Binary NA 0.497
Burned area × annual grass

Interaction NA 0.480
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Table 4.7. Candidate landscape covariates for habitat selection 
models of greater sage-grouse (Centrocercus urophasianus) in 
the spring in the western Great Basin region, 2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations where 
the indicator variable equaled 1 (w)>0.50 were carried into final models. 
Abbreviations: m, meters; RAP, Rangeland Analysis Platform; RCMAP, 
Rangeland Condition Monitoring Assessment and Projection; HLI, heat load 
index; TRASP, transformed aspect; TPI, topographic position index; NA, not 
applicable]

Scale Proportion w

Annual grass

75 m 1.000 1
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Bare ground

75 m 0.920 1
167 m 0.079
260 m 0.001
370 m 0.000
439 m 0.000
1,451 m 0.000

Litter

439 m 0.838 1
1,451 m 0.157
370 m 0.005
75 m 0.000
167 m 0.000
260 m 0.000

Perennial grass

1,451 m 0.873 1
439 m 0.104
370 m 0.023
75 m 0.000
167 m 0.000
260 m 0.000

Shrub (RAP)

439 m 0.974 1
370 m 0.026
75 m 0.000
167 m 0.000
260 m 0.000
1,451 m 0.000

Table 4.7. Candidate landscape covariates for habitat selection 
models of greater sage-grouse (Centrocercus urophasianus) 
in the spring in the western Great Basin region, 2009–21. —
Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations where 
the indicator variable equaled 1 (w)>0.50 were carried into final models. 
Abbreviations: m, meters; RAP, Rangeland Analysis Platform; RCMAP, 
Rangeland Condition Monitoring Assessment and Projection; HLI, heat load 
index; TRASP, transformed aspect; TPI, topographic position index; NA, not 
applicable]

Scale Proportion w

Shrub (RCMAP)

Sagebrush 1,451 m 0.667 1
Total shrub 1,451 m 0.333
Sagebrush 75 m 0.000
Total shrub 75 m 0.000
Non-sagebrush 

shrub 75 m
0.000

Sagebrush 167 m 0.000
Total shrub 167 m 0.000
Non-sagebrush 

shrub 167 m
0.000

Sagebrush 260 m 0.000
Total shrub 260 m 0.000
Non-sagebrush 

shrub 260 m
0.000

Sagebrush 370 m 0.000
Total shrub 370 m 0.000
Non-sagebrush 

shrub 370 m
0.000

Sagebrush 439 m 0.000
Total shrub 439 m 0.000
Non-sagebrush 

shrub 439 m
0.000

Non-sagebrush 
shrub 1,451 m

0.000

Tree

439 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
1,451 m 0.000
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Table 4.7. Candidate landscape covariates for habitat selection 
models of greater sage-grouse (Centrocercus urophasianus) 
in the spring in the western Great Basin region, 2009–21. —
Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations where 
the indicator variable equaled 1 (w)>0.50 were carried into final models. 
Abbreviations: m, meters; RAP, Rangeland Analysis Platform; RCMAP, 
Rangeland Condition Monitoring Assessment and Projection; HLI, heat load 
index; TRASP, transformed aspect; TPI, topographic position index; NA, not 
applicable]

Scale Proportion w

Elevation

167 m 0.329 1
260 m 0.320
75 m 0.230
370 m 0.115
439 m 0.006
1,451 m 0.000

HLI

439 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
1,451 m 0.000

TRASP

75 m 1.000 1
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Roughness

167 m 1.000 1
75 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Table 4.7. Candidate landscape covariates for habitat selection 
models of greater sage-grouse (Centrocercus urophasianus) 
in the spring in the western Great Basin region, 2009–21. —
Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations where 
the indicator variable equaled 1 (w)>0.50 were carried into final models. 
Abbreviations: m, meters; RAP, Rangeland Analysis Platform; RCMAP, 
Rangeland Condition Monitoring Assessment and Projection; HLI, heat load 
index; TRASP, transformed aspect; TPI, topographic position index; NA, not 
applicable]

Scale Proportion w

TPI

439 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
1,451 m 0.000

Total stream

1,451 m 0.667 1
Exponential distance 0.333
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000

Perennial stream

1,451 m 1.000 1
370 m 0.000
439 m 0.000
Exponential distance 0.000

Alfalfa

Log(distance) 0.667 1
Exponential distance 0.333
1,451 m 0.000

Wetland

Exponential distance NA 1
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Table 4.8. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the summer in the western 
Great Basin region, 2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Annual grass

75 m 0.271 0.443
260 m 0.173
167 m 0.149
439 m 0.147
370 m 0.145
1,451 m 0.115

Bare ground

1,451 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000

Litter

75 m 0.411 0.768
167 m 0.144
260 m 0.115
1,451 m 0.114
370 m 0.112
439 m 0.104

Perennial grass

1,451 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000

Shrub (RAP)

1,451 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000

Table 4.8. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the summer in the western 
Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Shrub (RCMAP)

Total shrub 75 m 0.743 1
Total shrub 167 m 0.153
Total shrub 260 m 0.045
Total shrub 1,451 m 0.020
Total shrub 439 m 0.019
Total shrub 370 m 0.010
Sagebrush 75 m 0.005
Sagebrush 167 m 0.002
Sagebrush 260 m 0.002
Sagebrush 370 m 0.001
Sagebrush 1,451 m 0.001
Sagebrush 439 m 0.000
Non-sagebrush 

shrub 75 m
0.000

Non-sagebrush 
shrub 167 m

0.000

Non-sagebrush 
shrub 260 m

0.000

Non-sagebrush 
shrub 370 m

0.000

Non-sagebrush 
shrub 439 m

0.000

Non-sagebrush 
shrub 1,451 m

0.000

Tree

1,451 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000
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Table 4.8. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the summer in the western 
Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

Elevation

167 m 0.524 1
260 m 0.219
75 m 0.137
370 m 0.098
439 m 0.022
1,451 m 0.000

HLI

1,451 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000

TRASP

1,451 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000

Roughness

167 m 1.000 1
75 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Table 4.8. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the summer in the western 
Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable; ×, multiplied by]

Scale Proportion w

TPI

439 m 0.834 0.999
370 m 0.159
260 m 0.003
167 m 0.002
1,451 m 0.001
75 m 0.001

Total stream

Exponential distance 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Perennial stream

Exponential distance 1.000 1
370 m 0.000
439 m 0.000
1,451 m 0.000

Alfalfa

Log(distance) 0.667 1
Exponential distance 0.333
1,451 m 0.000

Wetland

Exponential distance NA 0.980
Burned area

Binary NA 0.994
Burned area × annual grass

Interaction NA 0.453
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Table 4.9. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the winter in the western 
Great Basin region, 2009–21. 

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Annual grass

370 m 0.504 0.999
260 m 0.214
439 m 0.152
167 m 0.093
1,451 m 0.019
75 m 0.019

Bare ground

1,451 m 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000

Litter

439 m 0.641 1
370 m 0.263
1,451 m 0.082
260 m 0.014
167 m 0.001
75 m 0.000

Perennial grass

1,451 m 0.555 1
439 m 0.358
370 m 0.077
260 m 0.009
167 m 0.001
75 m 0.000

Shrub (RAP)

439 m 0.900 1
370 m 0.061
1,451 m 0.033
260 m 0.004
167 m 0.003
75 m 0.000

Table 4.9. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the winter in the western 
Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Shrub (RCMAP)

Total shrub 1,451 m 0.952 1
Sagebrush 1,451 m 0.009
Total shrub 260 m 0.008
Total shrub 370 m 0.008
Total shrub 167 m 0.004
Sagebrush 260 m 0.004
Sagebrush 370 m 0.003
Total shrub 439 m 0.002
Sagebrush 75 m 0.002
Sagebrush 167 m 0.001
Sagebrush 439 m 0.001
Non-sagebrush 

shrub 439 m
0.001

Non-sagebrush 
shrub 75 m

0.001

Non-sagebrush 
shrub 167 m

0.001

Non-sagebrush 
shrub 260 m

0.001

Non-sagebrush 
shrub 1,451 m

0.001

Total shrub 75 m 0.000
Non-sagebrush 

shrub 370 m
0.000

Tree

1,451 m 1.000 1
439 m 0.000
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
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Table 4.9. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the winter in the western 
Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

Elevation

75 m 0.640 1
167 m 0.159
260 m 0.078
370 m 0.067
439 m 0.041
1,451 m 0.015

HLI

1,451 m 0.758 1
439 m 0.235
370 m 0.007
75 m 0.000
167 m 0.000
260 m 0.000

TRASP

1,451 m 0.776 1
439 m 0.135
370 m 0.057
260 m 0.019
167 m 0.008
75 m 0.005

Roughness

439 m 0.968 1
370 m 0.025
260 m 0.006
75 m 0.000
167 m 0.000
1,451 m 0.000

Table 4.9. Candidate landscape covariates for 
habitat selection models of greater sage-grouse 
(Centrocercus urophasianus) in the winter in the western 
Great Basin region, 2009–21. —Continued

[Scales were selected from a preliminary Bayesian latent indicator variable 
selection procedure, where scales with a greater proportion of the posterior 
distribution were selected over other grouped covariates. Only covariates 
in groups with proportion of Markov Chain Monte Carlo iterations 
where the indicator variable equaled 1 (w)>0.50 were carried into final 
models. Abbreviations: m, meters; RAP, Rangeland Analysis Platform; 
RCMAP, Rangeland Condition Monitoring Assessment and Projection; 
HLI, heat load index; TRASP, transformed aspect; TPI, topographic position 
index; NA, not applicable]

Scale Proportion w

TPI

439 m 0.263 0.615
370 m 0.222
1,451 m 0.162
260 m 0.158
75 m 0.106
167 m 0.089

Total stream

Exponential distance 1.000 1
75 m 0.000
167 m 0.000
260 m 0.000
370 m 0.000
439 m 0.000
1,451 m 0.000

Perennial stream

439 m 0.610 0.999
Exponential distance 0.334
370 m 0.042
1,451 m 0.013

Alfalfa

Exponential distance 0.667 1
Log(distance) 0.333
1,451 m 0.000

Wetland

NA NA 1
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Appendix 5. Mapping Habitat Suitability with the Abundance and Space 
Use Index
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Figure 5.1. The metric combining habitat suitability with the abundance and space use index (ASUI) for greater sage-grouse 
(Centrocercus urophasianus) in the western Great Basin region, 2009–21. The habitat suitability index (HSI) combined selection and 
survival maps during phenological seasons and life stages.
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