ZUSGS

science for a changing world

Prepared in cooperation with the Western Association of Fish and Wildlife Agencies and the
Bureau of Land Management

Range-wide Greater Sage-Grouse Hierarchical Monitoring
Framework: Implications for Defining Population Boundaries,
Trend Estimation, and a Targeted Annual Warning System

Open-File Report 20201154

U.S. Department of the Interior
U.S. Geological Survey



Cover Photos: (Main) Male sage-grouse displaying on a traditional breeding ground (lek).
Photograph by Tatiana Gettelman, U.S. Geological Survey, April 21, 2012.

(Bottom) Ruby Mountains in northeastern Nevada. Photograph by Tatiana Gettelman, U.S. Geological
Survey, March 30, 2012.



Range-wide Greater Sage-Grouse
Hierarchical Monitoring Framework:
Implications for Defining Population
Boundaries, Trend Estimation, and a
Targeted Annual Warning System

By Peter S. Coates, Brian G. Prochazka, Michael S. 0'Donnell,
Cameron L. Aldridge, David R. Edmunds, Adrian P. Monroe, Mark A. Ricca,
Gregory T. Wann, Steve E. Hanser, Lief A. Wiechman, and Michael P. Chenaille

Prepared in cooperation with the Western Association of Fish and Wildlife
Agencies and the Bureau of Land Management

Open-File Report 2020—-1154

U.S. Department of the Interior
U.S. Geological Survey



U.S. Geological Survey, Reston, Virginia: 2021

For more information on the USGS—the Federal source for science about the Earth, its natural and living resources,
natural hazards, and the environment—uvisit https://www.usgs.gov or call 1-888—ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications, visit
https://store.usgs.gov/.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Coates, PS., Prochazka, B.G., O'Donnell, M.S., Aldridge, C.L., Edmunds, D.R., Monroe, A.P, Ricca, M.A., Wann, G.T.,
Hanser, S.E., Wiechman, L.A., and Chenaille, M.P,, 2021, Range-wide greater sage-grouse hierarchical monitoring
framework—Implications for defining population boundaries, trend estimation, and a targeted annual warning
system: U.S. Geological Survey Open-File Report 2020—1154, 243 p., https://doi.org/10.3133/0fr20201154.

ISSN 2331-1258 (online)


https://www.usgs.gov
https://store.usgs.gov/
https://doi.org/10.3133/ofr20201154

Preface

This study was completed to provide timely scientific information regarding a hierarchical
monitoring and modeling framework for greater sage-grouse (Centrocercus urophasianus).
Findings herein fill a prominent information gap to help inform current assessments of
sage-grouse population trends at nested spatial and temporal scales for the Western
Association of Fish and Wildlife Agencies. This study also highlights a ‘targeted annual
warning system’ (TAWS) solution for managers that could be used to identify where and when
management action is likely to benefit declining populations of sage-grouse at the appropriate
spatial scale. The TAWS developed from this collaborative study is readily usable on an annual
basis and can be modified to evaluate effectiveness of conservation efforts. Findings are

also intended to provide timely scientific information for state and federal land use plans and
conservation credit systems.
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Range-wide Greater Sage-Grouse Hierarchical
Monitoring Framework: Implications for Defining
Population Boundaries, Trend Estimation, and a
Targeted Annual Warning System

By Peter S. Coates,! Brian G. Prochazka,! Michael S. 0'Donnell,23 Cameron L. Aldridge,23
David R. Edmunds,23 Adrian P. Monroe,23 Mark A. Ricca,'#4 Gregory T. Wann,! Steve E. Hanser,25

Lief A. Wiechman,5 and Michael P. Chenaille!

Abstract

Incorporating spatial and temporal scalesinto greater
sage-grouse (Centrocercus urophasianus) population
monitoring strategiesis challenging and rarely implemented.
Sage-grouse populations experience fluctuations in abundance
that lead to temporal oscillations, making trend estimation
difficult. Accounting for stochasticity is critical to reliably
estimate population trends and investigate variation related
to deterministic factors on the landscape, which are amenable
to management action. Here, we describe a novel, range-
wide hierarchical monitoring framework for sage-grouse
centered on four objectives: (1) create a standardized database
of lek counts, (2) develop spatial population structures
by clustering leks, (3) estimate spatial trends at different
temporal extents based on abundance nadirs (troughs), and
(4) develop atargeted annual warning system to help inform
management decisions. Using automated and repeatable
methods (software), we compiled a lek database (as of 2019)
that contained 262,744 counts and 8,421 unique lek locations
from disparate state data. The hierarchical population units
(clusters) included 13 nested levels, identifying biologically
relevant units and population structure that minimized inter-
cluster sage-grouse movements. With these products, we
identified spatiotemporal variation in trends in population
abundance using Bayesian state-space models. We estimated
37.0, 65.2, and 80.7-percent declines in abundance range-
wide during short (17 years), medium (33 years), and long
(53 years) temporal scales, respectively. However, some
areas exhibited evidence of increasing trends in abundance in

1U.S. Geological Survey, Dixon, Caifornia

2U.S. Geological Survey, Fort Collins, Colorado
3Colorado State University, Fort Collins, Colorado
4U.S. Geological Survey, Corvallis, Oregon

5U.S. Geological Survey, Reston, Virginia

recent decades. Models predicted 12.3, 19.2, and 29.6 percent
of populations (defined as clusters of neighboring leks)
consisted of over 50-percent probability of extirpation at 19,
38, and 56-year projections from 2019, respectively, based on
averaged annual rate of change in apparent abundance across
two, four, and six oscillations (average period of oscillation
is 9.4 years). At the lek level, models predicted 45.7, 60.1,
and 78.0 percent of lekswith over 50-percent extirpation
probabilities over the same time periods, respectively, mostly
located on the periphery of the species’ range. The targeted
annual warning system automates annual identification of
local populations exhibiting asynchronous decline relative

to regional population patterns using simulated management
actions and an optimization algorithm for evaluating
range-wide stabilization of population abundance. In

2019, approximately 3.2 percent of leks and 2.0 percent of
populations were identified by the targeted annual warning
system for management intervention range-wide.

Executive Summary

Managing greater sage-grouse (Centrocercus
urophasianus) populations is often challenging because of
their extensive spatial distribution (overlapping multiple
regulatory jurisdictions), disparities and imperfections in
counts at breeding grounds (leks) that index population
sizes, and uncertainties in estimating trends in abundance
given inter-annual fluctuations. These challenges could
be mitigated with a decision support framework based on
long-term monitoring data from across the range and applying
advanced population models that account for demographic
and environmental stochasticity, movement dynamics,
ecological productivity, and errorsin counting sage-grouse
on their leks. However, even when population data are
collected with relatively standard methodologies, logistical
hurdles first must be cleared to compile disparate databases of
sage-grouse abundance into consistent formats for analysis.
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Next, relevant spatial scales need to be delineated to correctly
identify factors influencing population trends. It follows that
associated complexes of sub-populations at more local spatial
scales would respond similarly to changes in environmental
conditions (for example, precipitation and drought) that
affect resource availability across larger areas. However,
when negative population rates of change at local scales
deviate from rates occurring at larger scales, these differences
could indicate that local disturbances are contributing to

poor population performance. Applying these concepts to
standardized datasets in a unified, objective, and repeatable
framework could inform more targeted management actions
for this species and avoid costly misapplication.

Researchers with the U.S. Geological Survey and
Colorado State University, in close cooperation with multiple
state and federal resource agency partners, extended a
hierarchical population monitoring framework across the
entire greater sage-grouse range in the United States. This
framework was initially tested at state-wide levels (California,
Nevada, and Wyoming), and research needs were identified by
state (Western Association for Fish and Wildlife Agencies) and
federal (Bureau of Land Management, U.S. Fish and Wildlife
Service) natural resource agencies. Herein, we report results of
four primary study objectives from this hierarchical population
monitoring framework, namely:

1. Create a range-wide database for sage-grouse lek counts:

Purpose: Eleven western state wildlife agencies have
identified the need to compile lek count and location data
collected by wildlife agencies into a single comprehensive
lek database.

Methods: We compiled all digitized field observations
of sage-grouse leks from state wildlife agencies within any
state that monitored sage-grouse populations between 1953
and 2019 into a single database. We worked with each agency
to ensure the fullest understanding of the data to maximize
the number of appropriate records kept in the database, we
addressed spatial errors, and we reviewed all data products
with state wildlife members of the Sage and Columbian Sharp-
tailed Grouse Technical Team.

Results and interpretation: The resulting range-wide
lek database contained 262,744 counts and 8,421 unique
lek locations with data standardized by coordinate
reference system, field names and types, and conservation
status definitions. These data informed the remaining
three objectives.

2. Develop nested population lek clusters:

Purpose: Population rates of change are affected by
environmental factors that operate on multiple spatial and
temporal scalesthat follow ecological, rather than geopolitical,
boundaries. Hence, examining population trends across

biologically relevant and hierarchically nested units can
improve the detection of factors driving change across various
spatial scales.

Methods: We grouped sage-grouse lekking sites into
hierarchical, nested clusters, or populations. We used | east-cost
minimum spanning trees, a clustering algorithm, and a suite
of relevant spatial products (biotic and abiotic) to group leks
into multiple cluster levels. We selected two cluster levelsto
represent a fine (neighborhood cluster, NC) and broad spatial
scale (climate cluster, CC) in subsequent trend analyses. We
used movement data from radio and global positioning system
marked sage-grouse to inform the NC scale, and relationships
between precipitation and rate of change in population
abundance to inform the CC scale.

Results and interpretation: We produced 13 hierarchically
nested cluster levels comprising population groupings of
sage-grouse leks from fine to coarse scales. Each cluster level
was evaluated for migration potential to ensure that changes
in abundance were more likely to be driven by changes in
demographic rates as opposed to movement of individuals into
or out of the population. Cluster levels 2 and 13 represented
NC and CC, respectively, which were used in trend and
targeted annual warning system analyses (Objectives 3 and
4). Neighborhood clusters represent amalgamations of leks
that likely experience similar landscape-level impacts (for
example, wildfire), whereas CCs more closely represent
large-scale populations from leks governed by similar
climatic and habitat conditions at regional extents. Population
dynamics at the NC and CC scales reflect changes in
demographic rates because migration between clusters at these
scales were negligible, whereas at the lek level, changes in
demographic rates could not be disentangled from emigration
and immigration.

3. Estimate spatiotemporal trends in population abundance:

Purpose: Sage-grouse generally exhibit inter-annual
variation in population abundance with consecutive years
of increases or decreases that reflect oscillations over
approximately 10-year periods. Accounting for oscillating
patterns of abundance is critical to obtaining reliable
estimates of population trends across different temporal
scales. Otherwise, estimates can be biased by short-term
fluctuations in abundance and yield misleading results,
regardless of the duration of inference. Analytical methods
that permit abundance estimation across nadirs (that is,
troughs within oscillations) can produce greater accuracy in
trends, as opposed to different points along the oscillations (for
example, nadir to apex or apex to nadir). Examining trends
across more than one period (that is, complete oscillation)
is also important, given their variability (that is, number of
years between a single set of nadirs) and amplitude (that is,
displacement from mid-point to nadir or apex).



Methods: We used a state-space model (SSM) informed
by lek count data, collected across approximately six decades,
to estimate population trends in relative abundance across
three nested spatial scales (leks, NCs, and CCs) and six
different temporal scales that reflected complete oscillations.
Specifically, we identified six abundance nadirs from model
outputs and cal culated averaged annual rate of change (1)
in abundance relative to 2019. If populations continue to
decline in subsequent years, j estimates reported here
will be overestimated based on the assumption that 2019
represents the most recent abundance nadir. To facilitate
interpretation, we graphically illustrate spatial trends at short
(two oscillations), medium (four oscillations), and long (six
oscillations) temporal scales.

Results and interpretation: State-space models revealed
six different abundance nadirs (1966, 1975, 1986, 1996, 2002,
and 2013) at the range-wide scale, with slight variations
in the timing of these nadirs occurring across CCs. We
reported declines in range-wide estimates of average annual
A (evaluated at median value) across all temporal scales.

For example, over the course of relatively short (17 years),
medium (33 years), and long (53 years) temporal scales from
three abundance nadirs (2002, 1986, and 1966) to 2019,

we report that range-wide sage-grouse populations have
declined 37.0, 65.2, and 80.7 percent, respectively. We also
estimated median 2 to be less than 1.0 for 81.3, 88.4, and
94.3 percent of NCs across short, medium, and long temporal
scales, respectively. A relatively small percentage of decline
annually can result in substantial cumulative losses in N
across temporal scales. Climate cluster B (Washington area)
experienced the greatest overall declines acrosslong and
medium temporal scales. The only CC with estimated slight
growth was F (western Wyoming area; average annual median
A >1.0), where growth was observed during the most recent
oscillation and the last three oscillations combined (short/
medium temporal scale). We found spatiotemporal variation
in 4 acrossthe range. For example, declines strengthened

in recent oscillations for CC-E (Great Basin area) which are
likely attributed to increases in cumulative impacts of wildfire
and invasive grass, conifer expansion, and changesin predator
composition. On the contrary, declines weakened through
time for CC-D (eastern area) which might reflect recent
conservation action strategies that may, in part, offset the
primary threats in this portion of the range, including cropland
conversion and energy exploration and development.

Additionally, we estimated over 50-percent extirpation
probability for 45.7 (n=2,347), 60.1 (n=3,084), and 78.0
(n=4,001) percent of leks based on 19, 38, and 56-year
projections of population growth projected from 2019,
respectively. We also predicted over 50-percent extirpation
probability for 12.3 (n=52), 19.2 (n=81), and 29.6 (n=125)
percent of populations, defined as neighboring clustered leks
(NC), over the same projected time frames. Spatial depictions
revealed that most lek and NC extirpations were likely to
occur within peripheral populations that generally were
subjected to landscape disturbances (for example, burned areas
and anthropogenic infrastructure) coupled with a high degree
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of environmental stochasticity. For climate clusters, we found
that CC-C (Jackson Hole, Wyoming, area) had the highest
extirpation probability.

4. Develop a targeted annual warning system (TAWS) to
signal declining leks and lek clusters:

Purpose: A framework for identifying population declines
that likely are attributable to disturbances on the landscape
versus environmental stochasticity or intrinsic factors across
broader regions could help immediately inform when and
where increased monitoring or direct management intervention
may be needed and also reduce the chance for costly
misallocation of limited management resources. The key
components to detecting changes in population trends include
(2) identifying when declining trends at nested local scales
are below estimated trends at broader CC-scales which are
ostensibly governed by less manageable climatic factors and
(2) targeting leks or NCs early enough to allow management
intervention to be more effective at thwarting declines.

We developed TAWS to signal when and where trends of
individual leks and NCs are declining below trends at the CC
scale, resulting from local disturbance rather than fluctuations
driven by environmental stochasticity.

Methods: The TAWS used two categories for multi-year
signaling events referred to as ‘watches and ‘warnings.” We
assigned watches to populations that exhibited evidence of
population decline below those of the CC (slow signal) over
2 consecutive years. We assigned warnings to populations
that had slow signalsin 3 out of 4 consecutive years or a
relatively strong magnitude (fast signal) of evidence for 2
out of 3 consecutive years. Watches may identify the need
for intensive monitoring whereas warnings may identify
the need for management intervention aimed at stabilizing
populations. Declines in abundance over multiple years may
result in consecutive watches and warnings (for example,
multiple years following disturbance). Repeat watches and
warnings provide valuable information about chronic effects
on the same population that is associated with a disturbance.
Thus, we report proportion of leks with first and repeated
events of watches and warnings. Collectively, these rules
facilitate quantification of population decline that distinguishes
localized adverse impacts from broad-scale environmental
stochasticity and provide valuable information to potentially
and proactively manage populations.

Because populations can demonstrate poor performance
in successive years as a result of the same perturbation, or
over multiple years from multiple perturbations, we present
summary statistics of watches and warnings in terms of first
and repeat events. Unless stated otherwise, watches and
warnings are summarized in terms of first events, which
represent the first time a population experienced a watch or
warning (that is, no previous evidence of declining below
the CC). Populations that decline over multiple years may
experience consecutive watches and warnings (for example,
several years following fire). Repeat watches and warnings
provide valuable information about the chronic effects on the
same population that is associated with a perturbation.
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Results and interpretation: We estimated 63.4 and
46.7 percent of sage-grouse leks across the range experienced
at least one watch and at least one warning, respectively,
from 1990 to 2019. On an annual basis, we found that 2.5
(repeat=6.0) percent of leks range-wide activated watches
and 1.9 (repeat=5.8) percent of leks range-wide activated
warnings. The CC with the greatest number of watches
and warnings was CC-E (Great Basin area), with 1,163
(repeat=2,834) watches and 830 (repeat=2,712) warnings,
representing 61.0 (watches) and 43.5 (warnings) percent of
total leks activated since 1990. The greatest proportion of
watches and warnings activated at the NC scale occurred
within climate clusters CC-F (western Wyoming area),
CC-E (Great Basin area), and CC-D (eastern area). Watches
and warnings have increased substantially through time
range-wide, with the greatest increases aso found in these
three climate clusters since the mid- to late-2000s. I ncreases
in watches and warnings through time s likely a function of
more disturbances on the landscape (for example, increased
anthropogenic developments and frequency of wildfire).
Although our models were robust for missing lek count data
by imputing missing values, increased sampling effort in
recent years may also increase frequency of watches and
warnings based on greater precision in parameter estimation
and rules that exclude leks without recent count histories.
Therefore, improvements in standardized lek-count protocols
that aim to minimize the number of years between lek counts
for known leks and conducting periodic searches to discover
previously unknown leks would be highly beneficial to refine
estimates in trends and inform the TAWS using this SSM
framework, especialy if the goal isto annually identify when
and where management actions will be most effective at
stabilizing or reversing declines associated with disturbances
on the landscape.

Introduction

Greater sage-grouse (Centrocercus urophasianus;
hereafter, sage-grouse) are a sagebrush obligate bird
that currently occupy most sagebrush ecosystems across
11 U.S. states and 2 Canadian Provinces in western North
America (Patterson, 1952; Schroeder and others, 2004).
Sage-grouse are of high conservation concern and their habitat
needs are now central to guiding land-management action
and policies across most of the western United States. At the
turn of the twenty-first century, sage-grouse occupied roughly
half of their former historical range (Schroeder and others,
2004; Miller and others, 2011), and over the past three to five
decades have demonstrated apparent population declinesin
many parts of their current range (Garton and others, 2011,
2015; Western Association of Fish and Wildlife Agencies,
[WAFWA], 2015), which largely have been attributed to
sagebrush loss and environmental stressors (Connelly and
others, 2004; Schroeder and others, 2004; Doherty and others,

2016). Since 1999, sage-grouse have been petitioned for
legal protection under the Endangered Species Act (ESA) of
1973 on nine occasions. However, an unprecedented level of
conservation effort and planning among federal (for example,
Bureau of Land Management [BLM], 2015), state, and
private stakeholders was identified as the primary driver for a
decision by the U.S. Fish and Wildlife Service (USFWS) that
sage-grouse did not warrant listing in the most recent status
assessment (U.S. Fish and Wildlife Service, 2015).

Sage-grouse are considered an indicator of the integrity
of sagebrush ecosystems, as well as an umbrella species for
the protection of other sagebrush-obligate or semi-obligate
species given their near complete dependence on sagebrush
ecosystems throughout their life history (Rich and Altman,
2001; Rich and others, 2005; Rowland and others, 2006;
Hanser and Knick, 2011). Specifically, in recent years, the
resource needs of sage-grouse helped to guide management
actions aimed at improving conditions in sagebrush
ecosystems, and resultant practices are thought to carry
over onto other sagebrush-dependent species (Rowland and
others, 2006; Hanser and Knick, 2011; Dinkins and others,
2019), though some less associated species may not be well
covered by the sage-grouse umbrella (Carlisle and others,
2018; Pilliod and others, 2020). Importantly, several federa
resource management plan amendments accompanying the
‘not warranted’ 2015 ESA listing determination called for
greater integration of adaptive management into land-use
planning, and specifically, identifying how to implement
adaptive management.

The U.S. Geological Survey (USGS), Bureau of Land
Management (BLM) and Colorado State University (CSU;
Natural Resources Ecology Laboratory), in collaboration
with the Sage-Grouse and Columbian Sharp-tailed Grouse
Technical Team (hereafter, Tech Team) under the WAFWA, are
developing standardized protocols for monitoring sage-grouse
populations and estimating changes in population size through
time. Typically, population trends of sage-grouse are estimated
using standardized count survey techniques at lek sites
(traditional breeding grounds; Connelly and others, 2003). If
lek count data are collected in a similar manner across space
and time, then they can be useful as an index to identify
population changes and associated drivers (Connelly and
others, 2003; Connelly and Schroeder, 2007).

Our primary goal was to develop a population
monitoring and modeling framework applied to sage-grouse
popul ations range-wide, under which population relative
abundance and trends are estimated readily across different
nested spatiotemporal scales by using lek count data.
However, further work will likely be needed to fully
understand the relationship between count indices and
true population sizes. Our framework also builds upon
concepts that were tested previously (Coates and others,
2017, 2019a; O’Donnell and others, 2019) by comparing
annual changes in relative abundance among different spatial
scales to signal when and where populations are in decline.



It relies on standardized annual lek counts to immediately
and systematically streamline scientific findings into the
management decision-making process (Walters, 1986). Thus,
this framework can be used to inform population status of
sage-grouse at different spatiotemporal scales, as well as
identify areas for monitoring within these highly stochastic
ecosystems, affording managers opportunities to understand
and act upon mechanisms behind changes in population
growth. The specific objectives were:

1. Collaborate with personnel from state wildlife agencies
to compile a standardized lek count dataset across the
sage-grouse geographic range. We sought to make the
database easy to update through open-source software.

2. Define range-wide hierarchical population units of active
sage-grouse leks. The hierarchical framework is intended
to reflect biologically relevant groupings of leks (that
is, clusters) characterized by similar environmental
features and sage-grouse movement ecology. We identify
multiple nested levels of clusters where the number of
grouped leks increased with each increasing level.

3. Estimate spatiotemporal trends in sage-grouse
population abundance throughout their range using a
Bayesian state-space modeling framework of annual
maximum lek counts from survey data. Time series lek
count data were compiled into a single comprehensive
database (Objective 1) and spatial scales were delineated
from lek clustering methods (Objective 2).

4. Independent of Objective 3, we developed and
implemented a TAWS that can be readily applied on
an annual basis and identifies where and when declines
in sage-grouse population abundance occur while
accounting for inter-annual variation that typically
is associated with broad-scale climatic conditions.
Specifically, we identified temporal and spatial
thresholds that, when crossed, activate signals for leks
or populations (such as, clusters of leks) that most
likely decline in response to localized perturbations.
Such signaling can inform when and where localized
monitoring (for example, telemetry studies) or
management intervention is needed.

Study Areas

Our study extent represents the sagebrush biome
occurring across western North America and extending
cast from the Sierra Nevada/Cascade Mountain ranges to
the western regions of the Great Plains of the United States
(fig. 1). These areas also include forests at higher elevations,
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salt deserts in the Great Basin and Colorado Plateau, and a
mixture of different types of grasslands in the western Great
Plains (Pyke and others, 2015; Shinneman, 2020). On average,
the sagebrush biome receives 118-1,380 millimeters (mm)

of precipitation per year (X =331.2 mm per year), maintains
cold, wet winters and hot, dry summers ( X =49.9 mm

during wettest month and X =11.2 mm during driest month;
PRISM Climate Group, Oregon State University, 2015),

and is characterized by shrubs interspersed with grasses and
forbs. The vegetation communities vary with changes in
precipitation, temperature, soils, topographic position, and
elevation (Miller and others, 2011). The most abundant shrub
species include sagebrush (Artemisia spp.) with less abundant
non-sagebrush species of rabbitbrush (Chrysothamnus spp.),
horsebrush (Tetradymia spp.), greasewood (Sarcobatus spp.),
common snowberry (Symphoricarpos spp.), serviceberry
(Amelanchier spp.), fourwing saltbush (Atriplex spp.), and
bitterbrush (Purshia spp.). The primary herbaceous species
include wheatgrass (Agropyron spp.), fescue (Festuca spp.),
bluegrass (Poa spp.), needlegrass (Stipa spp.), bromegrass
(Bromus spp.), and squirreltail (Stanion spp.), whereas less
abundant forb species include phlox (Phlox spp.), milk-vetch
(Astragalus spp.), and fleabane (Erigeron spp.).

Objective 1. Database for Sage-grouse
Lek Counts

Background

The largest challenge associated with arange-wide
analysis of sage-grouse population trendsisthe lack of a
single comprehensive lek count database serving as the
foundation for an inter-agency monitoring program. Many
limitations can exist when using long-term monitoring data
because methods of monitoring can change over time, multiple
organizations collect data differently, and data are managed
independently among data stewards. Sage-grouse long-term
monitoring data exist for 11 states within the western United
States. State wildlife agencies collect survey counts of males
on leks annually (lek datasets), but differences in the data
collection and management require that we standardize these
data to develop a range-wide lek database. Further details
for standardizing the state lek databases and associated
software are described in O’Donnell and others (unpub. data,
U.S. Geological Survey, 2020). The purpose of this objective
was to develop a standardized sage-grouse lek database across
the species' range-wide distribution to inform the creation of a
hierarchical population monitoring framework (Objective 2),
spatiotemporal patterns in population trends (Objective 3), and
a TAWS (Objective 4).
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Figure 1. Greater sage-grouse (Centrocercus urophasianus) distribution within the sagebrush biome across 11 states in the
western United States. Map image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri

and its licensors. All rights reserved.



Methods

Researchers at the U.S. Geological Survey and
Colorado State University (CSU; Natural Resources
Ecology Laboratory) worked with WAFWA to obtain
data-sharing agreements, which allowed the use of state
sage-grouse lek data for multiple objectives. The database
contained all digitized field observations of males counted
on leks and lek locations from each state as of 2019. We
used an automated, systematic, and repeatable method for
standardizing and cleaning up long-term monitoring data by
creating open-source software that automated compilation
of state databases. We programmatically generated a new
NoSQL (not only Structured Query Language) database that
maximized the inclusion of data, standardized all content
and terminology, and retained information needed to inform
future population trend analyses. For database development
and management, we used Python® 3.7.7 (Python Software
Foundation) and numerous well-supported third-party Python
libraries in a Windows® (Microsoft Corporation) operating
system environment.

We developed a two-phase software workflow to arrive
at a standardized, multi-state lek database. The first phase of
our software package addressed state-specific modifications
necessary to achieve a crosswalk to an initial standardized
database schema. Here, we standardized coordinate
reference systems, addressed spatial errors (for example,
null geometry and missing coordinates), standardized field
names and types (for example, integers, date, and strings),
and populated standardized survey methods. The second
phase of the workflow addressed differences in definitions
of lek types, monitoring methods, and similar components.
During this phase, we removed records that did not adhere
to a standardized definition of a lek (greater than or equal
to two males observed for greater than or equal to 2 years),
and those with no recorded year or a number that reflected a
count (a count of 0 males was included). We also aggregated
male counts for leks within 500 meters (m) of each other, as
most states were already implementing. We then thoroughly
reviewed the resulting database with representatives of the
Tech Team.

After developing clusters (Objective 2), and before
assessing population trends and developing a TAWS, we
identified field observations within the sage-grouse lek
database that maximized detection probabilities of lek
attendance and minimized errors in counting of males
associated with survey methods. We selected observations
that were done during March 1 to May 31 (Rule 1; breeding
season), within 30 minutes before and 90 minutes after local
sunrise (Rule 2; sunrise), and were surveyed using one of
the following survey methods (Rule 3; survey method):
ground (count), aerial helicopter camera HD/IR (count),
aerial helicopter (count), ground route (count), aerial
fixed-wing (count), aerial unknown, ground unknown, and
aerial fixed-wing camera HD/IR (count). Within the state of
Wyoming, we also included observations that were collected
according to the state defined survey method "ground
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(survey)," based on the rigorous criteria required to achieve
that categorical assignment and the ensuing adequacy of
those data for trend estimation. In the absence of a recorded
date, time, or survey method, we assumed the observations
were done near sunrise, during the breeding season, and
were conducted with one of the survey methods mentioned
previously. We also aggregated within-year repeat counts by
maintaining the maximum count per lek per year (Rule 4;
max count). This was because not all states reported repeated
counts and some reported only maximum values. Thus, in this
framework, as currently implemented, detection probability
is not accounted for and modeled estimates are considered
relative abundance. At this point, we bifurcated our dataset
sub-setting criteria according to whether the dataset would
be applied to Objectives 3 or 4. For Objective 3, we removed
counts that were recorded before 1960 (Rule 5a; post 1960)
and removed leks that had fewer than 5 years of active counts
(greater than or equal to two males) during the 60-year time
series (Rule 6a; five active counts). The rule of 5 years was
determined based on preliminary investigations of spurious
inferences of intrinsic rate of population change (7 ; Coates
and others, 2019a). The post 1960 rule was used because
data were too sporadic for our model during the 1950s. For
Objective 4, we reduced the dataset by removing counts
collected before 1990 because we did not require extensive
count histories and recent counts are most relevant to current
management applications, thereby restricting to a period when
leks were more frequently counted (Rule 5b; post 1990).
Similar to Objective 3, we removed leks that had fewer than
5 years of active counts through the time series (Rule 6b; five
active counts).

Results

The standardized and complete range-wide lek
database (observation and location, as of 2019) contained
262,744 counts and 8,421 unique ek locations, with most of
the states collecting survey data beginning in 1953. Using the
standardized definitions of conservation status, we observed
5,542 active, 1,341 historic, 1,079 inactive, 342 pending new,
and 117 pending old leks (for lek type definitions, see table 1).
Range-wide, the mean number of males displaying on all
leks with counts was 12.3 (median=6.0, [standard deviation]
SD=6.2). The standardized range-wide data included a total of
185,915 within-year repeat count observations. We removed
68,808 observations from the originating data mostly because
of an absence of male counts (for example, record blank or
coded by state as NA; 57,220) and observations where the
definition of a lek was not met (6,257; where greater than or
equal to two males observed for 2 years was not met). As a
result of removing these observations, as well as leks with
missing coordinates, we removed 3,742 lek locations. Our
workflow maximized the inclusion of data and addressed
inconsistencies, such as standardizing field names and content
within fields, deleting erroneous records (for example, blank
records and duplicate records), and addressing typing errors.
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Table 1.
lek databases.

Identified conservation status values developed for standardized greater sage-grouse (Centrocercus urophasianus)

Lek type Definition
Active A lek that has greater than or equal to two males per 2 observations occurring on different years that were recorded in last
10 years.
Inactive A lek that has greater than or equal to two per 2 observations occurring on different years that were recorded 11 to 20 years ago
and is not considered active.
Historic A lek that has greater than or equal to two males per 2 observations occurring on different years that were recorded longer than
20 years ago and is not considered active or inactive.
Pending A lek with no prior observations (in other words, a new lek where observations do not meet the definition of a lek) or counts
new at a lek that are insufficient to classify as Active, Inactive, or Historic. We required that there was one observation of greater
than or equal to two males in the last 10 years and at least one observation of greater than or equal to two males longer than
10 years ago. This status captures leks insufficiently monitored to classify as Active, Inactive, and Historic but contains a more
recent observation.
Pending A lek with insufficient observations to classify as Active, Inactive, Historic, and Pending New. We required that there was one
old observation greater than or equal to two males recorded 11-20 years ago and at least one observation of greater than or equal to

two males longer than 20 years ago.

The standardized and complete range-wide lek database
incurred additional data sub-setting rules (Rules 1-6), which
produced lek datasets for Objectives 3 and 4 and resulted in
the sequential removal of approximately 0.0 percent of leks
and 0.4 percent of observations (Rule 1; breeding season),

0.3 percent of leks and 8.3 percent of observations (Rule 2;
sunrise), 1.0 percent of leks and 11.9 percent of observations
(Rule 3; survey method), 1.0 percent of leks and 54.7 percent
of observations (Rule 4; max count), 1.1 percent of leks and
55.4 percent of observations (Rule 5a; post 1960), 39.1 percent
of leks and 63.7 percent of observations (Rule 6a; five active
counts), 1.6 percent of leks and 63.4 percent of observations
(Rule 5b; post 1990), and 46.8 percent of leks and 73.1 percent
of observations (Rule 6b; five active counts) range-wide.
State-specific summaries of number and percentage of leks
and observations retained following the sequential application
of Rules 1-6 are listed in appendix 2 (tables 2.1-2.4). Using
all the aforementioned rules for selecting data appropriate to
population modeling, we retained 95,297 observations across
5,131 leks (Objective 3) and 70,646 observations across

4,478 leks (Objective 4). The proportion of leks counted
increased substantially through time for every CC (fig. 2).
Climate cluster A (Bi-State area) had the most robust sampling
across the time series; more than double the sampling effort
observed in most other areas of the range in earlier years.

The next highest sampling effort occurred within climate
cluster B (Washington area). All sampling efforts increased
drastically (approximately doubling) across all CCs from
2000 to 2010. The predominant survey method for both
datasets was ground (count) and represented approximately

39 percent and 43 percent of the observations, for Objectives 3
and 4, respectively. We classified approximately 30 percent
and 23 percent of observations in the database as “No

Data” because count method information was missing. Less
than 3 percent of observations fell within any of the Aerial

type survey methods across both datasets. Additionally,
approximately 63 percent and 72 percent of observations
lacked a date for Objectives 3 and 4, respectively, and a
time of survey was absent in approximately 44 percent and
54 percent of observations, respectively.
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Figure 2. Proportion of greater sage-grouse (Centrocercus
urophasianus) leks sampled between 1960 and 2019 for different
population climate clusters (A = Bi-State area; B = Washington
area; C = Jackson Hole, Wyoming, area; D = eastern area;

E = Great Basin area; and F = western Wyoming area; see
Objective 2 for climate cluster delineation) after removing
observations defined in Objective 1 and Objective 3. Solid black
line indicates the average across climate clusters.



Objective 2. Population Clusters

Background

Demographic properties, such as population rates of
change, are affected by multiple environmental and intrinsic
factors that operate on different spatial and temporal
scales (Gurevitch and others, 2016), and evaluations of
demographics at asingle scale risk missing important
scal e-dependent patterns. Therefore, studying population
trends across biologically relevant and hierarchically nested
units can improve the detection of factors driving change,
which can operate at different spatial scales (Sadoul, 1997,
DeSante and others, 2001; Wallace and others, 2010).

The smallest scale of measurement isalek site, which is

a traditional breeding ground (for example, revisited for
purposes of reproduction annually). Changes in lek abundance
may be a function of changes in demographic rates and
movements to and from leks. However, clustering leksinto
hierarchical levels represents populations in which changesin
abundance are more likely driven by changes in demographic
rates and less influenced by migration. Thus, we clustered
sage-grouse leks across the western United States to develop
amulti-scale hierarchical population structure that can guide
appropriate conservation and management actions informed
from population assessments. We devel oped range-wide lek
clusters (based on O’Donnell and others, 2019), which we
used to assess population trends (Objective 3) and develop a
TAWS (Objective 4).

Methods

Data Compilation

For this spatial clustering objective, we only considered
leks with a conservation status of active or pending new
(table 1) to develop the hierarchical population monitoring
framework using the standardized range-wide lek database
(Objective 1). We omitted inactive and historic leks because
their current habitat represented in spatial data may not have
accurately represented previous habitat conditions during past
use by lekking sage-grouse. However, the clusters captured
leks of all conservation status and the cluster polygons
appropriately grouped the inactive and historic leks based on
inspections of the data (O’Donnell and others, 2019).

Least Cost Path Analysis

We devel oped aleast-cost minimum spanning tree
(LC-MST) from selected lek locations to inform the
development of a hierarchical population monitoring
framework. A least-cost path represents a path with the
smallest cost of moving between two areas (Etherington,
2016). We created the LC-MST using a resistance surface
that reflected the cost of sage-grouse movement across
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the landscape and between lekking sites. The resistance
surface included gradients of habitat suitability, where larger
resistance values penalized movements relative to smaller
values (Liu and others, 2018). The resistance surface was
composed of terrain ruggedness, tree canopy cover, water
bodies greater than or equal to 5,120 acres, a digital elevation
model, and sagebrush fractional cover (see table 2 for data
source references). We used elevation as a baseline for all
pixel values and accumulated penalties by assigning larger
values to pixels with greater ruggedness, tree canopy cover,
and water bodies that would restrict movement. The inclusion
of large water bodies (approximated at >5,120 acres) was
intended to capture reservoirs with higher human activity

that may have increased associations with predators such as
ravens and other affiliated disturbances (for example, boat
ramps, campgrounds, and garbage). We then developed
least-cost paths (Etherington, 2016), which represented a
distance-weighted minimum cost of moving through an
n-dimensional cost array (resistance surface). Therefore, the
cost paths were informed from distances between each lek and
all neighboring leks, as well as the cost to travel across the
landscape (resistance surface). The resulting paths defined a
collection of spanning trees (graphs) where we assigned the
cost of travel to each edge of the graph. We then derived the
total LC-MST of all spanning trees using the Prim pruning
algorithm (Prim, 1957). We worked with state members of
the Tech Team to review the LC-MST to ensure it properly
represented the known movement behavior of sage-grouse. We
modified 13 paths from the fully connected LC-MST based on
state-specific comments.

Clustering Algorithm

We used a graph-based clustering algorithm (Spatial
“K”luster Analysis by Tree Edge Removal; SKATER;
AssunCao and others, 2006) in program R (R Development
Core Team, 2017) to cluster leks. The algorithm was informed
from the LC-MST, habitat covariates at multiple scales
surrounding leks, and constraint-based rules. The candidate
habitat characteristics (covariates) included shrubland
fractional cover, topographic indices, and bioclimatic variables
at multiple scales (table 2). The constraint-based rules
accounted for varying movement distances observed from
sage-grouse studies, interstate highways obstructions due to
high traffic volumes (table 3) and incrementing numbers of
leks grouped per cluster level (table 4). The constraint-based
rules informed five tiers of LC-MSTs (table 3), which helped
define a spatially balanced framework. Using the fully
connected LC-MST and constraint-based rules, we developed
graphs for each tier, which were composed of subgraphs.

This required removing edges from the LC-MST that did not
adhere to the constraint-based rules for a specific tier. Each of
the five different tiers of graphs informed clustering rules for
two cluster levels, and each cluster level used an increasing
number of leks.



Table 2. Candidate habitat covariates identified for the Spatial “K"luster Analysis by Tree Edge Removal clustering algorithm to develop a greater sage-grouse (Centrocercus
urophasianus) hierarchical population monitoring framework of lekking locations (historic to 2019). For moving windows, cells denoted as not applicable (NA) were not

u_

developed, and cells marked with an “x” were created using the specified scale.

[Tt
X

[For moving windows, cells denoted as not applicable (NA) were not developed, and cells marked with an were created using the specified scale. Abbreviations: m, meter; —, no data; °C, degrees Celsius]

oL

Source spatial  Moving window dimensions Moving window dimensions
Covariate Ground date  resolution (cells) (radius meters)
(m) Cell 3-cell 10-cell 25-cell 500 1,000 1,500 2,200 3,000 4,700 6,400
Digital elevation model (DEM)1 Current data 10 X NA NA NA NA NA NA NA NA NA NA
Hydrologically corrected DEM?2 Current data 10 X NA NA NA X X X X X X X
Compound topographic index weighted by annual precipitation3  Current data 10 NA X NA NA X X X X X X X
Heat |oad index4 Current data 10 X NA NA NA X X X X X X X
Topographic position index5 Current data 10 NA X X X X X X X X X X
Vector ruggedness index6 Current data 10 NA NA NA NA X X X X X X X
Percent cover bare ground?” 2015, 2016 30 X NA NA NA X X X X X X X
Percent cover big sagebrush? 2015, 2016 30 X NA NA NA X X X X X X X
Percent cover herbaceous? 2015, 2016 30 X NA NA NA X X X X X X X
Percent cover all sagebrush? 2015, 2016 30 X NA NA NA X X X X X X X
Percent cover sagebrush height? 2015, 2016 30 X NA NA NA X X X X X X X
Percent cover all shrub? 2015, 2016 30 X NA NA NA X X X X X X X
Percent cover shrub height? 2015, 2016 30 X NA NA NA X X X X X X X
Percent non-big (other) sagebrush8 2015, 2016 30 X NA NA NA X X X X X X X
Percent non-sagebrush shrub8 2015, 2016 30 X NA NA NA X X X X X X X
Percent perennial grass8 — 30 X NA NA NA X X X X X X X
Biol: The annual mean temperature (°C)° 1981-2010 800 NA NA NA NA NA X X X X X X
Bio8: Mean temperature (°C) of wettest season? 1981-2010 800 NA NA NA NA NA X X X X X X
Bio10: Mean temperature (°C) of warmest quarter® 1981-2010 800 NA NA NA NA NA X X X X X X
Biol2: Annual precipitation totals 1981-2010 800 NA NA NA NA NA X X X X X X
Biol5: Precipitation seasonality® 1981-2010 800 NA NA NA NA NA X X X X X X

spomauwel Burioyuopy [earyoseialy asnoin-abeg 1a)ealn apim-abuey

1Digital elevation model (DEM; U.S. Geological Survey, 2018).

2Hydrologically corrected DEM derived using methods and software defined by Soille (2004; v. 1.5.1).

3Compound topographic index (Gessler and others, 1995) weighted with 30-year climate normal (PRISM Climate Group Oregon State University, 2015).
4Heat load index (McCune and Keon, 2002) equation 3 for mid-latitudes.

5Topographic position index (Weiss, 2001).

6Vector ruggedness measure defined by Sappington and others (2007).

7Shrubland (Rigge and others, 2020).

8Derived from shrubland data products.

9Bioclimatic variables based on methods from O’Donnell and Ignizio (2012) and 30-year climate normal (PRISM Climate Group Oregon State University, 2015).
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Table 3. Constraint-based rules used to inform clustering of greater sage-grouse (Centrocercus urophasianus) lek locations based

on distance rules and landscape features (resistance rule). The landscape features included annual average daily traffic (AADT). We
defined multiple rules based on sage-grouse movement distances and features on the landscape that attenuate movements to inform

least-cost minimum spanning trees.

[ID, identification; >, greater than or equal to; km, kilometer; >, greater than; NW, northwest; CO, Colorado; ID, Idaho, MT, Montana; ND, North Dakota;
SD, South Dakota; ~, approximately; <, less than; kV, kilovolt; +, plus]

1"

1D Rule Description and supporting information drog;::te(:ifges
Distance rule
>15 km Inter-lek movement (dispersal) of 15 km (Cross and others, 2017; O’Donnell and others, 2019). 325
>30 km Seasonal movements in MT >20 km (Tack and others, 2012) and NW CO (Dunn and Braun, 1986). 44
>50 km Breeding dispersals in ID, MT, ND, SD and Alberta ~50 km (Cross and others, 2017). Individual 12
movements of 50 km to winter habitat in <2 days (Carpenter and others, 2010).
4 >80 km Seasonal movements in ID ~60-80 km (Connelly and others, 1988). Movements in ID ~80 km and 5
up to 125 km (Leonard and others, 2000). Movements of 80 km to 160 km between summer and
winter (Patterson, 1952).
Resistance rule
5 Edge intersection >4,000-7,000 AADT: these transportation routes frequently co-exist with 220 kV transmission 50
lines (>220 kV), agriculture, and other disturbance types.
6 Edge intersection >7,000 AADT: Most of these routes are >10,000 AADT and likely have had significant traffic for a 27
longer period than >4,000-7,000 AADT.
Synopsis
Tier 1 (level 1,2) Incorporatesrules1, 5, and 6. 331
Tier 2 (level 3,4) Incorporatesrules 2, 5, and 6. 64
Tier 3 (level 5,6) Incorporates rules 3 and 6. 35
Tier 4 (level 7, 8) Incorporatesrules 4. 10
Tier 5 (level 9+)  Incorporates no rules (fully connected graph). 3
Total edge count 5,831 (5,828)1

1Remaining edges after isolating Washington, Bi-state (California—Nevada), and Jackson Hole due to genetic isolation.

Table 4. Constraint-based rules used to inform range-wide
clustering of greater sage-grouse (Centrocercus urophasianus)
lek locations based on a range of leks to group per cluster level.

Cluster levels Range of leks

1 10-20
20-30
30-45
45-65
65-90
90-120
120155
155-205
205-245
245-305
305-445
445-705

705-1,245

o 00 N O Ok W N

Pl =
ok BB

The SKATER algorithm used a LC-MST graph, with
acost to travel assigned to each edge, leks with associated
habitat covariates, and constraints on number of leks to
group. These three factors used in the algorithm maximized
similarities of leks within each group and maximized
dissimilarities among groupings of leks. We aggregated
leks using an agglomerative clustering approach (smallest
populations to largest populations) until we reached eight
groupings of populations across the range, which we believed
accurately captured the large-scal e population structure. We
intentionally isolated three of the eight populations (Bi-state
region in Nevada/California, the state of Washington, and
Jackson Hole in Wyoming) because of known genetic
isolation (Oyler-McCance and others, 2005; Schulwitz and
others, 2014). We reviewed al clustering results with state
wildlife representatives of the Tech Team. Further details for
developing the sage-grouse hierarchical population monitoring
framework, and associated software, are described in
O’Donnell and others (unpub. data, 2020).
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Selecting Cluster Levels to Support
Population Modeling

We evaluated each cluster level using data collected from
radio-marked sage-grouse to determine the smallest clusters
that we could use for assessing “fine scale” population trends
(NC level; Objective 3) and a TAWS (Objective 4). The
selection of a NC reflected the smallest cluster level that could
represent a closed population unit that minimizes immigration
and emigration. Movements of sage-grouse between leks vary
geographically and by age (Wann and others, 2019), and we
accounted for these movements by incorporating distance
thresholds (15-km inter-lek movement distance) applied to
cluster level 2 (see the “Methods” section in O’ Donnell and
others, 2019). Identification of small clusters (polygons)
also was important for supporting land-management actions
that could occur at reasonable geographic extents with fewer
leks. We included data from independent research studies
(see the “Acknowledgments” section for data providers)
across sage-grouse range that used both very high frequency
(VHF) and global positioning systems (GPS) devices to
maximize the sample size (fig. 3). The GPS and VHF data
included both males and females and varying ages (juvenile
[hatch year], yearling [second year], and adult [greater than
second year]). The temporal frequency for GPS collections
varied among and within studies, but when provided or
known, they ranged between 1 and 3 hours. We assessed all
locations based on a biological year beginning at breeding
season (March 1). For evaluating clusters with VHF and GPS
data, we defined a home cluster for each bird and biological
year (for example, Bird A locations from March 1, 2012 to
March 1, 2013) as the cluster (polygon) that contained the
maximum number of locations (VHF) or maximum amount
of time (GPS). To evaluate locations identified with VHF
telemetry, we calculated the proportion of locations of each
bird falling outside its home cluster, which we assessed across
all biological years and for each cluster level. For evaluating
clusters with GPS data, we used the dynamic Brownian
bridge movement model (dIBBMM; Kranstauber and others,
2012) in program R (R Development Core Team, 2018)
with library move (function move and brownian.bridge.dyn;
Kranstauber and others, 2012). The dBBMM defined the home
range (utilization distribution [UD]) by accounting for the
temporal information of the GPS data and allowing the bridge
to expand and contract based on the length of time between
successive locations and the Brownian motion variance. Like
the VHF evaluation, we assessed GPS dBBMM UD across all
biological years and for each cluster level to assess the amount
of time birds spent outside their home cluster.

Our objective in selecting which level of cluster should
represent a CC (broad scale) was to maximize the magnitude
of the relationship between the population rates of change at
the lek level and a climate variable (for example, precipitation)

measured at alarger spatial extent. To accomplish this goal,
we first needed to select a climate variable that had been
linked to population performance across the range. Based on
aliterature review, we decided that cumulative precipitation
during the late brood-rearing period (Blomberg and others,
2014; Gibson and others, 2017; Peebles and others, 2017)
would provide strong predictability of population rates of
change at the lek level, when summarized at larger spatial
extents. In some portions of sage-grouse range, precipitation
has demonstrated a negative effect with chick survival,
which could be due, in part, to exposure during the early
stages of brood-rearing when independent mechanisms

for thermoregulation may not have been fully developed
(Guttery and others, 2013). For that reason, we chose a
precipitation variable (monthly precipitation values; PRISM
Climate Group, 2020) that extended beyond the early stages
of brood-rearing (June—August) when the cumulative effects
of chick exposure were less of a concern. Precipitation also
has been shown to have a strong relationship with rangeland
productivity (Campbell and others, 1997; Izaurralde and
others, 2011), which during late growing seasons can explain
the predominantly positive relationship with brood response,
given the high degree of herbivory during latter stages of chick
development (Blomberg and others, 2013).

To estimate population growth at the lek level, we used
the same dataset that was developed for Objective 4. We
estimated intrinsic rates of population change from those data
using a state-space model (SSM). We fit correlated random
slopes and intercepts (Kéry and Schaub, 2012) to the mean
hyperparameter within the state process equation of the
SSM. The random slope coefficients related the change in
abundance from year t to year t+1 using the log transformed
cumulative precipitation recorded between June and August
of year t. The number of groups estimated for each random
slope and intercept were defined by the cluster level modeled
(cluster levels 3—13, with level 2 defining the NC), with
the greatest number of groups estimated for cluster level
three, and the fewest number for cluster level 13. A total of
11 models were specified, 1 per cluster level (cluster level
3—13). The log-transformed cumulative precipitation (June—
August) value was calculated by cluster level group and year.
For example, cluster level 13 had 174 precipitation values
calculated based on 6 groups and 29 years. The magnitude
of the relationship between population rates of change at the
lek level and precipitation at the cluster level were evaluated
using the median estimate of the mean hyperparameter of
the random slope effect. We removed cluster levels from
consideration when the 95 percent credible interval (CRI) of
the mean hyperparameter overlapped 0. We otherwise did not
consider the precision of that estimate when selecting the most
appropriate level as CC, largely because we assumed that the
response varied more substantially as the number of leks in
groupings increased.
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Figure 3. Study locations where greater sage-grouse (Centrocercus urophasianus) research projects (see the “Acknowledgments”
section for contributions) were conducted from which we acquired very high frequency (VHF) and global positioning systems (GPS)
data. We used the data to evaluate the hierarchical population monitoring framewaork with respect to selecting an appropriate
neighborhood cluster (fine scale). Map image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri
and its licensors. All rights reserved.
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Results

We produced 13 hierarchically nested cluster levels, each
level containing groupings, or populations, of sage-grouse
leks. The finest scale level (level 1) represented a conditioning
period for the clustering process and was not intended for use
in population assessments. With our neighborhood evaluation
of the cluster levels, we used 1,551 (GPS) and 1,270 (VHF)
unique birds, with collections spanning between 2006 and
2020, and we analyzed 1,685,443 (GPS) and 31,731 (VHF)
observations. Using dBBMMs from the GPS data, we found
that sage-grouse spent greater than 92 percent of their time
within their home cluster for cluster levels 2 through 13.
Similarly, we found greater than 95 percent of sage-grouse
occurrence was within clusters 2 through 13 using VHF
locations (fig. 4).

Concerning the CC evaluation, the median value of the
mean hyperparameter for the random slope effect was positive
for al cluster levels (fig. 5). The magnitude of the relationship
between population growth and precipitation had a general and
moderate upward trend from cluster levels 3-9, at which point
that trend reversed with the magnitude of the relationship
decreasing from cluster levels 9—11. Cluster level 13 had the
highest median value (0.652; 95-percent CRI=0.215-1.050)
for the mean hyperparameter.

Figures 6 and 7 reflected cluster levels 2 (NC) and 13
(CC), respectively, which we selected for the devel opment
of population trend assessments (Objective 3) and a TAWS

(Objective 4). Cluster boundaries were defined based on
midpoint distances between peripheral leks between adjacent
clusters by developing Thiessen polygons. Clustering
algorithms resulted in 11, 4, 2, 169, 241, and 56 NCs within A,
B, C, D, E, and F climate cluster, respectively, while the mean
(and standard deviation) number of leks per NC by CC was
9(11.4),35.5(26.7), 8.5 (6.5), 20.6 (19.3), 18.5 (17.9), and
28.8 (16.8), respectively. Climate clusters A-C reflect genetic
clusters but also identify with distinct characteristics. Jackson
Hole, Wyoming, area (CC-C) and Bi-State area (CC-A) are
both at higher elevations. Climate cluster C included leks

at higher elevations isolated by distance and surrounded

by significantly dense forests. Washington area (CC-B) is
isolated by distance (greater than 200 km) and lacked intact
corridors of connected habitats with Oregon. The populations
occurred on the leeward side of the northern Cascades above
the Columbia River and have substantial anthropogenic and
natural barriers further isolating it from Oregon populations.
Southwestern Wyoming, which we refer to as the western
Wyoming area (CC-F), represented a high-elevation plateau
relative to eastern Wyoming, which was located within the
eastern area (CC-D). Climate cluster D captured the transition
into grasslands and reflected the west-to-east zones of
precipitation (PRISM Climate Group Oregon State University,
2015). Figures 8-15 provide labels of NCs by each CC that
correspond with tables of trends, watches, and warnings
described in Objectives 3 and 4.
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Figure 4. Results from evaluating greater sage-grouse 2 4 35 86 T 8 % W0 N 12N
Centrocercus urophasianus) hierarchical population monitorin
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framework across different nested population clusters
(levels 1-13) using very high frequency (VHF) and global
positioning systems (GPS) data from multiple research studies Figure 5. Results from evaluating greater sage-grouse
across the sage-grouse range (see the “Acknowledgments” (Centrocercus urophasianus) relationship (slope coefficient)
section for contributions). Our assessment of sage-grouse between precipitation during late brood-rearing period (June—
movements applied to individual birds by biological year August of year 1) and population rate of change (year tto year t+1)
(March 1-May 31). We evaluated VHF data by calculating the across different nested population clusters (levels 3—13) within a

proportion of a bird’s locations falling outside its home cluster for  hijerarchical monitoring framework. Positive values revealed that
each cluster level and biological year. We evaluated GPS data by increased precipitation leads to population growth and greater
using the dynamic Brownian bridge movement model to calculate  values reflect stronger evidence. Cluster level 13 (largest spatial
a bird’s utilization distribution (UD), which is used to calculate the  scale) revealed the strongest evidence and credible intervals did
proportion of time a bird occurred outside its home cluster. not overlap zero.
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Figure 6. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood
clusters (level 2) in the western United States. Map image is the intellectual property of Esri and is used herein under license.

Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 9. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood clusters
within climate cluster B (Washington area). Three-digit numbers located inside neighborhood cluster boundaries serve as neighborhood

cluster identifications. Map image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its

licensors. All rights reserved.
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Figure 15. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood clusters

within climate cluster F (western Wyoming area). Three-digit numbers located inside or adjacent to neighborhood cluster boundaries

serve as neighborhood cluster identifications. Map image is the intellectual property of Esri and is used herein under license. Copyright

© 2020 Esri and its licensors. All rights reserved.
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Objective 3. Spatiotemporal
Patterns of Sage-Grouse
Population Abundance Trends

Background

A major challenge in estimating long-term trends in
population abundance is accounting for environmental
stochasticity that often manifests as patterns of oscillation in
abundance ( N ; Morris and Doak, 2002), which is typically
caused by abiotic (for example, climatic conditions that
influence resource availability; Ranta and others, 1995;
Lindstrdm and others, 1996) and biotic effects (for example,
predator-prey relationships; Archibald, 2014; Blasius and
others, 2020). Sage-grouse populations exhibit inter-annual
variation in abundance that reflect periods of oscillation (Rich,
1985; Fedy and Aldridge, 2011; Garton and others, 2015; Row
and Fedy, 2017) and in some regions can be highly influenced
by climatic variation at broader spatial scales. For example,
such fluctuations have been linked to climatic conditions such
as consecutive years of drought in the Great Basin (Blomberg
and others, 2012; Coates and others, 2016, 2018). This leads
to upward, downward, or neutral oscillating or cyclic trends
(hereafter, for consistency, oscillations) with high and low
abundances occurring at varying intervals of 612 years
(Fedy and Aldridge, 2011; Row and Fedy, 2017). Because
sage-grouse occupy large geographic extents and experience
a high degree of spatial heterogeneity in biotic and abiotic
effects across their range (Doherty and others, 2016), itis
reasonable to hypothesize that sage-grouse exhibit regional
variability in functional responses to broad scale climatic
effects. A population modeling framework that accounts
for effects of environmental stochasticity on sage-grouse
population abundance could provide managers with more
robust trend estimates across different temporal scales.

Given inter-annual variation in sage-grouse population
abundance that reflect patterns of oscillation through time,
conclusions drawn from modeling approaches of trend can
be highly sensitive to start and stop dates that define the
temporal scale of inference (fig. 16). For example, failure
to account for inter-annual variation can yield significant
under- or overestimation of population trajectories using
multi-year data (Mathews and others, 2018; Coates and others,

2019a). Inferences based on temporal scales defined by nadirs
(troughs) as start and stop points across multiple oscillations,
will be less prone to misleading results than those that span
nadir to apex or apex to nadir. Estimates of average annual
rate of change ( 4 ) in abundance across multiple years also
could vary depending on the number of complete oscillations,
as well as oscillation period (length of time between nadirs)
and amplitude (displacement of nadirs and apexes from

the mean; Row and Fedy, 2017). Additionally, populations
consistency in annual changes in abundance through time
would not require nadir-to-nadir inference approaches because
trend estimates are therefore not sensitive to start-stop years.
Thus, we restrict inferences to complete oscillations, similar
to the “Methods” section in Coates and others (2019a), and
we examine population trends using multiple time periods,
each containing a different number of complete oscillations
during the past 60 years. We used population abundance
nadirs, versus apexes, to define start-stop temporal scales

of inference because (1) variability in nadirs was lower
compared to apexes and thus likely to better represent realized
trends and (2) populations are most at risk of local- or broad-
scale extirpation when abundance reaches a minimum and
vulnerabilities to stochastic factors increase (Morris and Doak,
2002; Melbourne and Hastings, 2008); therefore, using nadirs
in trend modeling is more conservative than using apexes and
provides better insight into population vulnerabilities.
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Figure 16. Diagram depicting six complete oscillations from
nadir (trough) to nadir for a population that increases and
decreases in abundance (/) over time.
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A second substantial challenge facing trend estimation
is limitations in time series data associated with individual
leks. Although multiple studies have reported population trend
estimates at regional and range-wide spatial scales (Garton and
others, 2011, 2015; Western Association of Fish and Wildlife
Agencies, 2015), shortcomings associated with the exclusion
of leks with missing data from irregular count histories can
limit inferences. Sampling biases based on increasing efforts
in counting leks through time also can mislead apparent
trends. Modeling approaches that allow information sharing
across aggregations of spatially structured (and thus similar)
leks allow finer resolution estimates and avoid potential biases
from analyses with arestricted sample of leks. Thus, our goal
was to estimate relative abundance where data were missing
in a probabilistic manner (that is, impute) using a Markovian
process while taking advantage of spatiotemporal relationships
by fitting nested random effect structures that better account
for variable sampling effort over time, as well as accounting
for uncertainty in our lek counts by assuming an underlying
observation error. Pairing a range-wide database of lek counts
(Objective 1) with a nested population structure (Objective 2)
and employing hierarchical state-space models provides a
novel framework to estimate population trends at different
spatiotemporal scales, and thereby readily and consistently
produce empirical population assessments for state and federal
resource agencies.

Methods

Defining Spatial and Temporal Scales

We grouped sage-grouse ek locations into distinct
clusters across hierarchical spatial scales based on similar
landscape and climatic factors known to influence spatial
connectivity among sage-grouse populations, as described
in Objective 2. The resulting spatially nested scales
provided a way to partition local, neighborhood, and broad
scale population trends. Specifically, the different scales
were derived from (1) the single lek, (2) a neighborhood
of leks clustered together where sage-grouse movements
to surrounding clusters were negligible (NCs, fig. 6), and
(3) more regional groups of 2-241 neighborhood clusters
that shared similar climatic and vegetation conditions (CCs,
fig. 7). The NCs represented population dynamics that are
likely governed mostly by births and deaths within a closed
biological unit (in other words, local drivers of population
change). Thus, NCs were thought of as a network of leks that
function as a meta-population, whereas higher-order broad
scale clusters are likely to more closely represent dynamics
governed by similar climatic and habitat conditions (in other
words, regional drivers of population change).

State-Space Model Formulation

We took advantage of recent advances in ecological
models (Kéry and Schaub, 2012) to account for differences
in population dynamics across spatial and temporal scales.

We developed a Bayesian state-space model (SSM) that relies
on Markov chain Monte Carlo (MCMC) sampling using a
database of maximum lek counts developed in Objective

1 to estimate the intrinsic rate of population change (f ;

Kéry and Schaub, 2012; Green and others, 2017; Monroe
and others, 2017). State-space models use a hierarchical
structure to separate process variance (that is, environmental
flux) from observation error by partitioning each variance
component (Kéry and Schaub, 2012). In SSMs, the true
abundance state (N) is represented by a first-order Markov
process and observed through maximum lek counts. Although
these lek count data did not permit direct estimation of
detection probability, SSMs can yield an unbiased I when
detection error is constant or random over time (Monroe and
others, 2019).

We fit a SSM to maximum lek count data to estimate
trends at leks and across different geographic cluster
boundaries (described in Objective 2) using a nested
hierarchical modeling framework. This spatially explicit
framework allowed a single model to be fit for the entire
range-wide dataset with specified nested random effect
structures. This spatially nested approach allowed us to derive
posterior probability distributions (PD) of [ for each lek, as
well as higher-order spatial extents (in other words, NC and
CC scales), during each year of the time series. Specifically,
leks were nested within NCs and NCs were nested within
CCs. The nested hierarchical model structure permitted the
sharing of information among lower levels within higher-order
delineations to inform estimation of trends in years with
missing count data, facilitating analysis of numerous leks with
sporadic count histories. Due to the hierarchical structure of
the model and its inherent information sharing properties, we
make an important assumption about how to deal with historic
and inactive leks, which were those that were confirmed
absent and did not receive visits/counts in subsequent years.
For leks that exhibited such count histories, we adopted
similar assumptions as those made by state agencies regarding
their classification of historic and inactive. Specifically, leks
with observations of zero for greater than or equal to 2 years
and listed as inactive or historic (for instance, missing values
for remainder of time series) received zero values for the
remainder of the count history. Populating that specific type
of missing value with zero values was a numerical extension
of the assumption made by state agencies to cease sampling
at those leks. This allowed for the inclusion of leks that
were extirpated, such that monitoring had concluded, and
helped reduce sampling bias in estimating . The full model
specification is reported in appendix 3. Rules that were applied
to the full database to meet criteria for samples to be used
in the SSM model were described in Objective 1 and final
samples sizes are reported in appendix 2.
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We used annual median abundance estimates ( N
) from the SSM to visually identify abundance nadirs along
the time series aggregated at the range-wide and CC spatial
scales. These nadirs were then used to define the different
temporal scalesfor population trend inference. We did not
define nadirs at the NC scale for two reasons: (1) CCs more
accurately represent nadirs from oscillations governed by
precipitation (see Objective 2) and (2) NCs did not always
possess enough samples (for example, NCs with fewer than
two leks). However, where data were robust at the NC scale,
inspection of trends aligned well with those at the CC scale.
Furthermore, evidence of associations between precipitation
and changes in population abundance was compelling at
the NC scale (see Objective 2). Thus, we conclude that NCs
typically track CCs in their trends because factors driving
oscillations in abundance operate at broad spatial scales.
We did not define nadirs at other boundaries, such as states,
because they were not biologically based. We averaged
posteriors of F across each temporal scale (nadir year to
2019) and transformed those values to finite rate of change
A =exp(f). It is important to note that we assumed 2019
represented a population nadir. However, it is possible that
relative abundance decreases further in subsequent years.
The two possible scenarios are (1) N decreases further
during the current oscillation period and trend estimates
also decrease or (2) N increases, ending the current period,
and our assumption of 2019 representing a nadir will be
validated. We report the annual median 4, (trend) for each
temporal scale (one to six complete oscillations) by NC and
CC. We calculated the percent increase or decrease from each
abundance nadir back in time to 2019. Thus, this modeling
framework and method for inference provided empirical
evaluation of increasing, neutral, or decreasing trends across
different temporal scales for populations that experience inter-
annual variation in abundance (fig. 17). We also estimated the
mean number of years between each population abundance
nadir with 95-percent confidence intervals. For illustrative

rcmisiag

J{\if \J'“\
VY. AN
V/V N\

| Funane

Ay g {i]

Time

Figure 17. Diagram depicting population trends of increasing,
neutral, and decreasing trend scenarios across six complete
oscillations. Right side of dashed vertical line represents
predictions across three additional oscillations with extinction
identified on the declining scenario.

purposes, we plotted abundance index through time, where
the index reflected abundance relativized to the averaged
abundance across the entire data set. R

Expanding on Objective 3, we projected N for each lek
and NC across three temporal scales that reflected two- (short),
four- (medium), and six-periods (long) of oscillation by using
the same model and dataset. We used the mean oscillation
period (9.4 years) based on estimated N from SSM resullts.
We then calculated the proportion of the posterior probability
distribution of N that was less than two males (minimum
number to represent a lek) for the last prediction year of each
temporal scale. Although this value is not true extirpation
(zero or one bird), we refer to it as extirpation to align with
state definitions of lek inactivity. Thus, this proportion of the
distribution represented the probability of extirpation for each
lek and NC at a nadir, approximately at short, medium, and
long temporal scales into the future. Extirpation of leks within
an NC was thought to reflect a loss of a meta-population as a
result of reduced demographic rates.

Model Diagnostics and Tests of Predictiveness

We fit the SSM model in Just Another Gibbs sampler
(JAGS) version 4.3 (Plummer, 2017) and R version 3.4.0
(R Core Team, 2017). For the MCMC settings, we specified
3 chains of 120,000 iterations each and discarded the first
100,000 iterations from each chain. Parameter inference
was based on a subsample of the Markov chains, whereby
every twentieth sample was kept and the rest were discarded.
We inspected traceplots to assess chain mixing and model
convergence, as well as calculated the potential scale reduction
factor (PSRF) to assess the degree of convergence between
and within chains (Gelman and others, 2004). We used the
process variance hyperparameters of the random effects for
assessing chain convergence and we did not observe a PSRF
greater than 1.2 among those parameters.

Because we were interested in future uses of predictions
under the fitted model, we calculated a Bayesian (or
posterior predictive) p vaue (Gelman and others, 2004) from
predictions and observations, where p=0.5 represents good
model fit. We took additional steps to directly assess predictive
ability of our model given the oscillations in sage-grouse
abundance through time. First, we developed a training dataset
that excluded all lek data from 2019 to a population nadir
that extended over the past three periods of oscillation (for
instance, covering period 1, 2, and 3). We then generated a PD
of annual average [ for years of missing data by averaging
across the three periods and compared it to a PD of average
annual I from the same model run on the full (that is,
validation) dataset over the same period. Lastly, we developed
a predictive probability p value in asimilar fashion to methods
that compare predictions to observed data by calculating
discrepancy between the [ values generated from models fit
to training and validation datasets using Pearson’s chi-sgquared
diagnostic (Gelman and others, 2004). These discrepancy
measures were restricted to the years associated with the most
recent three oscillations (that is, validation years).
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Results

Range-wide Population Trends

Overall, our model fit the observed data well (Bayesian
p value=0.51). Median N estimates from the SSM revealed
six distinct range-wide population nadirs across the 60 years
of data, which were: 1966, 1975, 1986, 1996, 2002, and 2013.
The range-wide, across-years, mean male count was 18.4 per
lek (SD=24.2) based on data restricted to trend analyses. The
number of years for complete oscillation periods (nadir to
nadir) was relatively consistent across periods (average=9.4;
95-percent confidence interval =6.3—11.0). Nadirs also were
relatively consistent across each CC (table 5). Model estimates
revealed evidence of range-wide decline, on average, from
every historic abundance nadir to 2019 (fig. 18A; table 6).
For example, the average annual A for short (17 years,
two oscillations), medium (33 years, four oscillations), and
long (53 years, six oscillations) temporal scales were 0.973
(median; 95-percent CRI=0.971-0.975), 0.969 (median;
95-percent CRI=0.963-0.973), and 0.969 (median; 95-percent
CRI=0.967-0.974), respectively. These trends imply declines
of 37.0, 65.2, and 80.7 percent, relative to initial population
sizes, over the associated time periods of 17, 33, and 53 years,
respectively. The only spatiotemporal combination at the CC

Table 5. Identified years of population abundance nadirs
(troughs) used to define temporal scales (recent to long-term)
of population trend estimates across different climate clusters
(A-F) and range-wide for greater sage-grouse (Centrocercus
urophasianus) in the western United States. Range-wide
estimated abundance nadirs were 1966, 1975, 1986, 1996, 2002,
and 2013 that reflect Long, Medium/Long, Medium, Short/
Medium, Short, and Recent, respectively, temporal scales for
inferencing trends.

[CC, climate cluster; A, Bi-state area; B, Washington area; C, Jackson Hole,
Wyoming area; D, eastern area; E, Great Basin area; F, Wyoming]

cC Long Mtg:;m/ Medium n:::i:/m Short Recent
A 1969 1977 1983 1995 2002 2008
B 1964 1976 1987 1996 2001 2008
C 1963 1973 1984 1999 2003 2011
D 1966 1977 1986 1997 2004 2014
E 1967 1975 1985 1996 2002 2013
F 1966 1973 1987 1996 2002 2013
Range 1966 1975 1986 1996 2002 2013

scale that estimated a positive rate of change (median A >1)
was CC-F (western Wyoming area) during recent (6 years,
one oscillation) and short/medium temporal scales. Climate
cluster F demonstrated higher averaged annual growth in
abundance, compared to all other CCs, during every temporal
scale except the medium and medium/long (fig. 19; table 6).
We estimated median J to be less than 1.0 for 81.3, 88.4, and
94.3 percent of NCs across short, medium, and long temporal
scales, respectively (fig. 20; table 7), throughout the sage-
grouse range. We report CC scale trends in the next paragraph,
whereas trends estimated using state boundaries can be

found in appendix 4. However, trends estimated within state
boundaries are less grounded in biological rationale.

Cluster Level Population Trends

Climate cluster A (CC-A; Bi-State area) consisted of
11 NCs that encompassed 726,907 hectares (ha; table 7).
Two NCs did not have sufficient lek data to estimate
trends. Climate cluster A consisted of 84 leks, representing
approximately 1.0 percent of the range-wide database. After
quality assurance and quality control (QA/QC), 55 leks met
criteriafor usein the SSM (table 7), totaling 1,510 field
observations. Mean male count was 21.3 (95-percent
confidence interval=19.9-22.8).

For CC-A, we estimated six population abundance nadirs
that dated back to 1960 and included nadirs of 1969, 1977,
1983, 1995, 2002, and 2008 (table 5; fig. 21A). We estimated
A at the short (2002-2019, two periods of oscillation over
17 years), medium (19832019, four periods over 36 years),
and long temporal scales (1969-2019, six periods over
50 years) as 0.973 (median, 95-percent CRI=0.964-0.981),
0.990 (median, 95-percent CRI=0.974—1.000), and 0.978
(median, 95-percent CRI=0.965-0.988), respectively (fig. 21B;
table 6). Over the past 17, 36, and 50 years, sage-grouse
populations have declined 36.9, 29.6, and 67.0 percent,
respectively. We estimated median 4 to be less than 1.0
for all NCs across short, medium, and long temporal scales,
respectively (fig. 22). We reported spatiotemporal variation
inaverage annua ) across different NCs (fig. 22) and
leks (fig. 23).

Climate cluster B (CC-B; Washington area) consisted
of four NCs that encompassed 726,907-ha (table 7). One NC
did not have sufficient lek data to estimate trends. Climate
cluster B consisted of 108 leks, representing approximately
1.3 percent of the lek database. After QA/QC, 70 leks met
criteriafor use in the state-space trend model (table 7),
totaling 1,141 field observations. Mean male count was 14.0
(95-percent confidence interval=13.2—-14.9).
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Figure 18. A, Abundance index (calculated as N divided by 60-year mean of N ); B, intrinsic rate of population change ( ' ) of
greater sage-grouse (Centrocercus urophasianus) across their range from lek observations used to model population trends during
1960-2019; C, Median estimate of abundance trend (colored lines) across temporal scales: Recent (one period), Short/Medium (three
periods), and Medium/Long (five periods); and D, Short (two periods), Medium (four periods), and Long (six periods), right to left. Black
trend line represents median estimates and yellow lines represent median values for climate clusters (A and B). Horizontal thin black
line represents (A) rescaled long-term mean and (B) neutral population growth. Colored areas represent 95-percent credible limits of
trend estimates. Grey shaded areas represent 95-percent credible limits on abundance index (Cand D) and T (B).



Table 6. Greater sage-grouse (Centrocercus urophasianus) average annual rate of population change (i ) across six different temporal
scales which corresponded to differing periods of oscillation (Recent [one period], Short [two periods], Short/Medium [three periods], Medium
[four periods], Medium/Long [five periods], Long [six periods]) for each climate cluster within the western United States (see table 5).

[CC, climate cluster; A, Bi-state area; B, Washington area; C, Jackson Hole, Wyoming area; D, eastern area; E, Great Basin area; F, Wyoming]

ce Temporal scales! Number Average

Long Medium/Long Medium Short/Medium Short Recent ofleks2  count/lek3

A 0.978 0.978 0.990 0.995 0.973 0.981 84 21.3
(0.965-0.988)  (0.962-0.986)  (0.974-1.000)  (0.979-1.005)  (0.964-0.981)  (0.969-0.993)  (55)  (19.9-22.8)

B 0.956 0.949 0.946 0.956 0.966 0.957 108 14.0
(0.944-0973)  (0.928-0.968)  (0.907-0.966)  (0.909-0.981)  (0.936-0.998)  (0.932-1.000)  (70)  (13.2-14.9)

C 0.966 0.963 0.972 0.970 0.962 0.935 17 14.1
(0.951-0.982)  (0.941-0.980)  (0.942-0.997)  (0.948-0.989)  (0.942-0.981)  (0.905-0.966)  (14)  (12.3-15.9)

D 0.963 0.956 0.967 0.983 0.963 0.980 2,944 16.7
(0.960-0.968) (0.946-0.960) (0.960-0.972) (0.975-0.989) (0.959-0.967) (0.972-0.989) (1,831) (16.5-16.9)

E 0.971 0.973 0.974 0.986 0.968 0.949 4,015 17.3
(0.967-0.976)  (0.967-0.978)  (0.963-0.979)  (0.981-0.990)  (0.964-0.971)  (0.944-0.955)  (2,187)  (17.1-17.5)

F 0.980 0.976 0.976 1.003 0.991 1.016 1,253 23.7
(0.975-0.987) (0.969-0.984) (0.966-0.980) (0.997-1.008) (0.988-0.995) (1.011-1.023) (974) (23.3-24.2)

Range 0.969 0.965 0.969 0.989 0.973 0.977 8,421 18.4
(0.967-0.974)  (0.960-0.970)  (0.963-0.973)  (0.983-0.992)  (0.971-0.975)  (0.973-0.981)  (5131)  (18.3-18.6)

1Lengths of temporal scales were defined by population abundance nadirs that varied for each climate cluster (see table 5). Estimates for each period represent median

2. with 95-percent credible intervals in parentheses.

2Number of leks in database and number that were used analysis in parentheses.

3Average number of males counted on leks used in analysis and 95-percent confidence intervals in parentheses.
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Figure 19. Range-wide spatial estimates of average annual rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);

C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within climate clusters
(A—F). Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors. All

rights reserved.

Table 7. Greater sage-grouse (Centrocercus urophasianus) average annual rate of increase ( i ) in abundance at neighborhood
clusters across six different temporal scales that were based on complete periods of oscillation (Recent [one period], Short [two
periods], Short/Medium [three periods], Medium [four periods], Medium/Long [five periods], and Long [six periods]) of population

abundance within the western United States. (Available for download from https://doi.org/10.3133/0fr20201154).
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Figure 20. Range-wide spatial estimates of average annual rate of change ( 4 ) in abundance of greater sage-grouse (Centrocercus
urophasianus) across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);

C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within neighborhood
clusters. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors.
All rights reserved.
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Figure 21. A, Abundance index (calculated as N divided by 60-year mean of N ); B, intrinsic rate of population change ( ' ) of
greater sage-grouse (Centrocercus urophasianus) within climate cluster A (CC-A; Bi-State area) from lek observations used to model
population trends during 1960-2019; C, Median estimate of abundance trend (colored lines) across temporal scales based on periods
of oscillation: Recent (one period), Short/Medium (three periods), and Medium/Long (five periods); and D, Short (two periods), Medium
(four periods), and Long (six periods), right to left. Yellow line represents median estimates and blue thin lines represent median values
for neighborhood clusters (A and B). Horizontal thin black line represents (A) rescaled long-term mean and (B) neutral population
growth. Colored areas represent 95-percent credible limits of trend estimates. Grey shaded areas represent 95-percent credible limits

on abundance index (Cand D) and T (B).
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Figure 22. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at neighborhood clusters across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/
Long (five periods); C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within
climate cluster A (CC-A, Bi-State area). Map images are the intellectual property of Esri and are used herein under license. Copyright
© 2020 Esri and its licensors. All rights reserved.
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Figure 23. Spatial estimates of average annual population rate of change ( )': ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at leks across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);
C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within climate cluster A
(CC-A, Bi-State area). Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its

licensors. All rights reserved.

For CC-B, we estimated six population abundance nadirs
that dated back to 1960 and included 1964, 1976, 1987, 1996,
2001, and 2008 (table 5; fig. 24A). We estimated A at the
short (2001-2019, two periods of oscillation over 18 years),
medium (19872019, four periods over 32 years), and
long-temporal scales (1964-2019, six periods over 55 years)
as 0.966 (95-percent CRI=0.936-0.998), 0.946 (95-percent
CRI=0.907-0.966), and 0.956 (95-percent CR1=0.944-0.973),
respectively (fig. 24B; table 6). Over the past 18, 32, and
55 years, sage-grouse populations have declined 46.4, 83.1,
91.4 percent, respectively. We estimated median } to be less
than 1.0 for all NCs across short, medium, and long temporal
scales, respectively (fig. 25). We reported spatial and temporal
variation in average annual ) across different NCs (fig. 25)
and leks (fig. 26).

Climate cluster C (CC-C; Jackson Hole, Wyoming,
area) consisted of two NCs that encompassed 66,733 ha
(table 7). Climate cluster C consisted of 17 leks, representing

approximately 0.2 percent of lek database. After QA/QC,
14 leks met criteriafor usein the SSM (table 7), totaling
311 field observations. Mean male count was 14.1 (95-percent
confidence interval=12.3—15.9).

For CC-C, we estimated population abundance nadirs
during 1963, 1973, 1984, 1999, 2003, and 2011 (table 5;
fig. 27A). We estimated } at the short (2003-2019, two
periods of oscillation over 16 years), medium (1984-2019,
four periods over 35 years), and long-temporal scales
(1963-2019, six periods over 56 years) as 0.962 (95-percent
CRI=0.942-0.981), 0.972 (95-percent CRI=0.942—0.997), and
0.966 (95-percent CRI=0.951-0.982), respectively. Over the
past 16, 35, and 56 years, sage-grouse populations declined
45.8, 63.6, and 85.2 percent, respectively (fig. 27B,; table 6).
We estimated median ), to be less than 1.0 for all NCs across
this temporal scale (fig. 28). We reported spatiotemporal
variation in average annual ) across different NCs (fig. 28)
and leks (fig. 29).
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Figure 24. A, Abundance index (calculated as N divided by 60-year mean of N ); B, intrinsic rate of population change ( ' ) of
greater sage-grouse (Centrocercus urophasianus) within B (CC-B; Washington area) from lek observations used to model population
trends during 1960-2019; C, Median estimate of abundance trend (colored lines) across temporal scales based on periods of oscillation:
Recent (one period), Short/Medium (three periods), and Medium/Long (five periods); and D, Short (two periods), Medium (four

periods), and Long (six periods), right to left. Yellow line represents median estimates and blue thin lines represent median values for
neighborhood clusters (A and B). Horizontal thin black line represents (A) rescaled long-term mean and (B) neutral population growth.
Colored areas represent 95-percent credible limits of trend estimates. Grey shaded areas represent 95-percent credible limits on
abundance index (Cand D) and [ (B).
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Figure 25. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at neighborhood clusters across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/
Long (five periods); C, Medium (four periods); D, Short/Medium (three periods); E, Short (two periods); and F, Recent (one period)
within climate cluster B (CC-B; Washington area). Map images are the intellectual property of Esri and are used herein under license.
Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 26. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at leks across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);
C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within climate cluster B
(CC-B; Washington area). Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri

and its licensors. All rights reserved.
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Figure 27. A, Abundance index (calculated as N divided by 31-year mean of N ); B, intrinsic rate of population change ( f ) of
greater sage-grouse (Centrocercus urophasianus) within climate cluster C (CC-C; Jackson Hole, Wyoming, area) from lek observations
used to model population trends during 1989-2019; C, Median estimate of abundance trend (colored lines) across temporal scales
based on periods of oscillation: Recent (one period), Short/Medium (three periods), and Medium/Long (five periods); and D, Short

(two periods), Medium (four periods), and Long (six periods), right to left. Yellow line represents median estimates and blue thin lines
represent median values for neighborhood clusters (A and B). Horizontal thin black line represents (A) rescaled long-term mean and
(B) neutral population growth. Colored areas represent 95-percent credible limits of trend estimates. Grey shaded areas represent

95-percent credible limits on abundance index (C and D) and r (B).
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Figure 28. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at neighborhood clusters across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/
Long (five periods); C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and £, Recent (one period) within
climate cluster C (CC-C; Jackson Hole, Wyoming, area). Map images are the intellectual property of Esri and are used herein under
license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 29. Spatial estimates of average annual population rate of change ( )': ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at leks across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);
C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within climate cluster C
(CC-C; Jackson Hole, Wyoming, area). Map images are the intellectual property of Esri and are used herein under license. Copyright ©

2020 Esri and its licensors. All rights reserved.

Climate cluster D (CC-D; eastern area) consisted of
169 NCs encompassing 25,920,530-ha (table 7). Twenty-six
NCs did not have sufficient lek data for trend estimates.
Climate cluster D consisted of 2,944 leks, representing
approximately 35.0 percent of the lek database. After QA/QC,
1,831 leks met criteriafor usein the SSM (table 7) and
totaled 33,535 field observations. Mean male count was 16.7
(95-percent confidence interval=16.5-16.9).

For CC-D, we estimated six population abundance nadirs
that dated back to 1960 and included 1966, 1977, 1986, 1997,
2004, and 2014 (table 5; fig. 30A). We estimated 3 at the
short (2004-2019, two periods of oscillation over 15 years),
medium (19862019, four periods over 33 years), and long
temporal scales (1966-2019, six periods over 53 years) as
0.963 (95-percent CRI=0.959-0.967), 0.967 (95-percent
CRI=0.960-0.972), and 0.963 (95-percent CRI=0.960-0.968),

respectively (fig. 30B; table 6). Over the past 15, 32, and
53 years, sage-grouse populations declined 43.2, 66.7, and
86.8 percent, respectively. We estimated median ) to be less
than 1.0 for 90.9, 93.7, and 99.3 percent of NCs across short,
medium, and long temporal scales, respectively (fig. 31). We
reported spatiotemporal variation in average annual i across
different NCs (fig. 31) and leks (fig. 32).

Climate cluster E (CC-E; Great Basin area) consisted
of 241 NCsthat encompassed 34,627,182-ha (table 7).
Twenty-eight NCs lacked sufficient data to estimate trends.
Climate cluster E consisted of 4,015 leks representing
approximately 47.7 percent of the lek database. After QA/
QC, 2,187 leks met criteriafor use in the SSM (table 7) and
totaled 38,950 field observations. Mean male count was 17.3
(95-percent confidence interval=17.1-17.5).
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Figure 30. A, Abundance index (calculated as N divided by 60-year mean of N ); B, intrinsic rate of population change ( ) of
greater sage-grouse (Centrocercus urophasianus) within D (CC-D; eastern area) from lek observations used to model population trends
during 1960-2019; C, Median estimate of abundance trend (colored lines) across temporal scales based on periods of oscillation: Recent
(one period), Short/Medium (three periods), and Medium/Long (five periods); and D, Short (two periods), Medium (four periods), and
Long (six periods), right to left. Yellow line represents median estimates and blue thin lines represent median values for neighborhood
clusters (A and B). Horizontal thin black line represents (A) rescaled long-term mean and (B) neutral population growth. Colored areas
represent 95A-percent credible limits of trend estimates. Grey shaded areas represent 95-percent credible limits on abundance index (C
and D)and I (B).
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Figure 31. Spatial estimates of average annual population rate of change (,”I ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at neighborhood clusters across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/
Long (five periods); C, Medium (four periods); D, Short/Medium (three periods); E, Short (two periods); and F, Recent (one period)
within climate cluster D (CC-D; eastern area). Map images are the intellectual property of Esri and are used herein under license.
Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 32. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at leks across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);
C, Medium (four periods); D, Short/Medium (three periods); E, Short (two periods); and F, Recent (one period) within climate cluster D
(CC-D; eastern area). Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its
licensors. All rights reserved.

For CC-E, we estimated six population abundance nadirs  respectively (fig. 33B; table 6). Over the past 17, 34, and
that dated back to 1960 and included 1967, 1975, 1985, 1996, 52 years, sage-grouse populations have declined 42.1, 58.9,

2002, and 2013 (table 5; fig. 33A). We estimated } at the and 78.0 percent, respectively. We estimated median 3
short (2002-2019, two periods of oscillation over 17 years), to be less than 1.0 for 77.0, 85.0, and 92.5 percent of NCs
medium (1985-2019, four periods over 34 years), and long across short, medium, and long temporal scales, respectively
temporal scales (1967-2019, six periods over 52 years) as (fig. 34). We reported spatiotemporal variation in average
0.968 (95-percent CRI=0.964—0.971), 0.974 (95-percent annual ) across different NCs (fig. 34) and leks (fig. 35).

CRI=0.963-0.979), and 0.971 (95-percent CRI=0.967-0.976),
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Figure 33. A, Abundance index (calculated as N divided by 60-year mean of N ); B, intrinsic rate of population change ( f ) of
greater sage-grouse (Centrocercus urophasianus) within E (CC-E; Great Basin area) from lek observations used to model population
trends during 1960-2019; C, Median estimate of abundance trend (colored lines) across temporal scales based on periods of oscillation:
Recent (one period), Short/Medium (three periods), and Medium/Long (five periods); and D, Short (two periods), Medium (four

periods), and Long (six periods), right to left. Yellow line represents median estimates and blue thin lines represent median values for
neighborhood clusters (A and B). Horizontal thin black line represents (A) rescaled long-term mean and (B) neutral population growth.
Colored areas represent 95-percent credible limits of trend estimates. Grey shaded areas represent 95-percent credible limits on
abundance index (C and D) and f (B).
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Figure 34. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at neighborhood clusters across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/
Long (five periods); C, Medium (four periods); D, Short/Medium (three periods); E, Short (two periods); and F, Recent (one period)
within climate cluster E (CC-E; Great Basin area). Map images are the intellectual property of Esri and are used herein under license.
Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 35. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at leks across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);
C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within climate cluster E
(CC-E; Great Basin area). Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri

and its licensors. All rights reserved.

Climate cluster F (CC-F; western Wyoming area)
consisted of 56 NCs that encompassed 8,899,755-ha
(table 7). Four NCs lacked sufficient data to estimate trends.
Climate cluster F consisted of 1,253 leks and represented
approximately 14.9 percent of the lek database. After QA/QC,
974 leks met criteria for inclusion in the SSM (table 7) and
totaled 19,850 field observations. Mean male count was 23.7
(95-percent confidence interval=23.3-24.2).

For CC-F, we estimated six population abundance nadirs
that dated back to 1960 and included 1966, 1973, 1987, 1996,
2002, and 2013 (table 5; fig. 36A). We estimated ) at the
short (2002-2019, two periods of oscillation over 17 years),

medium (1987-2019, four periods over 32 years), and long
temporal scales (1966-2019, six periods over 53 years) as
0.991 (95-percent CRI=0.988-0.995), 0.976 (95-percent
CRI=0.966-0.980), and 0.980 (95-percent CRI=0.975-0.987),
respectively (fig. 36B; table 6). Over the past 17, 32, and

53 years, sage-grouse populations have declined 13.9, 54.7,
and 66.0 percent, respectively. We estimated median

to be less than 1.0 for 67.3, 84.6, and 86.5 percent of NCs
across short, medium, and long temporal scales, respectively
(fig. 37). We reported spatiotemporal variation in average
annual ) across different NCs (fig. 37) and leks (fig. 38).
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Figure 36. A, Abundance index (calculated as N divided by 60-year mean of N ); B, intrinsic rate of population change () of
greater sage-grouse (Centrocercus urophasianus) within F (CC-F; western Wyoming area) from lek observations used to model
population trends during 1960-2019; C, Median estimate of abundance trend (colored lines) across temporal scales based on periods
of oscillation: Recent (one period), Short/Medium (three periods), and Medium/Long (five periods); and D, Short (two periods), Medium
(four periods), and Long (six periods), right to left. Yellow line represents median estimates and blue thin lines represent median values
for neighborhood clusters (A and B). Horizontal thin black line represents (A) rescaled long-term mean and (B) neutral population
growth. Colored areas represent 95-percent credible limits of trend estimates. Grey shaded areas represent 95-percent credible limits
on abundance index (C and D) and r (B).
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Figure 37. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at neighborhood clusters across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/
Long (five periods); C, Medium (four periods); D, Short/Medium (three periods); E, Short (two periods); and F, Recent (one period)
within climate cluster F (CC-F; western Wyoming area). Map images are the intellectual property of Esri and are used herein under

license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 38. Spatial estimates of average annual population rate of change ( i ) in abundance of greater sage-grouse (Centrocercus
urophasianus) at leks across six temporal scales based on periods of oscillation: A, Long (six periods); B, Medium/Long (five periods);
C, Medium (four periods); D, Short/Medium (three periods); £, Short (two periods); and F, Recent (one period) within climate cluster F
(CC-F; western Wyoming area). Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020

Esri and its licensors. All rights reserved.
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Probability of Future Extirpation

We reported substantial overlap in the posterior
distributions of I for models run on training and validation
datasets (fig. 39), which indicated a good measure of
predictability across the three oscillations (posterior predictive
p value=0.55). The mean extirpation probability calculated
across all leks was 0.48 (SD=0.26), 0.58 (SD=0.20), and
0.64 (SD=0.16) for short, medium, and long temporal
scales, respectively. However, predicted extirpation rates
for leks appeared to take on a bimodal distribution with
peak probabilities located around 0.25 and 0.83 for the
short temporal scale (fig. 40A), 0.41 and 0.83 for the
medium temporal scale (fig. 40C), and 0.57 and 0.85 for
the long temporal scale (fig. 40E). Approximately 46, 60,
and 78 percent of leks possessed an extirpation probability
greater than 0.5 for short, medium, and long temporal scales,
respectively. There was substantial variation in the mean
extirpation rate across CC when summarized at both the lek
and NC scale (table 8). The spatial distribution of extirpation
probabilities demonstrated higher concentrations of higher
probabilities at the edges of the species range (fig. 41).

The mean extirpation probability calculated across all NCs
was 0.16 (SD=0.26), 0.27 (SD=0.26), and 0.37 (SD=0.25)
for short, medium, and long temporal scales, respectively.
Approximately 12, 19, and 30 percent of NCs possessed an
extirpation probability greater than 0.5 for short, medium,
and long temporal scales, respectively (fig. 40B). Interms
of spatial distribution, the highest probabilities of NC scale
extirpation appeared to occur more often at the periphery of
the species range (fig. 42). Conversely, interior NCs consisted
primarily of low extirpation probabilities ranging from 0

t0 0.25.

Table 8. Model predictions of extirpation probabilities for
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Figure 39. Posterior predictive probability distribution from
state-space models for greater sage-grouse (Centrocercus
urophasianus) population growth on a holdout sample (1987-2019;

three full oscillations) using a restricted dataset (1960—1986)

compared to estimates over the same time frame using a full
(validation) dataset (1960-2019).

greater sage-grouse (Centrocercus urophasianus) leks

and neighborhood clusters (NC), summarized in terms of mean and standard error, at different temporal scales

(Short, [two periods, approximately 19 years], Medium [four

periods, approximately 38 years], and Long [six periods,

approximately 56 years]) based on an average period of oscillation (9.4 years) within the western United States.

[CC, climate cluster; A, Bi-state area; B, Washington area; C, Jackson

Hole, Wyoming area; D, eastern area; E, Great Basin area;

F, Wyoming]
Temporal scales
ce Shf)rt ) Med_ium_ ) Lo_ng )
(two oscillations) (four oscillations) (six oscillations)
Lek NC Lek NC Lek NC
A 0.5480(0.0322) 0.4149(0.1194)  0.6534 (0.0226) 0.5602 (0.1051)  0.7176 (0.0174) 0.6650 (0.0865)
B 0.6742(0.0313) 0.1038 (0.0914)  0.7664 (0.0197) 0.2806 (0.1546)  0.8187 (0.0141) 0.4379 (0.1553)
C 0.6021(0.0587) 0.1585(0.1165)  0.6974 (0.0387) 0.3708(0.1582)  0.7447 (0.0311) 0.5285 (0.1358)
D 0.5284(0.00615) 0.2258(0.0258) 0.6203(0.00445) 0.3397 (0.0246)  0.6797 (0.0035) 0.4465 (0.0221)
E  0.4721(0.00545) 0.1290 (0.0148)  0.5712(0.00396) 0.2415(0.0156)  0.6300 (0.00312) 0.3463 (0.0148)
F  0.4107 (0.00857) 0.0846 (0.0255) 0.5058 (0.00654) 0.1503 (0.0297)  0.5668 (0.00526) 0.2246 (0.0302)
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Figure 40. Distribution of model predicted extirpation probabilities for greater sage-grouse (Centrocercus urophasianus) at leks for
A, Predicted Recent (one period, approximately 10 years); B, Predicted Short (two periods, approximately 19 years); C, Predicted Short/
Medium (three periods, approximately 29 years); D, Medium (four periods, approximately 38 years); E, Medium/Long (five periods,
approximately 48 years); and F, Long (six periods, approximately 56 years), and neighborhood clusters (G-L), over the same respective
temporal scales, based on average period of oscillation within the western United States. Extirpation probabilities were calculated as
the proportion of posterior samples with less than two sage-grouse.
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Figure 41. Spatial model predictions of extirpation probabilities for greater sage-grouse (Centrocercus urophasianus) at leks across
different temporal scales for A, Predicted Recent (one period, approximately 10 years); B, Predicted Short (two periods, approximately
19 years); C, Predicted Short/Medium (three periods, approximately 29 years); D, Medium (four periods, approximately 38 years);

E, Medium/Long (five periods, approximately 48 years); and F, Long (six periods, approximately 56 years), based on average period of
oscillation within the western United States. Extirpation probabilities were calculated as the proportion of posterior samples with less
than two sage-grouse. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and
its licensors. All rights reserved.
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Figure 42. Spatial model predictions of extirpation probabilities for greater sage-grouse (Centrocercus urophasianus) at
neighborhood clusters across different temporal scales for A, Predicted Recent (one period, approximately 10 years); B, Predicted
Short (two periods, approximately 19 years); C, Predicted Short/Medium (three periods, approximately 29 years); D, Medium (four
periods, approximately 38 years); E, Medium/Long (five periods, approximately 48 years); and F, Long (six periods, approximately

56 years), based on average period of oscillation within the western United States. Extirpation probabilities were calculated as the
proportion of posterior samples with less than two sage-grouse. Map images are the intellectual property of Esri and are used herein
under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Objective 4. Targeted Annual
Warning System

Background

Population ecologists have long recognized that a
fundamental component of population dynamicsinvolves
aligning demographic processes to the appropriate scale
across space and time (Levin, 1992), where intrinsic and
extrinsic factors influence those processes. For example,
short-term fluctuations in population abundance are caused
by environmental and demographic stochasticity (Morris
and Doak, 2002), whereas climatic variation, particularly in
productivity-limited systems, tends to influence longer-term
cyclic patterns across larger spatial scales in the absence of
local perturbations (Ranta and others, 1995; Lindstréom and
others, 1996). Moreover, wildlife populations are spatially
structured, meaning that local and broad scale relationships
among interconnected populations require delineation,
and failure to account for scale-specific processes (spatial
and temporal) can result in significant misinterpretation of
observed patterns in population growth and decline (Sadoul,
1997; Bissonette, 2017). Incorporating such complexity
into tractable frameworks for targeted management actions
is challenging, and often absent in traditional population
monitoring programs (Nichols and Williams, 2006).
Nevertheless, management actions can be better facilitated if
monitoring programs become rooted in a priori hypotheses
based on how populations are expected to perform in response
to environmental conditions that drive trends at larger scales
while accounting for underlying demographic process and
ecosystem productivity (Yoccoz and others, 2001; Nichols and
Williams, 2006; Williams, 2011). For effective conservation,
it is crucial to understand whether declines in abundance are
associated with environmental stochasticity or landscape
disturbances. Deterministic factors, like habitat loss associated
with disturbance, are likely more amenable to direct land
management actions compared to stochastic factors like
climatic conditions.

Furthermore, the contribution of intrinsic factors
responsible for regulating density-dependent or extrinsic
environmental and anthropogenic factors that limit populations
often differ when measured at varying spatial extents; thus,

understanding such differences provides key information on
the mechanisms underlying changes in population abundance
(Fuhlendorf and others, 2002; Bissonette, 2017; Miguet and
others, 2016). When comparative trends at local scales deviate
significantly from larger scale estimates, it can be a signal for
management actions directed at stemming population declines
at relevant scales (Williams and Johnson, 1995; Sauer and
Link, 2002). .

A hierarchical monitoring strategy that evaluates 3 and
contrasts estimates across nested spatial scales on an annual
basis can act as a powerful analytical tool to help target when
and where to carry out management actions, which we refer
to as a targeted annual warning system (TAWS). As identified
in Objective 3, estimates of population trends are sensitive
to start and stop years and require nadir-to-nadir inferences,
which limits the ability to assess trends during years when
abundance is not at a nadir. This is especially problematic
because periods of oscillation are on average 9.4 years
in length (Objective 3). However, the TAWS provides
immediate assessment of populations at different spatial scales
during any point in time, largely by making intra-annual
comparisons of ), across multiple spatial scales and relating
those comparisons to evidence of decline. The first step of
the TAWS was an implementation of a lek clustering and
sampling framework that provided a hierarchical partitioning
(division of the landscape) of populations based on biotic
and abiotic habitat characteristics, as well as population
connectivity (O’Donnell and others, 2019). Comparisons of
annual ), across nested lek clusters facilitated separation
of scale-dependent factors that influence population
trajectories and identified local scale declines associated
with perturbations on the landscape (Coates and others,

2017, 2019a). Until recently, implementation of this type of
strategy has remained elusive for sage-grouse management
and other species that occupy expansive geographical ranges
(Lindenmayer and Linkens, 2010). However, recent efforts
for sage-grouse piloted at state and regional levels (Coates
and others, 2017, 2019a; O’Donnell and others, 2019) have
paved the way for range-wide efforts. The TAWS shares and
contrasts information within and among spatial scalesto
identify where and when declines occur and could be used
to investigate the corresponding local or regional drivers
responsible for such population changes (for example, Wallace
and others, 2010).



It follows that meeting spatial criteriafor ‘signaling’
under the TAWS will provide an effective framework
to identify when and where management actions can be
implemented to neutralize or reverse negative impacts of
local perturbations on sage-grouse populations. These criteria
include (1) showing statistically significant evidence of a
declining trend at the local spatial scale that also exhibits
(2) lower A relative to the trend occurring at the broader
spatial scale governed ostensibly by less manageable factors,
such as climatic conditions. Moreover, temporal thresholds
required for activation of TAWS signals can be evaluated on
an annual basis, unlike estimation of trends over one or more
population oscillations that are sensitive to start and stop
points (see Objective 3). This is largely because the TAWS
uses intra-annual comparisons of rates of change in abundance
among nested scales. Thus, regardless of when comparisons
are conducted during an oscillation, if annual j, is below
one (that is, evidence of decline) and evidenced as declining
at faster rates compared to those at the larger spatial scale
driven primarily by climate, an activated signal can alert
managers. Increased temporal sensitivity therefore allows
earlier signaling for possible management action by the TAWS
compared to methods informed solely by long-term trend
monitoring across multiple oscillations.

Similar to trend inferences in Objective 3, we used
leks, NCs, and CCs as the underlying spatial scales for the
TAWS framework. We estimate annual } at leksand NC

= = Climate cluster

neutral, tracking CC neutral, not tracking CC

Population abundance (M)

t t+1 L I+1
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scales and compared those estimates to i at the CC scae
within which they were nested. We illustrate the different
scenarios of comparison among scales in figure 43. Evidence
of repeated ), below CC helps identify areas with potential
local deterministic factors driving population changes.
These populations may need further assessments or targeted
management actions, especially those aimed at reversing
population declines. Because the TAWS explicitly accounts
for nested spatiotemporal relationships, declines driven

by broad-scale stochasticity, such as climatic conditions
(Coates and others, 2018), should not lead to signaling for
immediate management action. Lastly, the TAWS described
herein accounts for underlying variation among ecological
conditions influencing sagebrush recovery times and risks of
exotic grass invasion following disturbance processes that
are well-documented and form the basis for contemporary
sagebrush ecosystem management (see appendix 5; Pyke and
others, 2015; Chambers and others, 2017). This conceptual
framework is particularly important given widespread
wildfire and annual grass invasions altering disturbance
regimes and state-transitions across much of the sagebrush
biome (Chambers and others, 2019). These complexities also
motivate better accounting of asynchronies between faster
sage-grouse population dynamics and slower sagebrush
ecosystem recovery processes in decision support tools,

such as the TAWS (Coates and others, 2016; Ricca and

Coates, 2020).

= | ok or neighborhood cluster

declining, tracking CC

declining below CC

Figure 43. Four hypothesized outcomes in comparing trends between a finer scale (black solid line) and a broader scale (blue

dashed line).
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Methods

Evaluation of Posterior Probability Distributions

We used an identical SSM structure for the TAWS
described previously (see Objective 3) to estimate N and
derive ' across nested hierarchical spatial scales. However,
because the purpose of TAWS was to achieve and compare
intra-annual estimates across nested spatial scales rather than
estimate trends across different temporal scales, and relatively
more frequent lek sampling was required, we imposed arule
that excluded data collected prior to 1990 because sampling
was much less frequent (see Objective 1). The SSMs produced
PD of annual ) for each lek, NC, and CC. These PDs
formed the foundation for evaluating evidence of leks and
NCs that were declining and misaligned with the CC, which
provides early indication of potential need for management
intervention. After estimating the PD for annual 4, at each
spatial scale, we calculated the proportional density of the PD
for the lek and the NC that was (1) below the CC 4 PD and
demonstrated evidence of declining annual trend ( , <1.0;
hereafter, “declining below CC”); (2) similar to the CC A PD,
decreasing, but less than the median of the CC 2 PD; (3)
similar, decreasing, and greater than the median of the
CC ) PD; and (4) stable or increasing. This process was
carried out for each lek 4 PD compared to their respective
CC ), PD and each NC A PD compared to their respective
CC A PD. An example of how the four different areas

1.0 .5 R 0.5 1.8 =

) | _d‘ hl
. i : " i =
1.0 0.8 0.4 -

under the curve can result in three scenariosis illustrated in
figure 44. Using these areas calculated for every lek and NC,
we developed a ratio of the area that represented decline below
CC against al other outcomes. We then took the natural log of
the odds ratio (hereafter, log-odds) and established thresholds
for log-odds that represented significant evidence of decline
below the CC based on a simulation approach that spanned the
entire sage-grouse range (described in appendix 5).

Developing Thresholds for Targeted Annual
Warning System

We used 30 continuous years (1990-2019) of annual
lek count data range-wide to inform retrospective simulation
analyses designed to estimate a threshold that simultaneously
identified (1) significant annual population decline by
contrasting f (log[ A ]) at the scale of interest relative to
[ =zero (stable population) and (2) populations at smaller
scales that negatively fell out of synchrony with those at the
CC scale by contrasting proportional differences in [ across
nested scales. Because rates of decline at levels below the CC
can occur gradually or precipitously, we devel oped separate
thresholds for each scenario: (1) a slow threshold, which
identified leks (or NC) likely to experience a gradual decline
with I below estimates for the CC and (2) a fast threshold,
which focused on leks (or NC) with relatively high likelihood
of near-term extirpation from a precipitous decline also with
estimates below CC.

1 T A | T 1
1.8 -1.0 0,5 4.0 4.5 1.0

T

Figure 44. Intersection of population rate of change ( [ ) posterior probability distributions for scale of interest (lek or neighborhood
cluster; thin distribution line) and climate cluster (CC; thick distribution line) in relation to neutral growth. A, Strong evidence of [ at
scale of interest declining at rates below the CC; B, similar to CC and neutral; and C, above CC scale and neutral. Solid vertical line
represents median f of CC, and dashed vertical line represents f=0 (noincrease or decrease). DBC=declining below CC, SDL=similar
and decreasing and less than median of I of the CC, SDG=similar and decreasing and greater than median of I of the CC, Sl=stable

orincreasing.



We used data at arange-wide extent to estimate these
generalizable thresholds by evaluating performance of all
possible combinations. Specifically, we estimated PDs of

F annually for each lek and used annual estimates of N

from leks withinaNC to derive N and [ at the NC scale.
Similarly, we used annual estimatesof N at leks across CCs
toderive N and [ at the CC scale. We then developed a
method to describe the relationship of I between the two
extents (for instance, lek to CC and NC to CC) based on
log-odds ratios. The comparisonsin ' across these extents
were made on an annual basis. If a threshold was exceeded
(that is, the calculated log-odds was greater than the threshold
that was established from an ancillary simulation analysis

[see appendix 5], indicating evidence of decline below CC),
then the lek (or NC) would be assigned a ‘signal.” Slow or fast
signals at a particular scale and year were activated if, and
only if, log-odds for sage-grouse populations at the lek (or NC)
exceeded the slow or fast threshold, respectively. The log-odds
ratio extendson the use of [ alone by including comparison
in trend with that of the CC. For example, a population that is
declining but tracking the larger climate cluster that is largely
governed by broad-scale climatic conditions will not cross

the threshold and thus not activate asignal. Considering that
calculation of the log-odds ratio takes into account evidence of
declining at a rate below the CC, our process provides spatial
safeguard against implementing immediate management
action in response to local population declines that are

most likely tracking unfavorable environmental conditions
affecting the CC.

We also employed temporal safeguards against
prematurely implementing actions owing to short-term
population dynamics, such as those arising from a single poor
year of demographic performance or errorsin lek counts.
Accordingly, we developed two categories for multi-year
signaling events referred to as ‘watches and ‘warnings.” We
assigned watches to populations that had slow signals over
2 consecutive years. We assigned warnings to populations
that had slow signalsin 3 out of 4 consecutive years or fast
signalsin 2 out of 3 consecutive years. Watches may identify
the need for intensive monitoring whereas warnings may
identify the need for management intervention aimed at
stabilizing populations. Collectively, these rules facilitate
detection of population declines that are distinguished
from the adverse impacts associated with wider-reaching
environmental stochasticity.

Evaluation of a Targeted Annual Warning System

Because we established an empirically supported
relationship between precipitation and ) at the CC scale
previously (Objective 2), we tested the efficacy of the TAWS
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by evaluating the relationship between precipitation and
TAWS signals. If TAWS signals were largely associated with
precipitation patterns, we could conclude that our method

did not effectively disentangle local scale impacts from
broader climatic conditions. Conversely, if a relationship
between TAWS signals and precipitation patterns could

not be identified, then we can conclude that the declines in
populations at smaller spatial scales (Ieks and NCs) were
likely afunction of deterministic factors associated with those
sites and not because of broad-scale precipitation patterns. We
used a simple linear model, where intrinsic population rate

of change (T ) was fitted as a function of precipitation and
proportion of leks signaled.

Results

Targeted Annual Warning System

Similar to the trend analysis, thousands of historic
lek surveys underwent QA/QC as described in the results
of Objective 1 for the TAWS analysis. During 19902019,
we estimated 0.634 and 0.467 proportion of sage-grouse
leks experienced watches and warnings (table 9; fig. 45),
respectively, across the entire range. We calculated a
mean annual proportion of leks that underwent watches
and warnings to be 0.025 (with repeated activation
included in calculation [hereafter, repeat] =0.060) and
0.019 (repeat=0.058), respectively (fig. 46), whichis
approximately 114 (repeat=269) and 84 (repeat=261) leks
each year, respectively. Spatial and temporal depiction
of watches and warnings through time for leks within
each CC are shown in figures 47-52. The CC with
greatest proportion of activated watches at leks across the
29 years was CC-F (western Wyoming area), where 0.698
of total leks activated one or more times over 29 years
(table 9), which represented over half the leks for this CC
but spread throughout the region (fig. 51). Conversely,
CC-E (Great Basin area) consisted of the greatest number
of watches compared to other clusters (number of first
watches=1,163; number of repeat watches=2,834; table 9).
The CC with the least proportion of watches was CC-C
(Jackson Hole, Wyoming, area) at 0.143 (number of first
and repeat watches=2 and 2, respectively; table 9). The CC
with the greatest proportion of warnings was CC-F (0.515),
whereas CC-E had the greatest number of warnings (first=830
and repeat=2,712). The only CC with no lek warnings over
the course of 29 years was CC-C, although this cluster had
two watches. The second highest proportion of watches
(0.653) and warnings (0.502) was CC-D (eastern area), where
we estimated 1,023 (repeat=2,458) and 786 (repeat=2,423),
respectively, over thistime frame.
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Table 9. Watches and warnings identified at greater sage-grouse (Centrocercus urophasianus)
leks across climate clusters (A—F) using state-space model estimates within a targeted annual
warning system in the western United States during 1990-2019. Number of watches and
warnings that include repeat (r), only first time (f), and proportion of leks (p) are reported.

[CC, climate cluster; A, Bi-state area; B, Washington area; C, Jackson Hole, Wyoming area; D, eastern area;
E, Great Basin area; F, Wyoming]

cc rwatch f.watch p-watch rwarning f.warning p.warning Leks
A 27 21 0.438 22 11 0.229 48
B 15 8 0.16 16 6 0.12 50
C 2 2 0.143 0 0 0 14
D 2,458 1,023 0.653 2,423 786 0.502 1,566
E 2,834 1,163 0.61 2,712 830 0.435 1,908
F 1,398 623 0.698 1,341 459 0.515 892

Total 6,734 2,840 0.634 6,514 2,092 0.467 4,478
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Figure 45. Spatial and temporal depiction of range-wide watches and warnings of greater sage-grouse (Centrocercus
urophasianus) population declines at the lek scale within the western United States from 1990 to 2019. Map image is the
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Figure 46. Proportion of A, warnings; and B, watches of greater sage-grouse (Centrocercus urophasianus) annual declines at the lek
and neighborhood cluster scale across each climate cluster within the western United States.
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Figure 47. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the lek scale within climate cluster A (CC-A; Bi-State area) from 1990 to 2019. Map image is the
intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 48. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the lek scale within climate cluster B (CC-B; Washington area) from 1990 to 2019. Map image is the
intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 49. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the lek scale within climate cluster C (CC-C; Jackson Hole, Wyoming, area) from 1990 to 2019. Map
image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All
rights reserved.
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population declines at the lek scale within climate cluster D (CC-D; eastern area) from 1990 to 2019. Map image is the
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Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
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Figure 52. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the lek scale within climate cluster F (CC-F, western Wyoming area) from 1990 to 2019. Map image is the
intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.



We estimated 0.418 and 0.276 proportion of NCs
were activated as watches and warnings (table 10; fig. 53),
respectively, at NCs range-wide during 1990-2019. This
calculated to an average of 0.025 (first=0.017) and 0.026
(first=0.011) proportion of clusters activating, respectively,
per year (fig. 46), which was approximately 10.5 (first=7.0)
and 10.8 (first=4.6) clusters. Spatial and temporal depiction
of watches and warnings through time for NCs within
each CC are shown in figures 54-57. Climate clusters not
shown in figures had no neighborhood warnings across the
29-year time frame. We reported CC-F (western Wyoming
area) had the greatest proportion (0.519) of watches while
CC-E (Great Basin area) had the greatest number (first=82
and repeat=121) of watches across the 29-year time frame
(fig. 51). For warnings, CC-E had the greatest number
(first=49 and repeat=112) and CC-D (eastern area) had the
greatest proportion (0.345; table 10; fig. 50). Climate cluster B
(Washington area) and CC-C (Jackson Hole, Wyoming, area)
did not have any NC warnings, and CC-A (Bi-State area) only
experienced two (repeat=3) across the 29 years.

During 2019, we estimated 0.020 and 0.032 proportion
of leks experienced watches and warnings, respectively,
range-wide (table 11), which resulted in 90 and 143 lek
activations, respectively, (fig. 58). Spatial and temporal
depiction of watches and warnings by CC are illustrated in
figures 59-62 (leks) and figures 63—65 (NCs). During 2019,
the greatest proportion of watches (0.029) and warnings
(0.052) were within CC-F, which were 26 watches and
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46 warnings in 2019 (table 11). Climate cluster-A and

CC-E had relatively similar proportions of leks activated as
warnings during this year and no warnings were activated

at CC-B and CC-C (table 11). We estimated 0.014 and
0.019 proportion of neighborhoods experienced watches
and warnings, respectively, range-wide (table 12). Climate
cluster F experienced the greatest proportion of NC watches
and warnings, in 2019 (fig. 66).

Most CCs exhibited increases in watches and warnings
through time (fig. 66). Most notably, CC-D, CC-E, and CC-F
exhibited major increases in watches and warnings across both
scales (leks and NCs) following the mid- to late-2000s. At
the lek scale, years with the greatest proportion of warnings
within CC-D were 2009 and 2014. Within CC-E, we reported
peaks at 2007 and 2010. Climate cluster-B exhibited multiple
lek warnings in early years (1996-1999) and again during
2013-2015. More recently, in 2014, CC-A experienced one of
two peaks of proportion of lek warnings across the time series,
and the other high peak was in 2008.

Lastly, our model did not support a relationship between
precipitation and signals at the CC scale (fig. 67). However,
evidence of an association between J and precipitation at
this scale supports the concept that declines identified using
TAWS were associated with deterministic factors and were not
driven by precipitation and other stochastic factors. State-wide
warning and watches can be found in appendix 3.

Table 10. Watches and warnings identified at the neighborhood cluster scale across different climate clusters (A-F) by
state-space model estimates using a targeted annual warning system framework for greater sage-grouse (Centrocercus
urophasianus) across their range in the western United States during 1990-2019. Number of watches and warnings that
include repeat (r), only first time (f), and proportion of leks (p) are reported.

[CC, climate cluster; A, Bi-state area; B, Washington area; C, Jackson Hole, Wyoming area; D, eastern area; E, Great Basin area; F, Wyoming]

cC rwatch f.watch p.watch r.warning f.warning p.warning Clusters
A 3 2 0.222 3 2 0.222 9
B 0 0 0 0 0 0 3
C 0 0 0 0 0 0 2
D 101 63 0.453 123 48 0.345 139
E 121 82 0.389 112 49 0.232 211
F 37 27 0.519 33 16 0.308 52
Total 262 174 0.418 271 115 0.276 416
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Figure 53. Spatial and temporal depiction of range-wide watches and warnings of greater sage-grouse (Centrocercus
urophasianus) population declines at the neighborhood cluster scale within the western United States from 1990 to 2019.
Map image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All
rights reserved.
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Figure 54. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the neighborhood cluster scale within climate cluster A (CC-A, Bi-State area) from 1990 to 2019.
Map image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All
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Figure 55. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the neighborhood cluster scale within climate cluster D (CC-D; eastern area) from 1990 to 2019.
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Figure 56. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the neighborhood cluster scale within climate cluster E (CC-E; Great Basin area) from 1990 to 2019.
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Figure 57. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the neighborhood cluster scale within climate cluster F (CC-F; western Wyoming area) from 1990 to
2019. Map image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All
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Table 11. Watches and warnings identified at the lek scale across different climate clusters (A—F) by state-space model
estimates using a targeted annual warning system framework for greater sage-grouse (Centrocercus urophasianus)
across their range in the western United States during 2019. Number of watches and warnings that include repeat (r),
only first time (f), and proportion of leks (p) are reported.

[CC, climate cluster; A, Bi-state area; B, Washington area; C, Jackson Hole, Wyoming area; D, eastern area; E, Great Basin area; F, Wyoming]

cC r.watch f.watch p.watch r.warning f.warning p.warning Leks
A 2 1 0.021 2 1 0.021 438
B 0 0 0 0 0 0 50
C 0 0 0 0 0 0 14
D 203 27 0.017 182 62 0.040 1,566
E 115 36 0.019 130 34 0.018 1,908
F 95 26 0.029 103 46 0.052 892
Total 415 90 0.020 417 143 0.032 4,478

Table 12. Watches and warnings identified at the neighborhood cluster scale across different climate clusters
(A-F) using state-space model estimates in a targeted annual warning system framework for greater sage-grouse
(Centrocercus urophasianus) across their range in the western United States during 2019. Number of watches and
warnings that include repeat (r), only first time (f), and proportion of leks (p) are reported.

[CC, climate cluster; A, Bi-state area; B, Washington area; C, Jackson Hole, Wyoming area; D, eastern area; E, Great Basin area; F, Wyoming]

cC r.watch f.watch p.watch r.warning f.warning p.warning Clusters
A 0 0 0 0 0 0 9
B 0 0 0 0 0 0 3
C 0 0 0 0 0 0 2
D 7 2 0.014 9 5 0.036 139
E 2 2 0.009 10 1 0.005 211
F 4 2 0.038 6 2 0.038 52
Tota 13 6 0.014 25 8 0.019 416




76

Range-wide Greater Sage-Grouse Hierarchical Monitoring Framework

Ehgriig (Blarpg ] I|:l"\1l [ HAITm LIETN 2D Slgriig ]
L L ] 1

b

5T

Lrarivy ]
|

WTTH

TEH

ASTNre

T
LT

Foatie ]

E I
g ettt
i i ! e !
California s : et T A
PR ' i
% -
s | :
L} L] I L I
TPty ip Tl 1EF T w LA KEF{I R w
EXPLAMATICMN 03041 ki Cuordinge Systerm- Alhery
Leks (201%): Stars represent warnings, S L Frojgction: Albecs

circles represenl wabches. and hlack dots U A7 b

represent loks which did niot expericnce

warmings or watches The size of the symbaol *  Waring s i
represemts ihe maximum popalation size of iy
the lek over the 30-vear perod, relativized &  Watch popu .
io the range-wide maximent pogubation siee v Lok . Larzesi
acrass all leks, : I:':_...] .
= = = Siaie border Emallea

Dlanens- WiES | 984

Kl ety 1 (NN}

faksw nordhing: 0000
venirall meridiam: -5, 000
sinndard perafie] §: 393G
standard parafilel 2= 43 500k
Eatilude of origin: 23.IHKK}
Linits: Maior

Service Layer Credas:
Siomrces: Eerl, IS5, Bl

Figure 58. Spatial and temporal depiction of range-wide watches and warnings of greater sage-grouse (Centrocercus
urophasianus) population declines at the lek scale within the western United States during 2019. Map image is the intellectual
property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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population declines at the lek scale within climate cluster A (CC-A; Bi-State area) during 2019. Map image is the intellectual
property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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population declines at the lek scale within climate cluster D (CC-D; eastern area) during 2019. Map image is the intellectual
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Figure 64. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the neighborhood cluster scale within climate cluster E (CC-E; Great Basin area) during 2019. Map image
is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Interpretation and Synthesis

We presented a novel and integrated framework for
evaluating sage-grouse population status and trends across
the species' range in the United States. The first step involved
compiling awealth of sage-grouse count data previously
stored in disparate databases by individual states into a
single range-wide database of lek counts and locations that
spanned six decades. Following methods by O’ Donnell
and others (2019), we then classified sage-grouse leks into
spatially nested population clusters across the entire species
range that were derived from ecological covariates specific
to sage-grouse ecology and habitat rather than geopolitical
boundaries. These hierarchical cluster levels facilitated
analyses of trends across multiple spatiotemporal scales
dating back to the 1960s, as well as development of a targeted
annual warning system (TAWS) that identifies declines in
abundance at leks and populations that are likely attributed
to local disturbances or habitat loss rather than those that
operate at broad spatial scales governed by environmental
stochasticity. Here, we provide interpretation of our results for

our four study objectives and point out important caveats and
limitations.

Objective 1 — Lek Count Database. Synthesizing a
standardized, range-wide sage-grouse database of field
observations with recorded male lek counts, dates, times,
and survey methods was vital to develop a hierarchical
population monitoring framework, assess population trends,
and create a TAWS. We used an open-source software solution
for standardizing and compiling disparate sage-grouse lek
count databases across states, which allowed for repeatable
results that can better support scientific integrity. However,
the approach sometimes required manual pre-processing
of datainputs and quality-control steps of resulting data
products due to the complex and often differing methods of
data management implemented by states across six decades.
The current lek databases, available at the time of this effort,
included data gaps for some states, such as alack of repeated
counts of males, missing documentation on survey method
types, and non-digitized field observations. Although these
data gaps are not extensive across the range, they highlighted
existing shortcomings and the need to compile data for the
greatest accuracy of population trend assessments.
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Past studies that made use of lek counts in databases
managed by multiple states have been faced with a myriad of
decisions to reconcile differences in how counts were recorded
to make records comparable. For example, in practice, lek
locations on the landscape are fixed by geographic coordinates
but may vary in space across time, which can result in a
single lek having multiple location records that often include
ephemeral coordinates for satellite locations with different
lek names. Thus, information reported in Connelly and Braun
(1997) was not sufficient to determine the decisions that
went into combining lek count databases from nine states,
but presumably some decision process took place to remove
questionable records. Garton and others (2011) reported that
they assumed most states followed the guidelines outlined
by Connelly and others (2003) but found and removed
instances of multiple locations representing the same lek, lek
locations with no associated data, and additional records that
invalidated use for their analysis. The Western Association
of Fish and Wildlife Agencies (2015) used a hierarchical
clustering algorithm to assign leks less than 1.2 kilometer
(km) apart to be combined into the same cluster, in an iterative
procedure that proceeded until only a single cluster remained.
Furthermore, they removed years with consecutive zero
counts because they viewed the interpretation of zeros as often
being ambiguous. Nielson and others (2015) combined lek
count data across 11 states and adopted the same clustering
and filtering procedures reported by Western Association of
Fish and Wildlife Agencies (2015). Although there was likely
considerable thought behind each of these data processing
decisions, their influence on cross-study comparisons may be
large and consequences are unknown.

We believe the lek count database used in our analysis is
a major step forward for studies making use of range-wide lek
count data. We acknowledge that our standardization practices
did not fully eliminate problems associated with lek count
data. For example, there is no ability to control for years when
alek went uncounted or records that lack a date or time of day
for observations. Nonetheless, rules for lek count inclusion
used in this study were described extensively in O’Donnell
and others (unpub. data, 2020) and provide a common
language describing how leks can be categorized (for instance,
defined terms), summarized, and filtered. For cross-study
comparisons, thisis clearly acritical step to take that could
result in less confusion when databases differ among studies.
In other words, the use of a standardized lek database offers
the opportunity to isolate differences among studies to factors
independent of differing data inputs.

Objective 2 — Population Clusters. The development of
population clusters to serve as afoundation for a hierarchically
nested monitoring framework allows us to assess ecological
patterns and processes acting on sage-grouse populations at
multiple spatial scales, such as spatial patterns of abundance,
habitat selection (Fedy and others, 2014; Rettie and Messier,
2000), and source-sink dynamics (Schumaker and others,
2014). The process of clustering leks at multiple spatial
scales relied on graph linkages between high-fidelity lek

sites, habitat covariates summarized at multiple spatial scales
surrounding leks that can represent functional processes,

and constraint-based rules of increasing distances that can
reflect gradients of shorter, but more frequent, movements
versus longer and less frequent movements. Spatial structure,
movement constraints, and habitat conditions affect dispersal
behavior (Campbell Grant and others, 2007; McRae and
others, 2008), and incorporating these concepts into a
clustering algorithm increased the likelihood of grouping
leks shared by individuals across multiple spatial scales. The
identification of lek adjacency and graph linkages, combined
with habitat characteristics surrounding leks, aided in how we
grouped leks and maximized the similarities of leks within
groups while simultaneously maximizing dissimilarities
between groups among different cluster levels.

We considered numerous caveats related to our
hierarchical population monitoring framework. First, data
gaps of missing or unknown leks could affect lek structure,
and therefore, the derived fine-scaled clusters. As the number
of leks grouped together increases, the effects of missing data
are likely to dissipate quickly. Missing data would aso need
to occur in less dense areas of leks to affect the structure, as
defined by the LC-MSTs. After we visually inspected non-
active leks excluded in the clustering algorithm, we did not
find evidence that withholding those leks would have resulted
in different clusters because they usually occurred adjacent
to other active leks. Second, telemetry data describing
sage-grouse movements could better inform lek structure
and connectivity at local scales. Because such data was
unavailable range-wide, for this analysis, we incorporated
local expertise from state representatives to adjust LC-MSTs,
which described prominent linkages between neighboring
leks. Third, many clustering algorithms exist, but few
exist for partitioning landscapes that can assess covariates,
incorporate constraint-based rules, and account for structure
(achieved by modifying LC-MSTs). After evaluating the
capabilities of various clustering algorithms, we decided the
SKATER algorithm was the best approach (see O’ Donnell
and others, 2019). Fourth, we did not incorporate popul ation
demographics (for example, trends or densities) as covariates
within the clustering algorithm because these would conflict
with the purpose of our clusters. For example, leks with higher
population abundance could be in higher quality habitat,
whereas lower abundance leks could be in lesser quality
habitat. However, incorporating such relationships likely
would lead to non-contiguous groupings instead of nested
clusters. Fifth, we considered whether the inclusion of genetic
data could inform the clustering of leks. We decided that these
data were not appropriate because they reflect long temporal
scales, and genetic flow does not directly correspond to habitat
selection. Lastly, genetic data does not exist across the range
at adequate spatial sampling corresponding to the fine scaled
clusters. We refer readers to O’Donnell and others (2019) for
further discussion of these caveats related to the sage-grouse
hierarchical population monitoring framework.



Objective 3 — Spatiotemporal Trends. We developed a
single, novel SSM model that allowed estimation of trends
in population abundance across different spatiotemporal
scales using the range-wide lek count dataset. The advantage
of this approach allowed hierarchical nested random effects
based on spatial clustering to help inform missing data and
disparate count histories while accounting for error associated
with imperfect detection during lek counts. Furthermore,
our approach reduced the large potential biases that are
typically associated with sensitivity in start and stop years
along abundances that fluctuate through time, specifically
by inferencing trends at different temporal scales based on
abundance nadirs.

We chose the lek and two different cluster levels for our
trend analysis among the 13 levels derived from Objective
2. In our study, the lek was the finest unit of measurement of
inference. Because sage-grouse are known to move between
lek sites within and among years (Emmons and Braun,

1984; Walsh and others, 2002; Fremgen and others, 2017,
Wann and others, 2019), population fluctuations at leks may
reflect changes in simple shifting attendance between leks,
immigration and emigration, as well as population vital rates
(for example, reproduction and survival). It follows that
observed reductions in population sizes at leks may not reflect
reductions at larger spatial scales (for example, NCs) but
instead reflect changes in local abundance and distributions
within larger spatial scales, which can be informative at local
levels. We chose cluster level two as the NC, our second

unit of measurement, because it was likely the most suitable
to account for groupings of leks with smaller inter-lek
movements within NCs while minimizing movement between
NCs. Although our model generated variation across the range
in the number of leks included in level two clusters, we feel
this spatial scale provided enough closure of populations

(fig. 4) to attribute fluctuations in abundance to variation in
population vital rates that are influenced primarily by local
environmental conditions instead of sage-grouse movement
patterns. Thus, trends that reflect declines at this scale more
likely reflect changes in abundance at the meta-population
level where actual loss of sage-grouse numbers are a result
of abiotic and biotic factors that can dampen population

vital rates. Furthermore, in consultation with land and
wildlife managers, cluster level two collectively provided

the most evidence of an appropriate scale for applicability

of conservation actions aimed at sustaining sage-grouse
populations. In comparison, our third unit of measurement,
was the largest spatial scale where evidence indicated that
population dynamics were most strongly governed by broad-
scale climatic conditions (for instance, precipitation; fig. 5).
Specifically, estimated trends at this scale considered the
greatest number of leks grouped together with no movement
constraints and provided information about regional increases
and decreases in numbers that operate at a meta-population
level. In summary, the three units of measurements allowed
comparison of trend estimates among temporal scales that
were governed by processes acting at different spatial scales.
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Several previously published studies evaluated
range-wide trends in rates of population change based on
peak male ek counts. For example, Connelly and Braun
(1997) were the first to report large scale annual declines
of sage-grouse based on long-term lek count data collected
across nine states; they estimated variable population declines
ranging from 17 to 47 percent over atime series that ranged
from the 1950s and 1960s to 1994, which represented scales
large enough to cover multiple oscillations. Connelly and
others (2004) provided a more comprehensive analysis across
sage-grouse range, which indicated sage-grouse declined at an
annual rate of 2 percent per year from 1965 to 2003. Although
these previous findings are not directly comparable to ours,
owing to differences in spatial extent of analyses and temporal
scales, the overall rates of decline range-wide identified by
these earlier studies were |ess than those estimated here.
Specifically, we found sage-grouse are declining annually
at approximately 3.0 percent range-wide from 1965 to 2019
(figs. 18-20; table 6).

Similar to our framework, others have employed
advanced modeling techniques to estimate trends at different
spatial scales. For example, trends in peak male counts have
been evaluated relative to seven Sage-Grouse Management
Zones (SMZ) developed by WAFWA (Garton and others,
2011, 2015; Nielson and others, 2015; Western Association
of Fish and Wildlife Agencies, 2015), which were delineated
based on floristic characteristics thought to be biologically
important to sage-grouse (Stiver and others, 2006). Our study
expanded on these concepts by estimating trends across
novel, empirically driven, and replicable lek clusters. These
clusters required additional methods to identify nested spatial
population structure most relevant to sage-grouse population
ecology and landscape characteristics (see Objective 2).

The inferences from arange-wide analysis of lek trends

for SMZ revealed an average annual decline of 2.1 percent
per year from 1965 to 2015 (Western Association of Fish

and Wildlife Agencies, 2015), which equated to an average
annual 1 of approximately 0.979. This annual A value was
approximately 1.0-percent greater than the average annual
values reported here (A =0.969) across our longest temporal
scale (1966-2019). However, it is important to recognize that
a 1.0-percent difference on an annual basis results in profound
cumulative changes in abundance over relatively long periods
of time. For example, extrapolating Western Association

of Fish and Wildlife Agencies (2015) estimates to 2019
indicated a 68.2-percent range-wide decline since 1965, which
is less than the realized 80.7-percent decline we derived.

For comparative purposes, we constrained our inferences
from the SSM model to 1965-2015, matching Nielson and
others (2015) years of trend assessment and derived a } of
approximately 0.977, which was nearly identical to Nielson
and others (2015). Importantly, the stop year of 2015 was near
the oscillation apex, meaning estimating popul ation trends
from a start year nadir (1965) to an end year apex (2015)
inevitably results in estimates that are biased high. Our trend
assessment properly accounts for biases associated with
oscillations in abundance such as sensitivity to start-stop years.
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The inferences from Garton and others (2011, 2015)
also used SMZs and employed a popul ation reconstruction
modeling approach from successive paired counts across lek
count histories, dating from 1965 to 2007 (Garton and others,
2011) and more recently from 2008 to 2015 (Garton and
others, 2015). Garton and others (2015) reported substantial
reduction in sage-grouse populations more recently, with a
56-percent decline in breeding males estimated over a 6-year
time frame from 2007 to 2013, equating to average annua A
of approximately 0.872 which is much lower than the average
annual trends reported here, even compared to average annual
A across the two most recent oscillations (past 17 years and
past 6 years). After adjusting our inferences to 2007-2013
for comparison, we estimated an average annual ) of 0.893,
which is substantially greater than Garton and others (2015).
The adjustment in range of years exemplifies the importance
and sensitivity of any assessment to start and stop points,
stressing the importance of consistency, such as basing any
trend in abundance on population nadirs as we have done here.
For example, datawith initial years that start on apex and stop
on nadirs only provide information about length of amplitude
(that is, displacement) of oscillation and will bias A low
(Mathews and others, 2018). These start-stop sensitivities
will lessen as more oscillations are included to estimate trend,
but as shown with these comparisons, not accounting for
such sensitivities could be misleading even after 60 years.
Nevertheless, based on model estimates of minimum number
of males in Garton and others (2015; see fig. 9) from 1965 to
2013, sage-grouse declined approximately 80-percent, which
reflects an average annual 2, of 0.97. These estimated trends
were consistent with our findings of 80.7-percent declines and
averageannual A of 0.970 from 1965 to 2019. After adjusting
the time frame of inferenceto stop at 2013, A =0.97, similar
to estimates by Garton and others (2015).

Given the hierarchical cluster levels of our framework,
trend comparisons with other published reports also can be
made at the regional or state level. For example, an integrated
population model (IPM) that relied on similar lek count data
was carried out in the Bi-State Distinct Population Segment
designated by the USFWS to help inform a listing status
assessment (Coates and others, 2019a). Estimates in that study
are comparable to ours because the spatial extent represented
the same spatial boundaries as CC-A and both designs shared
the nadir approach. Our estimates were slightly lower than
Coates and others (2019a) across the different temporal
scales. We attributed this to inclusion of lek counts collected
during 2019, which were relatively low and influenced
trends across the temporal scales. Additionally, Coates and
others (2019a) included demographic information from
telemetered sage-grouse in estimation of N and  using
an IPM framework. However, both studies are advances on
earlier published estimates from the Bi-State when years of
study ranging from an apex to nadir resulted in lower trend
estimates (Coates and others, 2018; Mathews and others,
2018), exemplifying the start-stop sensitivities to estimating
trend. In the nadir-to-nadir studies, we found consistencies in

relative patterns of stability in the central ‘core’ population of
the Bi-State area and sharp declines in peripheral populations.
In addition, studies consistently conclude that the Bi-State area
demographically outperforms other areas of the species’ range
within the Great Basin, which can be explained by Bi-State
populations being subjected to relatively fewer wildfires and
located at higher elevations, also offering greater resilience

to disturbance and lower susceptibility to drought conditions
(Coates and others, 2019a).

At the state level, Montana estimated population size
and trend using repeated count data (M ontana Fish, Wildlife,
and Parks, unpub. data, 2020) by using published N-mixture
modeling approaches (McCaffery and others, 2016). These
authors restricted the data from 2002 to 2020 based on
criteriafor repeated count data and modeled N , which aso
resulted in annual average A of 0.998. Our model estimated
ashort-term annual averaged A of 0.964 for Montana (see
appendix 4), which differed from 0.998. Montana primarily
intersected CC-D (45.3 percent), of which the population
abundance nadir was 2004. Because our analysis did not
make inference to 2020, we instead constrained the Montana
state N-mixture model estimates from 2004 to 2019 to make
comparison with our results and reflect an unbiased trend
of nadir to nadir. This constrained range of years resulted
inan average annual A of 0.966 for the Montana analysis,
which was identical to our SSM estimate (0.966). In this case
comparison, we conclude that SSM based on maximum counts
provides very similar estimates as N-mixture models that rely
on repeated count data, which can be expected if detection
error is constant or random through time (Monroe and others,
2019). However, we recognize that N-mixture models allow
for estimates of detection probability and are better suited for
estimating true abundance. We provide graphical illustration of
years of inference between an N-mixture model using repeated
count data and our SSM model! that relied on maximum count
data for comparison (appendix 6, fig. 6.1).

We also note several additional considerations when
comparing our results to previously published studies. First,
data quality and preparation approaches differed substantially
from the previous studies referenced, though our approaches
were reasonable and the rules used and corrections made
improved the quality of remaining data appropriate for our
analyses (see earlier in text). Second, the way in which leks
were aggregated to larger spatial extents (for instance, SMZ
and CCs) differed, which may have implications for trend
estimation. However, this hierarchical approach better matches
the biology of sage-grouse and, therefore, the estimates are
more likely to be relevant to populations and management.
Finally, we used a SSM framework that included random
effects for nested spatial structures to predict N and A
, which informed years of missing lek counts for newly
found leks and allowed retention of Ieks even following their
extirpation. In contrast, other studies employed different
filtering methodologies to account for data collection
inconsistencies and years when lek counts did not occur.



Although a full investigation of biotic and abiotic factors
that influenced spatiotemporal trends was beyond the scope
of this study, some general patterns can be explained. In
determining the most appropriate CC scale (Objective 2),
our findings revealed an important association between
precipitation and population growth (increased 2 ) at broad
spatial scales. This relationship corroborates recent studies
conducted at smaller scales within sage-grouse range that
employed other modeling approaches. For example, models
revealed that in the absence of fire, a 100-mm increase in
precipitation from spring through fall was associated with a
4.4-percent increasein 2 using lek count ratios in the Great
Basin (Coates and others, 2016). Another study integrating
lek and demographic data from telemetered sage-grouse in
the Bi-State area reported that the most important driver was
change in precipitation, such that a 50-percent increasein
precipitation during this time frame resulted in 15.5-percent
(95-percent CRI=5.4-26.9) increase in 4, thefollowing year
(Coates and others, 2018). In the Great Basin, local studies
have revealed mechanistic relationships between precipitation,
and other climatic conditions, and population dynamics. For
example, drought adversely affects population recruitment
(Blomberg and others, 2012), such that chick survival is
negatively influenced by water scarcity (Gibson and others,
2017). The prevailing explanation is that chicks rely on net
primary productivity, which contains more moisture, provides
food resources, and conceals chicks from predators during
late summer months (Thompson and others, 2006; Aldridge
and Boyce, 2008; Gregg and Crawford, 2009). Drought
reduces above ground net primary production (Donnelly and
others, 2018), and drought conditions substantially impact
chick survival in sage-grouse (Aldridge and Boyce, 2008).
Regional water scarcity (for instance, drought sensitivity)
and resulting adverse lag effects on food resources act as
abiotic and biotic factors that define ecological minimums that
influence population carrying capacity (Donnelly and others,
2018). Thus, limitations in food and cover resources following
multiple years of drought (Aldridge and Boyce, 2008) can act
to reduce carrying capacity and lead to low demographic rates.

Of particular significance, most sage-grouse populations
range-wide experienced above-average abundance during
early periods of oscillation. Yet, moderate declines occurred
from 1960 to the late-1980s, followed by a marked decline
with steadily decreasing and below average abundance
thereafter to present (2019; fig. 18). Across CCs, the estimated
population abundance nadirs appeared to correspond to years
of drought that dated back 60 years. The notable exception
is CC-F, which experienced relatively high and consistent
levels of annual precipitation from the 1960s to 1980s (see
https://bit.ly/30h1agw, section 6.2.2 Instrumentation Record)
that aligned with estimates of consistent levels of abundance
(that is, little evidence of fluctuations). However, in the
late 1980s, our model estimates show a major reduction in
abundance range-wide, which appeared to correspond to a
widespread drought that spanned the western United States
from 1986 through 2016 (Piechota and others, 2004; Williams
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and others, 2020) and included the western Wyoming area
(CC-F). Following this decline, we observed fluctuations in
abundance that corresponded to precipitation patterns for all
CCs, including western Wyoming. These fluctuations were
consistent with previous assessments (Fedy and Aldridge,
2011; Edmunds and others, 2018). Importantly, sage-grouse
populations across their range were reduced to much smaller
sizes apparently as a result of drought and local-scale
disturbances and have not recovered to pre-1980s numbers.
At small numbers, sage-grouse populations are less capable
of recovering and more prone to extirpation (for example,

the Allee effect), especially given both environmental and
demographic stochasticity. Additionally, after the 1980s,
many leks range-wide were likely extirpated and continue to
decline or remain at low numbers. Further support for this
phenomenon is that CC-F (western Wyoming area) consists of
the largest population sizes based on greatest number of males
per lek count, on average. Thus, ensuring that high-quality
habitats will remain intact within these core areas could make
populations less susceptible to abiotic impacts (for example,
drought; Aldridge and Boyce, 2008), which will likely
increase viability and resiliency to the effects of drought.

Furthermore, loss of habitat from disturbances on the
landscape could interact with climate conditions to perpetuate
long-term declines in population trajectories. Within the Great
Basin (CC-E), wildfire frequency and size has dramatically
increased in the past two decades (Brooks and others, 2015),
which has contributed to conversion of vast areas from a
shrubland state to one of annual grassland (Chambers and
others, 2014; Pilliod and others, 2017). Consequently, CC-E
has undergone rapid population declines over the past two
periods of oscillation and recent evidence indicates that such
long-term habitat loss from wildfire nullifies positive effects
typically associated with years of increased precipitation
(Coates and others, 2016). Thus, the vast spatial extent of
wildfire and subsequent state-transitions to annual grasslands
across much of this climate cluster may simply outpace
implemented restoration efforts owing to spatial and temporal
asynchronies between slower sagebrush recovery processes
and more immediately reactive sage-grouse demographic
responses (Ricca and Coates, 2020).

Similarly, we observed population fluctuations with
continual and consistent declines at the medium temporal scale
(four oscillations) in population abundance across the eastern
area (CC-D). Thistime frame corresponds to widespread
development of anthropogenic features associated with energy
infrastructure and type conversion of sagebrush to agriculture.
For example, declines within CC-D largely correspond to
areas of oil and gas disturbance (Green and others, 2017),
particularly in northeastern Wyoming and northwestern
Colorado, as well as cropland conversion in areas of
Montana (Aldridge and others, 2008; Smith and others,
2016). Therefore, sage-grouse population trends at broad
scales, driven by stochastic climatic conditions, were likely
stressed further by deterministic factors such as landscape
disturbances that act to reduce the ability for populations to
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recover from drought years. However, declines across CC-D
have weakened over the past 20 years and most notably in
the past 10 years, perhaps aresult of increased conservation
efforts. For example, it is possible that management actions
enacted to reverse impacts that limit surface disturbances in
areas of high sage-grouse abundance, such as the Wyoming
“core sage-grouse area” strategy, may have contributed to this
phenomenon (Spence and others, 2017). However, research
that investigates the efficacy of conservation efforts across
different spatial scales would be beneficial because such
actions are typically local and relatively recent. Additionally,
in the absence of widespread disturbance and relatively large
intact tracts of sagebrush landscapes, populations likely are
more resilient and buffered against long-term declines albeit
still experiencing stochasticity. For example, within western
Wyoming (CC-F) populations experienced less severe declines
and even slightly positive growth over the past three decades
compared to longer time frames.

Our model predictions indicate that over 60 percent of
leks range-wide have 38-year (approximately three complete
oscillations) extirpation probabilities of over 50 percent, which
is given the assumption that disturbances continue to persist
on the landscape and are coupled with continued widespread
drought throughout the western United States (Walsh
and others, 2014; Crosby and others, 2015). The bimodal
frequency distribution of extirpation probabilities supports
the concept that leks have either relatively low (around
20 percent) or relatively high (around 80 percent) extirpation
probabilities across the range. We hypothesized that increased
probability of extirpation is a function of low lek abundance,
high degree of inter-annual variation, decreasing population
trend, and peripherality. A strong advantage to our SSM
framework is that these conditions are inherently accounted
for within the 30-year projection. Climate cluster F had the
lowest extirpation probabilities for leks and NCs, supporting
the hypothesis that robust populations within intact habitat
have the lowest probability of extirpation despite relatively
high stochasticity. Overall, spatial depictions of extirpation
probabilities reflect increased vulnerability across scales at
the periphery of sage-grouse range, supporting past findings
(Aldridge and others, 2008). For example, CC-B (Washington
area) had the highest lek extirpation probability (fig. 41;
table 8), whereas CC-A (Bi-State area) had the highest
NC scale extirpation probability (fig. 42; table 8). This
should be expected because both regions represent isolated
populations where CC-B consists of the lowest average lek

count (table 6) and CC-A consists of multiple NCs with the
fewest leks per NC (table 7; lowest median value). It also
isimportant to point out that virtually all NCswith greater
than 50-percent extirpation probability are on the periphery
of the range (fig. 42), which strongly reinforces the concept
that maintaining large populations within intact, high quality
habitats could help to buffer against environmental and
demographic stochasticity (Aldridge and Boyce, 2008).

One of the key advantages of using SSMs to forecast
extirpation probabilities is these models rely on a first-order
Markov process. In our case, the error for each year of
prediction was equal to the probability of observing the state
intimet (for example, N, ), which was conditioned on the
state in the previoustime (for example, N, , ). If predictions
are made across many years (for example, increased
prediction intervals) and parameter uncertainty is high in
the final intervals of observed data (for example, 2019),
then predictions can become uninformative due to increased
propagation of error. However, the increased precision of
parameter estimates in recent years observed in our analysis,
which was largely a function of increased sampling efforts
through time, reduced the range of possible outcomes and
magnitude of propagated uncertainty in prediction intervals.
Nevertheless, multiple important caveats should be considered
when interpreting extirpation probabilities. First, although
we set the rule of extirpation as less than two males to align
with an ‘inactivity’ status set by state agencies, we recognize
that this criterion could lead to underestimation of actual
lek extirpation probabilities as a result of Allee effects
(Courchamp and others, 1999). Second, SSM estimates
assumed that 2019 had reached an abundance nadir. However,
if abundance continues to decline in subsequent years, then
extirpation probabilities are underestimated and, thus, these
probabilities could be interpreted as optimistic. Third, the
lek level analysis did not account for recolonization based on
meta-population dynamics or estimated changes in habitat
that may lead to recovery. Fourth, at the NC scale, the sum
of lek counts within a NC must be less than two for a NC to
reach extirpation, which means every lek in the cluster must
reach extirpation. Thus, our extirpation probabilities likely are
conservative, given populations may be functionally extirpated
at much larger numbers because 50-500 individuals may be
required to maintain a minimally viable population (Lande,
1988). Similarly, NC extirpation probabilities may be near or
at zero (that is, robust at metapopulation level) even though
leks within the NC could have relatively high probabilities.



Lastly, trend estimates from our SSM models at the
relatively long temporal scales could be biased high based
on potential effects of unequal sampling efforts through
time (fig. 2). It isknown that larger leks (sometimes referred
to as ‘trend’ leks) were disproportionately favored for
monitoring efforts in earlier years. Ancillary analyses that
compared range-wide mean lek size (based on counts) to
mean intrinsic rate of change in abundance () revealed
apositive correlation (Pearson’s r=0.11), which suggests
that larger leks experience higher growth in abundance on
average. Although the SSM derived estimates of N for
non-sampled leks back-in-time, the parameter that was linked
through spatiotemporally nested random effects was f . If
smaller leks had been sampled proportionate to availability
in early years, then estimated F at lek, NC, and CC scales
during those periods would likely have been lower ( N
would have been higher) than reported here. Additionally,
our model does not account for leks that reached extirpation
before their discovery to be surveyed. It is unknown whether
this is another source contributing to underestimation of N
or if it is related to the previous sampling bias. It must be
recognized that it is possible that newly discovered leks in
recent years may not have existed back-in-time, although the
model doesimpute N under the assumption that they did.
Instances such as this may be offset, in part, as a result of
missing leks that experienced extirpation before discovery.
However, it is more likely to represent a spatial misallocation
of sage-grouse, giventhat N isaderived parameter and T ,
which is the scale-invariant information sharing parameter,
has demonstrated decline across all temporal scales, and all
sampling regimes. The potential for spatial misallocation of
sage-grouse highlights the importance of closed populations at
NC and CC scales.

Objective 4 — Targeted annual warning system.
Our example TAWS was designed to reduce variability
in sage-grouse population dynamics caused by climatic
fluctuations, ultimately increasing the speed and precision in
the ability to detect populations in need of local management
intervention. Additionally, TAWS provides a standardized,
range-wide assessment of potential management actions that
can improve population stability, which did not previously
exist as a decision-support tool for managers and across the
species' range. In practice, the TAWS can reduce the time and
energy that managers spend responding to popul ations that
are declining as a result of less manageable climate-related
effects. In highly dynamic cold-desert sagebrush ecosystems,
where sage-grouse popul ations respond largely to shiftsin
precipitation driving primary production, understanding when
populations respond naturally to climate-related patterns
compared to more localized natural or anthropogenic drivers
iscritical so that management actions can align with the
appropriate spatial scale of detected declines. Thisis of
particular importance so that less-immediately manageable
effects (for example, climate) can be partitioned from those
arising from disturbances, which include wildfire and annual
grassinvasion (Blomberg and others, 2012; Coates and others,
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2016), energy development (Doherty and others, 2016; Green
and others, 2017), conifer expansion (Miller and Wigand,
1994; Miller and Tausch, 2001; Reinhardt and others, 2020),
agricultural conversion (Aldridge and others, 2008; Smith and
others, 2016), changesin predator composition (Coates and
others, 2020), and overgrazing from livestock or free ranging
equids (Beever and Aldridge, 2011; Davies and others, 2014;
Monroe and others, 2017, Danvir, 2018; Davies and Boyd,
2019). Specifically, juxtaposing population A assessed at two
different scales (lek versus CC and NC versus CC) allowed
us to examine when local population trends diverged from
regional population trends, which can then inform when and
where management actions could most effectively improve
local scale sage-grouse population growth and distribution.
For example, insights can highlight areas on the landscape
that require additional field investigation to understand why
populations are declining and whether managers can increase
those populations through varying management actions.
Accordingly, the TAWS also helps fulfill information needs
for sage-grouse populations identified under existing land-use
planning amendments (Bureau of Land Management, 2015).
Thisisarigorous framework for adaptive management
solutions tied directly to performance of identifiable
population units. Importantly, the TAWS framework can be
readily applied as a solution for other species of conservation
concern that exhibit similar strong spatial structuring and
population responses driven by large scale climatic variation
in the absence of localized disturbances.

We found that CC-D (eastern area), CC-E (Great Basin
area), and CC-F (western WWyoming area) were the largest
of the climate clusters and exhibited the greatest proportion
of watches and warnings activated at the NC and lek scales.
Interestingly, CC-F differed from CC-E and CC-D in that this
cluster does not exhibit declining trends (see Objective 3).
This phenomenon may be explained by differences in trends
across lek sizes. Averaged A is largely affected by larger leks
because those leks contribute more to N at the NC scale.
Thus, if larger leks are more stable than smaller leks, we
should expect warnings and watches to occur on the smaller
leks while the climate cluster as a whole exhibits stability.
It is important to recognize that watches and warnings are
assumed to be activated by local-level perturbations and, thus,
offsetting such disturbances may result in population growth.
One hypothesis for CC-E exhibiting the highest percentage of
watches and warnings at NCs and leks over the past 29 years
compared to al other CCsisthat this cluster experiences
the most cumulative impacts at broad spatial scales. For
example, populations in CC-E are impacted with increasing
cheatgrass-wildfire cycle (Coates and others, 2016; Pilliod
and others, 2017), conifer encroachment (Baruch-Mordo and
others, 2013), and anthropogenic disturbances that increase
abundances of generalist predators (Coates and others,
2020). In appendix 7, we provide an example of activation of
watches and warnings at both the lek and neighborhood scale
immediately following a wildfire in southeast Oregon within
the Great Basin. Nevertheless, watches and warnings have
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increased substantially through time range-wide. Because our
models were robust for missing lek count data, increases in
watches and warnings through time were likely not a result
of increased lek count efforts, rather likely due to increases
in disturbances on the landscape (for example, increased
anthropogenic developments and frequency of wildfire).

Like any decision-support tool, caveats associated
with analytical methods and subsequent interpretation
require careful examination. Several caveats were described
previously by Coates and others (2017) for the initial TAWS
technique that was piloted in Nevada and subsequently
improved upon in this study, yet some remain. First, the TAWS
relies upon a SSM to estimate missing counts from time series
data based on prior variance of observed counts and sharing
of information across leks using hyper-parameters (that is, the
automatic selection of smoothing parameters), which increases
the reliability of parameter estimates (Kéry and Schaub, 2012).
The TAWS cannot evaluate leks that are infrequently counted
or never counted. Standardized lek count protocols that
minimize number of years between counts for leks of interest
would be highly beneficial and further improve parameter
estimation, especially if the goal is to target specific leks
or NCs where investigation of immediate change is of high
interest (for example, leks in recently burned areas or around
new anthropogenic structures). Furthermore, the potential for
spatial misallocation associated with newly discovered leks
and leks that were extirpated prior to discovery, as discussed
in objective 3, highlights the importance of (1) restricting
datasets for TAWS to a period of more rigorous data collection
and (2) adhering to rules that require the presence of lek count
data during periods that inform watches and warnings.

Second, TAWS is a framework aimed at managers and
land stewards to identify recent declines that have been
disentangled from large scale climatic effects but does
not provide information regarding the cause of decline.
However, retrospective analyses using watches and warnings
or the log-odds ratios can be evaluated as a function of
environmental covariatesin future analyses. Third, at the lek
scale, TAWS cannot necessarily identify whether watches
or warnings were related to redistribution of breeding sage-
grouse away from lek sites versus reduced population vital
rates. Studies indicate that adult sage-grouse exhibit strong
site fidelity following disturbance (Holloran and others,
2010; O’ Neil and others, 2020) but offspring may disperse
away from affected areas, as has been shown for mining
developments (Remington and Braun, 1991). Thus, activation
of watches or warnings may be attributed to dispersal away
from disturbances, possibly only by yearlings, or reduced
reproductive rates at disturbed leks (Holloran and others,
2010). Further analyses could be carried out to investigate
and compare log-odds of nearby leks to investigate evidence
of distributional shifts and distinguish warnings associated
with these different processes. Fourth, we built in temporal

thresholds to guard against spurious watches and warnings
as a result of major count errors (for example, major change
in lek attendance from flush prior to count). However, these
thresholds prevent watches from occurring immediately (for
example, within-year), but managers and land stewards can
obtain the signal data to explore a more immediate response.
Fifth, CCsthat consist of relatively few NCs, such as
Washington area and Jackson Hole, Wyoming, area, will be
less likely to activate NC warnings, especially if the majority
of NCs are experiencing similar declines. This is because
changesin N ata NC has relatively strong influences on
the CC estimate, resulting in relatively smaller values of
log-odds ratios less likely to cross signal thresholds. Thus,
consistent declines across the small CCs of Washington area
and Jackson Hole, Wyoming, area explain why no NCswere
activated since the 1990s. However, the TAWS does continue
to activate leks within these smaller CCs because enough
variation exists at that scale to allow declines to exceed
log-odds ratio thresholds. Although it has been demonstrated
that activation of leks within small CCs is possible under the
current version of the TAWS, we recognize areas of future
improvement. Namely, further refinement of the simulation
analysis to identify thresholds that vary by CC, which would
focus stability at the CC scale (for example, see appendix 8)
as opposed to the range-wide scale. This refinement more
likely supports fundamental conservation biology principles
of resiliency, redundancy, and representation by activating
watches and warnings across all declining areas of the species
range, as opposed to a broader goal that optimizes range-wide
population level stability.

Lastly, identifying thresholds for watches and warnings
required simulation of management action designed
to stabilize populations that have declined below CC
(appendix 5). The original framework (Coates and others,
2017) applied simulated actions that were uniformly
effective and acknowledged that such an approach failed to
consider variation in recovery processes driven by (now)
well-understood underlying ecological site conditions
(Chambers and others, 2020). The thresholds derived in this
study address that shortcoming by accounting for variation in
management effectiveness indexed by underlying resilience
and resistance (R&R) classes and subsequent differential
sage-grouse population responses to disturbance. The revised
simulations imposed lower probabilities of successful
management action for populations inhabiting regions of low
R& R compared to more productive regions of high R&R.

We chose the wildfire-annual grass cycle as the
disturbance regime to index owing to its ubiquity in the
western portions of the species range (Brooks and others,
2015; Coates and others, 2016), but recognize that sage-grouse
respond differently to other forms of disturbance, such as
energy development in the eastern portions of the species
range. For example, both scenarios result in the removal



of vegetation, but wildfires will disturb larger areas in a
relatively short period (for example, > day) compared to
energy development that changes the landscape more slowly
over time (for example, > year), depending on socioeconomic
drivers, technologies, and reserves available within an

area. Wildfires often result in the introduction of invasive
species (Chambers and others, 2019; Mahood and Balch,
2019), damage biological soil crusts (Root and others, 2018;
Brianne and others, 2020), and alter fire return intervals
(Pilliod and others, 2017; Ellsworth and others, 2020), often
impacting large contiguous areas (for example, >1,000 acres)
of vegetation. Activities to restore landscapes may begin
immediately after a wildfire. In comparison, infrastructure
associated with energy development requires direct removal

of vegetation and can result in direct impacts associated

with vehicle traffic, human activity, and noise pollution that
persist for years after the initial disturbance event before land
undergoes reclamation. We hypothesize that immediate loss of
habitat associated with wildfire is likely to activate fast signals
and more immediate warnings compared to slow signals that
likely activate from incremental changes associated with point
source disturbances like energy development. Although it

was beyond the scope of our study, a retrospective analysis
that investigates difference between slow and fast signals
among different disturbance types would be beneficial. Such
analyses could help inform ecological thresholds for different
types of disturbances on the landscape that, when crossed,

are likely to activate watches and warnings. Additionally, our
framework can be amenable to evaluating efficacy of different
conservation actions. For example, estimates of population
responses to restoration efforts are often confounded by
environmental stochasticity. Using similar comparisons

and thresholds as TAWS, but instead annually evaluating
realignment of ) among spatial scales, can act to disentangle
changesin N associated with larger scale oscillations that are
governed by climatic conditions and more accurately assess
deterministic changes to sage-grouse habitat.

Advances in the Modeling Framework. Here, we
describe a population modeling framework that spatially
delineated population structures, estimated trends across
different spatiotemporal scales, and provided warning of
populations that have declined below CC on an annual basis.
The advantage of this framework isthat it relieson asingle
hierarchical model that can be readily updated with new lek
count data given proper QA/QC procedures (Objective 1).
Although the model accounts for uncertainty in count
observations, it relies on maximum annual counts and does
not fully account for detection probability and estimate true
abundance. However, this modeling framework is highly
flexible and future steps are underway to accommodate
multiple sources of information (demographic data, repeat
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lek counts, and so forth) and multiple model types (for
example, N-mixture model, IPM, and so forth), where the
end goal isimproving precision of population parameter
estimates, estimating true abundance, and correctly identifying
population units in greatest need of close monitoring or
management intervention within a single unified framework.
Subsequent improvements also could involve incorporation
of repeated count data (McCaffery and others, 2016; Monroe
and others, 2019) combined with information on lek visitation
rates (Fremgen and others, 2017; Wann and others 2019)
and sage-grouse detection (Fremgen and others, 2016;
Baumgardt and others, 2017; Coates and other, 2019b) to
better estimate observation error. These additions could greatly
improve potential population size estimation. For example, if
repeated counts are collected within a single season at some
leks, an N-mixture process can be used to model detection
probability (McCaffery and others, 2016; Monroe and others,
2019) within the same framework. Our modeling framework
could be adapted to implement this process, and we have
already built in the capacity to do so. If repeated measures
are not available and single lek counts within a season are
accompanied by information such as survey date and time,
counts can be adjusted based on parameters published from
ancillary research to account for temporal and environmental
effects on lek attendance and visitation rates (Coates and
others, 2019b; Fremgen and others, 2019; Wann and others,
2019), or based on sources of observation error such as time
of survey within amorning (Monroe and others, 2016). Such
adjustment parameters likely will provide better population
estimates than raw lek counts in the absence of N-mixture
processes that rely on repeated counts, largely because
these estimates provide some information about variation in
sightability and lek attendance. Additionally, in areas where
demographic data (telemetry, mark recapture, brood surveys,
hunter harvest, and so forth) and lek counts are available,
procedures that rely on joint likelihood estimation (for
example, IPM) can be implemented and incorporated into the
SSM, similar to recent methods reported for the Bi-State area
(Coates and others, 2019a). Thus, our hierarchical framework
allows for integration of various forms of data across space
and time by using advanced model structures as well as
adjustment parameters derived from ancillary research where
data collection may not be as robust. R
Although coupling an evaluation of declining annual A
with separation in estimates between local and regional scales
provides compelling evidence for unexpected population
decline responsible for management concern, our results
do not quantitatively investigate causal factors. Subsequent
post-hoc analyses using spatiotemporal covariates not
described in this study would allow evaluation of possible
mechanisms responsible for these patterns, particularly
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those related to well documented drivers of changing habitat
conditions described earlier in the text. In addition, more
powerful analyses of changes in land cover will be facilitated
by correlations with newly available ‘back-in-time’ mapped
predictions of shrub, herbaceous, and bare ground components
that spatially span the species' range and temporally span

the Landsat satellite archive (over three decades; Rigge and
others, 2019).

In the current structure, our trend and TAWS models do
not partition density-dependent from density-independent
effects that contribute to annual variation in sage-grouse
abundance within and among spatial scales (Garton and
others, 2011, 2015; Blomberg and others, 2017; Coates
and others, 2018; Edmunds and others, 2018). In previous
model investigations, we fitted density-dependent structures
in the SSM but failed to achieve full model convergence
for reliable parameter estimation. Although it is unlikely
that density-dependent structure will have strong influences
on the reported estimates, future methods that include
density-dependence structures in SSMs will help refine
parameter estimates.

Lastly, development of a user-friendly interface
that will allow land and wildlife managers to input data
(for example, lek counts) at different spatial extents and
readily obtain estimated and derived parameters as well as
watches and warnings is currently underway. We intend to
build on the development of this range-wide hierarchical
modeling framework as modeling procedures and web-based
applications continue to advance. The ultimate goal isto
provide solutions through user-friendly decision support
tools whereby land and wildlife managers can periodically
assess population status at different spatiotemporal scales and
readily identify populations that are likely in most need of
management intervention.
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Commonly Used Terms

Table 1.1. Definitions for commonly used terms in population clustering, spatiotemporal trends in population abundance (1960-2019),
and a targeted annual warning system (1990-2019) for greater sage-grouse (Centrocercus urophasianus) across their range in western

United States.

Term Definition

Population An aggregation of sage-grouse occurring within a specified spatial extent or associated with a specific location.

Spatial extent Geographic area over which a population is defined, or spatial information is summarized.

Spatial scale The unit of measure that describes quantitatively the spatial extent. Typically scale includes two components, grain and
extent, where grain is the highest resolution of measures at which a variable of interest is assessed.

Lek scale The smallest scale of population organization in our example, measured as the geographic coordinates (point) of
traditional breeding locations (or leks) with associated annual counts of male sage-grouse attendance.

Cluster scale Spatially nested aggregations of leks, delineated as measurable polygons in rank order, used to define spatial extents for
modeling sage-grouse demographic processes. Hence, increasing cluster scale refersto increasing spatial extents (fewer
large clusters comprised of large number of leks) comprising all lower cluster extents (more small clusters comprised
of fewer number of leks). Clusters were generated using a graph-based clustering algorithm informed by least-cost
minimum spanning trees, multi-scale habitat covariates, and constraint-based rules.

Neighborhood  Refers specifically to cluster scale 2 of the graph-based clustering algorithm process, the smallest scale to represent

cluster (NC) a closed population unit minimizing births, deaths, immigration, and emigration. This cluster represents local

Climate cluster
(CC)

Region

Oscillation
Nadir

Apex

Period
Amplitude
Trend
Temporal scale

Targeted Annual
Warning
System

Threshold

Declining

Declining below
the climate
cluster (DBC)

Slow threshold
Fast threshold
Signal

aggregations of leks and contrasts population trends at scales conducive to management action.

Refers specifically to cluster scale 13 of the graph-based clustering algorithm process, whereby population dynamics are
likely driven by larger scale variations, such as climate, that affect fluctuations in population abundance that reflect
periods of oscillation of sage-grouse and are likely less manageable by direct intervention.

The full spatial extent encompassing all clusters, defined as the sage-grouse population range across the western United
States (fig. 1 in main text).

Consecutive years of increasing abundance followed by consecutive years of declines.

Lowest point of population abundance within a period of oscillation.

Highest point of population abundance within a period of oscillation.

One complete oscillation between two consecutive nadirs.

Displacement from the mid-point to apex or nadir.

Average annual rate of population change in abundance across multiple years within a temporal scale.

The unit of measure that describes quantitatively the range of years between each population nadir since 1960 and 2019.

A framework used to quantify sage-grouse population trends of management concern on an annual basis. This system
identifies populations (leks and NCs) that are declining due to local disturbance as opposed to broader environmental
stochasticity. The framework identifies thresholds that indicate population declines are sustained and asynchronous
from larger cluster scales. It uses these thresholds to “signal” the potential need for management action.

Values determined through simulation analyses based on 29 continuous years (1990-2019) of annual sage-grouse lek
count data. Crossing these values ‘signal” populations that are declining at a rate below that of the climate cluster.
To identify thresholds, we estimated posterior distributions of the estimated rate of population change ( i ) at each
lek, derived estimated population size ( [\ ) and ( l ) at the NC or CC level, and described the relationship of ( )“ )
annually between two hierarchical scales (for instance, lek to CC and NC to CC) based on log-odds ratios. When
thresholds were crossed, it signaled possible management action or further monitoring were needed.

A population that decreases in abundance between successive years. It is defined by contrasting proportional differences
in } atthescaleof interest relativeto neutral (thatis, } = 1.00).

Declining below the climate cluster indicates populations declining at a greater rate than the broader nested scale. It is
defined by contrasting proportional differences in ) across nested scales, which estimate how well population change
at the finer scale tracks population change at the broader scale. Finer scales (that is, lek and NCs) are always contrasted
against the CCs.

Indicates relatively gradual rates of DBC.
Describes more precipitous rates of DBC than the slow threshold that relate to high risk of near-term extirpation.

The condition in which a population has crossed either the slow or fast threshold (log-odds exceed the contrasting cluster
scale) on an annual basis. Consecutive signals become a watch or warning.
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Table 1.1. Definitions for commonly used terms in population clustering, spatiotemporal trends in population abundance (1960-2019),
and a targeted annual warning system (1990-2019) for greater sage-grouse (Centrocercus urophasianus) across their range in western
United States.—Continued

Term Definition

Watch A watch is activated after 2 consecutive years of signal activation. This temporal requirement is intended to safeguard
against short-term population dynamics and to reflect the duration and magnitude of DBC.

Warning A warning is activated if a population signals at the slow threshold for 3 out of 4 consecutive years, or at the fast
threshold for 2 out of 3 consecutive years.
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Table 2.1.

across their range.
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Number of leks retained for population analyses (Objectives 3 and 4) following sequential application of quality assessment
and quality control (QA/QC) rules (1-6). Values under ‘Rule 6a’ correspond to the number of leks used to estimate population trends
(1960-2019) and ‘Rule 6b’ to inform a targeted annual warning system (1990-2019) for greater sage-grouse (Centrocercus urophasianus)

[Values under ‘Rule 6a’ correspond to the number of leks used to estimate population trends (1960-2019) and ‘Rule 6b’ to inform a targeted annual warning
system (1990-2019) for greater sage-grouse (Centrocercus urophasianus) across their range. Abbreviations: CA, California; CO, Colorado; ID, Idaho; MT,
Montana; ND, North Dakota; NV, Nevada; OR, Oregon; SD, South Dakota; UT, Utah; WA, Washington; WY, Wyoming]

State No rules Rule 1 Rule 2 Rule 3 Rule 4 Rule 5a Rule 6a Rule 5b Rule 6b
CA 136 136 136 136 135 135 79 130 69
CcO 322 322 322 322 322 322 213 322 213
ID 1,601 1,601 1,601 1,601 1,601 1,601 944 1,597 795
MT 1,272 1,272 1,251 1,219 1,219 1,219 564 1,218 464
ND 43 43 43 43 43 43 39 43 26
NV 1,369 1,369 1,363 1,339 1,340 1,340 618 1,337 526
OR 713 713 713 713 713 709 406 708 389
SD 59 59 59 59 59 59 40 57 32
uT 457 457 457 457 457 457 368 449 321
WA 108 108 108 108 108 108 70 93 50
WY 2,341 2,341 2,341 2,341 2,341 2,340 1,790 2,332 1,593
Range 8,421 8,421 8,394 8,338 8,338 8,333 5,131 8,286 4,478
Table 2.2. Percent of leks retained for population analyses (Objectives 3 and 4) following sequential application of quality assessment

and quality control (QA/QC) rules (1-6). Values under the ‘No Rules’ column correspond to the number of leks in the database prior
to the application of QA/QC rules. Values under ‘Rule 6a’ correspond to the percent of the ‘No Rules’ column value that were used to
estimate population trends (1960-2019) and ‘Rule 6b’ to inform a targeted annual warning system (1990-2019) for greater sage-grouse

(Centrocercus urophasianus) across their range.

[Values under the ‘No Rules’ column correspond to the number of leks in the database prior to the application of QA/QC rules. Values under ‘Rule 6a’
correspond to the percent of the “No rules’ column value that were used to estimate population trends (1960-2019) and ‘Rule 6b’ to inform a targeted annual
warning system (1990-2019) for greater sage-grouse (Centrocercus urophasianus) across their range. Abbreviations: CA, California; CO, Colorado; ID, Idaho;

MT, Montana; ND, North Dakota; NV, Nevada; OR, Oregon; SD, South Dakota; UT, Utah; WA, Washington; WY, Wyoming]

State No rules Rule 1 Rule 2 Rule 3 Rule 4 Rule 5a Rule 6a Rule 5b Rule 6b
CA 136 100.00 100.00 100.00 99.26 99.26 58.09 95.59 50.74
CcO 322 100.00 100.00 100.00 100.00 100.00 66.15 100.00 66.15
ID 1,601 100.00 100.00 100.00 100.00 100.00 58.96 99.75 49.66
MT 1,272 100.00 98.35 95.83 95.83 95.83 44.34 95.75 36.48
ND 43 100.00 100.00 100.00 100.00 100.00 90.70 100.00 60.47
NV 1,369 100.00 99.56 97.81 97.88 97.88 45.14 97.66 38.42
OR 713 100.00 100.00 100.00 100.00 99.44 56.94 99.30 54.56
SD 59 100.00 100.00 100.00 100.00 100.00 67.80 96.61 54.24
uT 457 100.00 100.00 100.00 100.00 100.00 80.53 98.25 70.24
WA 108 100.00 100.00 100.00 100.00 100.00 64.81 86.11 46.30
WY 2,341 100.00 100.00 100.00 100.00 99.96 76.46 99.62 68.05
Range 8,421 100.00 99.68 99.01 99.01 98.95 60.93 98.40 53.18
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Table 2.3. Number of lek count observations retained for population analyses (Objectives 3 and 4) following sequential application of
quality assessment and quality control (QA/QC) rules (1-6). Values under ‘Rule 6a’ correspond to the number of lek count observations
used to estimate population trends (1960-2019) and ‘Rule 6b’ to inform a targeted annual warning system (1990-2019) for greater
sage-grouse (Centrocercus urophasianus) across their range.

[Values under ‘Rule 6a’ correspond to the number of lek count observations used to estimate population trends (1960-2019) and ‘Rule 6b’ to inform a targeted
annual warning system (1990-2019) for greater sage-grouse (Centrocercus urophasianus) across their range. Abbreviations: CA, California; CO, Colorado;
ID, Idaho; MT, Montana; ND, North Dakota; NV, Nevada; OR, Oregon; SD, South Dakota; UT, Utah; WA, Washington; WY, Wyoming]

State No rules Rule 1 Rule 2 Rule 3 Rule 4 Rule 5a Rule 6a Rule 5b Rule 6b
CA 6,424 6,338 6,338 6,338 2,550 2,423 2,080 1,745 1,425
CO 6,377 6,377 6,377 6,377 3,630 3,630 2,631 3,630 2,631
ID 46,559 46,513 43,575 43,575 23,191 22,523 17,554 18,217 12,388
MT 29,907 29,879 23,381 16,525 11,522 11,438 8,137 8,790 5,215
ND 1,364 1,364 1,364 1,364 1,363 1,363 1,317 802 634
NV 24,471 24,418 21,435 18,850 13,379 13,078 9,435 10,674 6,985
OR 19,264 19,246 18,573 18,573 8,490 8,328 6,708 7,531 5,824
SD 1,761 1,758 1,570 1,568 862 862 717 705 522
uT 9,792 9,792 9,792 9,792 9,669 9,655 8,954 6,964 5,987
WA 8,831 8,178 8,178 8,178 1,316 1,314 1,141 917 722
WY 107,994 107,854 100,342 100,342 42,953 42,667 36,623 36,222 28,313
Range 262,744 261,717 240,925 231,482 118,925 117,281 95,297 96,197 70,646

Table 24. Percent of lek count observations retained for population analyses (Objectives 3 and 4) following sequential application

of quality assessment and quality control (QA/QC) rules (1-6). Values under the ‘No Rules’ column correspond to the number of lek
count observations in the database prior to the application of QA/QC rules. Values under ‘Rule 6a’ correspond to the percent of the ‘No
Rules’ column value that were used to estimate population trends (1960-2019) and ‘Rule 6b’ to inform a targeted annual warning system
(1990-2019) for greater sage-grouse (Centrocercus urophasianus) across their range.

[Values under the ‘No rules’ column correspond to the number of lek count observations in the database prior to the application QA/QC rules. Values under ‘Rule
6a’ correspond to the percent of the ‘No Rules’ column value that were used to estimate population trends (1960-2019) and ‘Rule 6b’ to inform a targeted annual
warning system (1990-2019) for greater sage-grouse (Centrocercus urophasianus) across their range. Abbreviations: CA, California; CO, Colorado; ID, Idaho;
MT, Montana; ND, North Dakota; NV, Nevada; OR, Oregon; SD, South Dakota; UT, Utah; WA, Washington; WY, Wyoming]

State No rules Rule 1 Rule 2 Rule 3 Rule 4 Rule 5a Rule 6a Rule 5b Rule 6b
CA 6,424 98.66 98.66 98.66 39.69 37.72 32.38 27.16 22.18
CcO 6,377 100.00 100.00 100.00 56.92 56.92 41.26 56.92 41.26
ID 46,559 99.90 93.59 93.59 49.81 438.38 37.70 39.13 26.61
MT 29,907 99.91 78.18 55.25 38.53 38.25 27.21 29.39 17.44
ND 1,364 100.00 100.00 100.00 99.93 99.93 96.55 58.80 46.48
NV 24,471 99.78 87.59 77.03 54.67 53.44 38.56 43.62 28.54
OR 19,264 99.91 96.41 96.41 44.07 43.23 34.82 39.09 30.23
SD 1,761 99.83 89.15 89.04 48.95 48.95 40.72 40.03 29.64
uT 9,792 100.00 100.00 100.00 98.74 98.60 91.44 71.12 61.14
WA 8,831 92.61 92.61 92.61 14.90 14.88 12.92 10.38 8.18
WY 107,994 99.87 92.91 92.91 39.77 39.51 33.91 33.54 26.22

Range 262,744 99.61 91.70 88.10 45.26 44.64 36.27 36.61 26.89
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Appendix3 State-Space Model Formulation

Posterior parameter distributions were estimated using
a spatiotemporally nested design, and population dynamics
were described using an exponential growth model on the
log scale. We adopted the log-scale specification because it
is more appropriate for populations that inhabit stochastic
environments (Lande and others, 2003) and because it
precludes the need to truncate distributions describing
population size when extirpation is possible. State process
equations took the form:

log(NI,Hl): |09(N|,t)+ ﬁ,t (3.1)

~ Normal(r ( oo O ) (3.2)
where Nl,t represents the unknown state (that is, population
size) of lek (1) in year (t), and ﬁ’t theintrinsic (stochastic)

rate of change in abundance, which describes changes in
population size from one year to the next (that is, from t to
t+1). Rates of change at the lek were modeled as realizations
of anormal random process with mean ( r ;) and variance
(6I ). The mean hyperparameter ( r ¢) repr@ents theintrinsic
rate of change of neighborhood cluster (NC; n; towhich lek |
is spatialy nested) in year (t), and the variance hyperparameter
(6r| ) is a measure of inter-annual, environmental variability
affecting lek-level rates of change. We assigned a weakly
informative prior to 6r| which took the form:

6, ~ Gamma(3,30) (3.3)
where hyperparameters k and 6 were assigned values 3 and

30, respectively. We continued to propagate spatiotemporal
information within the state-process using the equations:

~ Normal( e ) (34)

6, ~ Gamma(3, 30) (3.5)

Mo ~ Normal([trc, c}r) (3.6)

6, ~ Gamma(3, 30) (3.7)
which represent an extension of equations 3.2-3.3, carried

out at progressively larger spatial extents. Specifically, rates

of change at the NC ( I’ . ) were modeled as realizations of a
normal random proceﬁ W|th mean ( r . ) and variance ( o ).
The mean hyperparameter ( r 0) repr@ents theintrinsic rate of
change in abundance of chmate cluster (CC; c; towhichNCn
is spatlal ly nested) in year (t), and the variance hyperparameter
(G ) is a measure of inter-annual, environmental variability
affectrng NC-level rates of change. Rates at the CC

( rct ) were modeled as realizations of a normal random
process with mean ( /,tr ) and varlance(o ). The mean

hyperparameter at the CC ( /,tr ) represents the long-term
intrinsic rate of population change of the CC (c), and the
variance hyperparameter (o, ) isameasure of inter-annual,
environmental variability aﬁ“ectmg CC-level rates of change.
The long-term mean rate of change in abundance for each CC
was assigned a vague, uniform prior:

fi, ~ Uniform(-0.1,0.1) (3.8)
with upper and lower bounds of —0.1 and 0.1, which equates
to along-term average percent change that can range from
approximately —10 to 10. These upper and lower bounds are
well beyond the estimates reported by Garton and others
(2011) for sage-grouse management zones between 1965 and
2015, so we were comfortable that they would not truncate
parameter estimation. The observation process:
Vi~ Poisson(Nllt) (3.9)
mapped the true state of the process onto the observed data
(1,0, which, in this case, were individual maximum counts
(y) at agivenlek (1) and year (t). Errors in the counts were
modeled using a Poisson distribution with a mean equal to
the variance. Use of a Poisson error structure assumed that
observation error increased as the true number of birds present
on the lek increased, which was a reasonable assumption for
counts of sage-grouse at leks. The population size at each lek
(1) in the first year of our study (t=1) was specified using a
vague prior:

N,, ~ Uniform(2, 500) (3.10)

where NI 1 Was assumed to arise from a uniform distribution
with lower and upper bounds of 2 and 500, respectively. Here,
the lower bound represents the fewest number of individuals
meeting the definition of an active lek, whereas the upper
bound represents a 4-percent increase over the maximum
number of males observed across all leks between 1960

and 2019.
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Appendix 4. State-Wide Analyses

California Results

California Lek Data and Clusters (Objectives 1
and 2)

The state of California intersected 2 different climate
clusters (CCs; CC-A and CC-E) and contained or intersected
21 different neighborhood clusters (NCs; fig. 4.1). The total
area of the 21 NCs within Californiawas 1,764,201 hectares
(ha). These areas consisted of 272 leks, 136 of which were
located within the California state boundary, representing
1.62 percent of the range-wide lek database. Following
extensive quality assessment and quality control (QA/QC),
we used 79 leks from California in the state-space model
(SSM) to estimate population trends (tables 4.1 and 4.2),
totaling 2,080 individual lek count surveys. Mean male count
was 18.88 (95-percent confidence interval=18.33-19.43) for
leks within NCs that were within or overlapped California
boundaries. Mean male count for leks within California
state boundaries was 20.08 (95-percent confidence
interval=19.38-20.78).

California Population Trend Analysis
(Objective 3)

Most of the sage-grouse range within California
(74.1 percent) fell within CC-E. For CC-E, we estimated six
population abundance nadirs (troughs) that dated back to
1960. Each of these population abundance nadirs represent
between one and six complete periods of oscillation. We used
these nadirs to estimate population trends across three different
temporal scales that represented two, four, and six complete
periods of oscillation for the state (for instance, second,
fourth, and sixth nadir). We estimated the average annual finite

Range-wide Greater Sage-Grouse Hierarchical Monitoring Framework

rate of population change ( i ) at different temporal scales
that were based on periods of oscillation, which were: short
(two periods), medium (four periods), and long (six periods)
temporal scales as 0.963 (95-percent CR1=0.953-0.970),
0.974 (95-percent CR1=0.962-0.981), and 0.973 (95-percent
CRI=0.963-0.982), respectively (fig. 4.2). For all NCsthat
were modeled and intersected California, we estimated
median ) to be less than 1.0 for 85.7, 90.5, and 95.2 percent
across short, medium, and long temporal scales, respectively
(fig. 4.3; table 4.2). We estimated median ), to be less than
1.0for 81.0, 62.0, and 81.0 percent of all modeled leks within
Cdlifornia across short, medium, and long temporal scales,
respectively (fig. 4.4). We reported spatial and temporal
variation in average annua )} across different neighborhood
clusters (NCs; fig. 4.3) and leks (fig. 4.4).

California Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, a targeted annual warning system
for sage-grouse populations in California activated a total
of 41 and 32 leks as watches and warnings, respectively
(fig. 4.5), which was 58.6 and 45.7 percent of the sampled
leks used in the analysis. On average, across the 29 years,
approximately 4.5 and 1.8 percent of leks per year experienced
watches and warnings, respectively. The higher percentage
for watches corresponds to repetitive activation. During this
time frame, the TAWS also activated a total of five and five
NCs as watches and warnings, respectively (fig. 4.6), which
was 33.3 and 33.3 percent of the sampled clusters used in the
analysis. On average, across the 29 years, approximately 2.9
and 1.3 percent of clusters per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During 2019, the TAWS
activated three (first=1) watches and three (first=2) warnings
at leks (fig. 4.7) and zero watches and zero warnings at NCs.
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clusters that intersect the state of California. Map image is the intellectual property of Esri and is used herein under license. Copyright
© 2020 Esri and its licensors. All rights reserved.
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Table 4.1. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( )': ) across six

periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of California. Estimates were
derived from leks within the entire climate cluster.

[CC, climate cluster; A, Bi-state area; E, Great Basin area]

cc Percent Temporal scales? Number of Average
cc Long Medium/Long  Medium  Short/Medium Short Recent leks3 count/lek
A 62.8 0.978 0.978 0.990 0.995 0.973 0.981 84 21.3
(0.965-0.988) (0.962-0.986) (0.974-1.000) (0.979-1.005) (0.964-0.981) (0.969-0.993) (55:41,48:36) (19.9-22.8)
E 38 0.971 0.973 0.974 0.986 0.968 0.949 4,012 17.3
(0.967-0.976) (0.967-0.978) (0.963-0.979) (0.981-0.990) (0.964-0.971) (0.944-0.955)  (2,187:38,  (17.1-17.5)
1,908:33)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis

within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Table 4.2. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ,‘1 ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of California.
Estimates were derived from leks within the entire neighborhood cluster.
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NC? Long Medium/Long  Medium Me(;)ium Short Recent leks3 count/lek
A-001 50.6 0.965 0.958 0.966 0.962 0.951 0.970 2 2.7
(0.927-1.011) (0.918-1.012) (0.923-1.023) (0.904-1.033) (0.884—1.034) (0.887-1.081)  (1:0,1:0) (1.4-4.0)
A-002 100.0 0.972 0.964 0.986 0.976 0.948 0.931 4 14.8
(0.961-0.982) (0.952-0.975) (0.972-1.000) (0.953-0.998) (0.919-0.976) (0.886-0.975)  (4:4.2:2)  (12.5-17.1)
A-003 59.3 0.978 0.978 0.994 1.029 0.996 1.009 39 22.6
(0.960-0.991) (0.960-0.988) (0.977-1.006) (1.011-1.045) (0.982—1.008) (0.991-1.028) (30:20,27:19) (20.5-24.6)
A-004 59.1 0.990 0.983 0.995 0.982 0.964 0.966 6 22.4
(0.949-1.015) (0.930-1.003) (0.937-1.021) (0.924-1.011) (0.931-0.991) (0.919-1.006)  (2:0,2:0)  (18.9-26.0)
A-005 100.0 0.938 0.928 0.932 0.931 0.893 0.921 4 45
(0.907-0.971) (0.896-0.959) (0.901-0.959) (0.900-0.961) (0.851-0.937) (0.855-0.996)  (2:2,2:2) (3.2-5.8)
A-006  100.0 0.977 0.972 0.980 0.981 0.972 1.028 2 85
(0.942-1.028) (0.928-1.026) (0.932-1.043) (0.927-1.043) (0.940-1.006) (0.973-1.090) (1:1,1:1) (6.2-10.8)
A-007  100.0 0.990 0.993 0.998 0.973 0.952 0.950 17 26.0
(0.972-1.004) (0.970-1.005) (0.972-1.010) (0.954-0.986) (0.937-0.965) (0.933-0.968) (12:12,11:11) (22.7-29.3)
A-011 100.0 0.969 0.966 0.976 0.966 0.947 0.948 2 4.2
(0.938-1.002) (0.927-1.006) (0.930-1.020) (0.910-1.018) (0.885-1.011) (0.869-1.030)  (2:2,1:1) (1.7-6.7)
E-103 75.8 0.995 1.008 0.995 0.971 1.017 0.971 12 13.9
(0.947-1.022) (0.965-1.041) (0.942-1.038) (0.891-1.008) (0.952-1.064) (0.872-1.066)  (2:2,1:1)  (9.3-18.5)
E-130 35 0.928 0.922 0.912 0.895 0.855 0.896 3 8.0
(0.900-0.959) (0.888-0.954) (0.875-0.947) (0.844-0.944) (0.800-0.903) (0.794-1.002)  (3:0,2:0)  (4.7-11.2)
E-131  100.0 0.949 0.949 0.930 0.880 0.856 0.856 4 118
(0.908-0.993) (0.912-0.989) (0.888-0.968) (0.839-0.915) (0.804-0.904) (0.720-1.008)  (1:1,1:1)  (7.4-16.2)
E-132 28.2 0.960 0.945 0.989 0.996 0.992 1.005 7 293
(0.940-0.984) (0.924-0.976) (0.962-1.020) (0.960-1.038) (0.961-1.031) (0.957-1.055) (4:0,3:0) (22.6-36.0)
E-133 77.4 0.988 0.996 0.979 0.964 0.965 0.963 38 36.3
(0.971-1.001) (0.979-1.013) (0.963-0.998) (0.954-0.982) (0.953-0.990) (0.928-1.032) (19:16,14:12) (32.6-40.0)
E-134 100.0 0.987 0.992 0.994 0.985 0.962 0.907 5 16.7
(0.963-1.012) (0.963-1.016) (0.967-1.016) (0.966-1.003) (0.937-0.984) (0.860-0.957)  (4:4,4:4)  (13.6-19.7)
E-135 19.6 0.999 1.001 1.009 1.021 0.967 1.056 5 29.8
(0.968-1.040) (0.970-1.032) (0.966-1.057) (0.964—1.082) (0.907—1.038) (0.885-1.320)  (2:0,1:0)  (16.5-43.1)
E-136 100.0 0.957 0.957 0.951 0.941 0.912 0.850 8 13.0
(0.925-0.981) (0.920-0.985) (0.919-0.985) (0.917-0.961) (0.880-0.940) (0.769-0.924)  (2:2,2:2)  (9.5-16.4)
E-137 100.0 0.938 0.931 0.926 0.918 0.872 1.003 11 184
(0.917-0.963) (0.903-0.964) (0.889-0.962) (0.872-0.951) (0.827-0.907) (0.906-1.106)  (6:6,6:6)  (13.8-23.1)
E-140 44.8 1.013 1.024 1.037 1.068 1.049 0.974 1 164
(0.980-1.041) (1.001-1.048) (0.994-1.082) (1.021-1.128) (1.006-1.100) (0.896-1.053)  (1:1,1:1)  (11.5-21.3)
E-141 17.7 0.986 0.998 0.995 1.001 0.964 0.954 50 22.4
(0.971-1.001) (0.975-1.016) (0.963-1.016) (0.980-1.015) (0.951-0.976) (0.929-0.982) (29:4,29:4) (20.6-24.3)
E-142 27.0 0.992 0.990 0.994 1.030 1.042 1.091 17 24.6
(0.970-1.017) (0.969-1.013) (0.958-1.027) (0.977-1.077) (1.000—1.095) (0.969-1.251) (6:2,5:2) (18.2-31.1)
E-144 [25 0.973 0.973 0.982 0.979 0.960 0.983 35 316
(0.956-0.988) (0.955-0.988) (0.959-0.996) (0.956-1.001) (0.940-0.986) (0.935-1.058) (22:0,20:0) (28.6-34.7)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 4.2. A, Abundance index (calculated as |<| divided by 60-year mean of N ); and B, intrinsic rate of population change () of

greater sage-grouse (Centrocercus urophasianus) within the state of California from 1960 to 2019. Thick yellow line represents median

estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood
clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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Figure 4.3. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and

long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at different neighborhood clusters

within the state of California. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri

and its licensors. All rights reserved.
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Figure 4.5. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of California from 1990 to 2019. Map image is the intellectual property of Esri and is used herein
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Figure 4.6. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
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Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population

declines at the lek scale within the state of California during 2019. Map image is the intellectual property of Esri and is used herein under

license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Oregon Results

Oregon Lek Data and Clusters (Objectives 1
and 2)

Oregon intersected CC-E and contained or intersected
47 different NCs (fig. 4.8). Total area of the 47 NCsin Oregon
was 7,620,928 ha. Forty-two of these clusters were used in
the analysis after five were omitted because of limitations
in sample sizes. These areas consisted of 936 leks, 713 of
which were located within the Oregon state boundary and
represented 8.47 percent of the range-wide lek database.
Following extensive QA/QC, we used 406 leks from Oregon
in the SSM to estimate population trends (tables 4.3 and 4.4),
totaling 6,708 individual lek count surveys. Mean male count
was 11.32 (95-percent confidence interval=11.11-11.54)
for leks within NCs that were within or overlapped Oregon.
Mean male count for leks in Oregon was 11.41 (95-percent
confidence interval=11.17-11.64).

Oregon Population Trend Analysis (Objective 3)

For CC-E, we estimated six population abundance nadirs
(troughs) that dated back to 1960. Each of these population
abundance nadirs represent between one and six complete
periods of oscillation. We used these nadirs to estimate
population trends across three different temporal scales that
represented two, four, and six complete periods of oscillation
for the state (for instance, second, fourth, and sixth nadir).

We estimated the average annual finite rate of population
change () ) at the short (two periods), medium (four periods),
and long (six periods) temporal scales as 0.949 (95-percent

CRI=0.943-0.954), 0.967 (95-percent CRI=0.957-0.973), and
0.966 (95-percent CRI=0.960-0.971, respectively (fig. 4.9).
Climate cluster estimates, which included leks in adjacent
states to Oregon, were slightly different than estimates
generated from leks only within Oregon. For all NCs that were
modeled and intersected Oregon, we estimated median ) to
be less than 1.0 for 85.7, 92.9, and 92.9 percent across short,
medium, and long temporal scales, respectively (table 4.4),
and estimated median ), to be less than 1.0 for 85.2, 84.2, and
94.6 percent of all modeled leks, respectively. We reported
spatial and temporal variation in average annual ) across
different NCs (fig. 4.10) and leks (fig. 4.11).

Oregon Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS activated a total of 237
and 186 |eks as watches and warnings, respectively (fig. 4.12),
which represented 60.9 and 47.8 percent of the sampled
leks used in the analysis. On average, across those 29 years,
approximately 7.4 and 1.9 percent of leks per year experienced
watches and warnings, respectively. The higher percentage
for watches corresponds to repetitive activation. During this
time frame, the TAWS activated a total of 13 and 8 NCs as
watches and warnings, respectively (fig. 4.13), which was
34.2 and 21.1 percent of the sampled clusters used in the
analysis. On average, across the 29 years, approximately 2.3
and 0.8 percent of clusters per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During 2019, the TAWS
activated 12 (first=1) watches and 24 (first=2) warnings at leks
(fig. 4.14), and 0 (first=0) watches and 2 (first=0) warnings at
NCs (fig. 4.15).
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Table 4.3. Greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across six periods of
oscillation in abundance that represent temporal scales for each climate cluster within the state of Oregon.

[CC, climate cluster; E, Great Basin area]

Temporal scales?

cC Percent . . Short/ Number of leks3 Average
cc Long Medium/Long  Medium g Short Recent count/lek
Medium
E 22.0 0.971 0.973 0.974 0.986 0.968 0.949 4,012 17.3
(0.967-0.976) (0.967-0.978) (0.963-0.979) (0.981-0.990) (0.964-0.971) (0.944-0.955)  (2,187:406,  (17.1-17.5)
1,908:389)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.4. Greater sage-grouse (Centrocercus urophasianus) average annual rate of population change (,{ ) across six periods of
oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Oregon.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NC Long Medium/Long  Medium ort/ Short Recent leks3 count/lek
Medium

E-089 100.0 0.984 0.990 0.996 1.005 0.978 0.945 21 18.4
(0.962-1.006) (0.962-1.012) (0.972-1.019) (0.984-1.027) (0.959-0.997) (0.899-0.990)  (5:5,4:4) (13.4-23.4)

E-090 100.0 0.976 0.980 0.986 0.978 0.960 0.893 46 17.1
(0.957-0.992) (0.960-1.003) (0.964-1.006) (0.967-0.990) (0.941-0.978) (0.859-0.928) (20:20,19:19) (15.3-18.8)

E-091 100.0 0.971 0.973 0.970 0.975 0.957 0.968 2 9.3
(0.934-1.005) (0.928-1.011) (0.915-1.009) (0.912—1.030) (0.891-1.025) (0.888-1.063)  (2:2,2:2) (6.2-12.4)

E-092 100.0 0.972 0.975 0.973 0.976 0.955 0.953 2 11.9
(0.939-1.009) (0.933-1.016) (0.925-1.020) (0.928-1.025) (0.912—-1.001) (0.860—1.068) (2:2,2:2) (7.7-16.0)

E-093 100.0 0.991 1.000 1.009 1.040 1.024 1.184 1 7.8
(0.946-1.044) (0.950-1.070) (0.955-1.087) (0.999-1.091) (0.937-1.117) (1.038-1.404)  (1:1,1:1) (4.0-11.7)

E-094 100.0 0.965 0.969 0.993 0.991 0.977 0.959 5 134
(0.957-0.973) (0.958-0.979) (0.971-1.012) (0.965-1.015) (0.945-1.007) (0.888-1.036)  (4:4,2:2)  (10.8-15.9)

E-095 100.0 0.967 0.974 0.968 0.970 0.971 0.936 30 14.2
(0.949-0.985) (0.955-0.999) (0.950-0.987) (0.950-0.987) (0.948-0.989) (0.902-0.971) (17:17,17:17) (12.6-15.7)

E-096 100.0 NA NA NA NA NA NA 1 NA

(0:0,0:0)

E-097 100.0 0.968 0.967 0.963 0.978 0.974 0.958 37 10.9
(0.951-0.984) (0.947-0.988) (0.944-0.984) (0.964-0.990) (0.952-0.994) (0.927-0.991) (24:24,24:24) (9.6-12.2)

E-099 100.0 0.984 0.986 0.985 0.988 0.971 0.758 2 13.3
(0.936-1.029) (0.924-1.038) (0.920-1.048) (0.908-1.086) (0.886—1.063) (0.667—0.852) (1:1,1:1) (7.0-19.6)

E-100 20.6 0.950 0.947 0.939 0.926 0.900 0.856 18 6.8
(0.925-0.975) (0.917-0.979) (0.902-0.976) (0.883-0.962) (0.866-0.930) (0.800-0.906)  (8:0,8:0) (5.1-8.6)

E-101 828 0.958 0.950 0.948 0.950 0.934 0.939 48 13.7
(0.939-0.970) (0.929-0.965) (0.918-0.968) (0.921-0.964) (0.915-0.950) (0.902-0.977) (34:25,32:25) (12.5-14.9)

E-102 100.0 0.960 0.960 0.952 0.935 0914 0.944 43 9.4
(0.942-0.979) (0.939-0.983) (0.934-0.973) (0.917-0.949) (0.897-0.929) (0.906-0.987) (23:23,22:22) (8.4-10.4)

E-103 242 0.995 1.008 0.995 0.971 1.017 0.971 12 13.9
(0.947-1.022) (0.965-1.041) (0.942—1.038) (0.891-1.008) (0.952—-1.064) (0.872—1.066) (2:0,1:0) (9.3-18.5)
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Table 4.4. Greater sage-grouse (Centrocercus urophasianus) average annual rate of population change (i ) across six periods of
oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Oregon.—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NC! Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
E-104 11.2 0.963 0.961 0.949 0.940 0.896 0.795 31 16.7
(0.913-1.012) (0.906-1.024) (0.893-1.017) (0.876-1.028) (0.809-1.019) (0.619-1.028)  (4:1,4:1)  (9.9-23.6)
E-105 94.8 0.972 0.974 0.975 0.989 0.935 0.996 35 13.0
(0.946-0.995) (0.936-1.014) (0.931-1.007) (0.956-1.015) (0.891-0.986) (0.939-1.067) (11:11,11:11) (9.5-16.6)
E-108 30.2 NA NA NA NA NA NA 2 NA
(0:0,0:0)
E-109 86.1 0.968 0.971 0.972 0.976 0.950 0.907 20 14.0
(0.935-0.985) (0.944-0.990) (0.943-0.992) (0.945-0.997) (0.920-0.976) (0.860-0.957) (12:12,12:12) (12.1-15.9)
E-111 40.0 0.976 0.981 0.979 0.980 0.959 0.990 57 17.1
(0.952-0.995) (0.946-1.004) (0.946-1.004) (0.957-1.002) (0.929-0.994) (0.946-1.036) (17:8,17:8) (14.8-19.4)
E-112 16 0.980 0.979 0.982 1.002 1.009 1.022 45 17.4
(0.956-1.007) (0.950-1.023) (0.945-1.021) (0.969-1.053) (0.969-1.074) (0.907-1.186)  (11:0,11:0)  (13.7-21.0)
E-114 54.2 0.985 0.990 0.991 1.012 1.020 0.990 13 16.4
(0.956-1.019) (0.957-1.022) (0.959-1.032) (0.984-1.038) (0.980-1.066) (0.936-1.054)  (4:3,4:3)  (12.0-20.8)
E-115 78.0 0.973 0.970 0.973 0.991 0.956 0.928 29 20.5
(0.952-0.992) (0.945-0.991) (0.952-0.999) (0.962—-1.013) (0.934-0.974) (0.868-0.981) (12:11,11:10) (17.0-24.1)
E-116 91.6 0.981 0.988 0.991 1.015 0.999 1.087 36 10.9
(0.946-1.015) (0.945-1.018) (0.946-1.025) (0.990-1.041) (0.955-1.046) (1.040-1.139) (12:12,12:12) (9.2-12.5)
E-117 100.0 0.979 0.983 0.979 0.984 0.960 1.165 2 19.8
(0.934-1.041) (0.925-1.051) (0.914-1.057) (0.911-1.059) (0.927-0.993) (1.029-1.357)  (L:1,1:1)  (6.7-32.9)
E-118 100.0 NA NA NA NA NA NA 5 NA
(0:0,0:0)
E-119 100.0 0.944 0.936 0.916 0.913 0.876 0.782 12 16.6
(0.929-0.959) (0.918-0.953) (0.896-0.934) (0.888-0.935) (0.851-0.898) (0.729-0.838) (11:11,11:11) (14.6-18.5)
E-120 100.0 0.966 0.967 0.960 0.969 0.931 0.959 9 36.1
(0.942-1.014) (0.942-0.997) (0.932-0.981) (0.927-0.998) (0.877-0.965) (0.871-1.042)  (3:3,3:3)  (26.8-45.5)
E-121 100.0 NA NA NA NA NA NA 1 NA
(0:0,0:0)
E-122 100.0 1.009 1.018 1.026 1.052 1.055 1.177 2 34.3
(0.965-1.057) (0.966-1.070) (0.975-1.086) (1.005-1.107) (0.996-1.118) (1.055-1.335)  (1:1,1:1)  (17.5-51.1)
E-123 100.0 0.973 0.983 0.984 0.998 0.973 0.967 27 24.7
(0.959-0.987) (0.966-0.998) (0.971-0.994) (0.979-1.014) (0.955-0.989) (0.932-1.004) (20:20,18:18) (21.1-28.3)
E-124 100.0 0.969 0.976 0.979 0.976 0.969 1.004 55 12.4
(0.958-0.980) (0.964-0.988) (0.966-0.992) (0.964-0.986) (0.959-0.978) (0.980—1.031) (43:43,40:40) (11.5-13.3)
E-125 100.0 0.956 0.969 0.971 0.968 0.945 0.866 3 16.6
(0.927-0.980) (0.933-1.000) (0.935-1.014) (0.948-0.988) (0.919-0.972) (0.800-0.937) (3:3,2:2) (13.3-19.9)
E-126 100.0 0.968 0.960 0.943 0.925 0.910 0.882 3 15.3
(0.939-0.989) (0.935-0.980) (0.919-0.959) (0.896-0.945) (0.875-0.936) (0.814-0.946)  (3:3,3:3)  (12.1-18.5)
E-127 100.0 0.974 0.978 0.975 0.958 0.960 0.920 2 6.0
(0.942-1.009) (0.945-1.012) (0.950-1.004) (0.925-0.986) (0.918-1.002) (0.811-1.030)  (1:1,1:1) (4.6-7.4)
E-128 100.0 0.950 0.968 0.957 0.944 0.949 0.852 36 10.2
(0.936-0.962) (0.950-0.983) (0.938-0.972) (0.929-0.957) (0.934-0.965) (0.821-0.885) (31:31,30:30) (9.4-11.1)
E-129 100.0 0.962 0.964 0.961 0.963 0.965 0.973 21 9.1
(0.945-0.977) (0.940-0.981) (0.922-0.977) (0.939-0.981) (0.950-0.981) (0.936-1.011) (15:15,15:15) (8.0-10.2)
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Table 4.4. Greater sage-grouse (Centrocercus urophasianus) average annual rate of population change (i ) across six periods of
oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Oregon.—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short/ Number of Average
NC! Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium

E-139 18 0.986 1.004 0.985 0.986 0.940 0.908 58 29.2
(0.969-1.000) (0.984-1.022) (0.961-1.005) (0.971-1.011) (0.924-0.973) (0.853-0.983) (26:0,25:0) (26.7-31.7)

E-141 61.4 0.986 0.998 0.995 1.001 0.964 0.954 50 22.4
(0.971-1.001) (0.975-1.016) (0.963—-1.016) (0.980-1.015) (0.951-0.976) (0.929-0.982) (29:17,29:17) (20.6-24.3)

E-145 100.0 0.968 0.969 0.968 0.986 0.911 0.918 59 29.2
(0.956-0.981) (0.955-0.983) (0.953-0.981) (0.966-1.004) (0.891-0.927) (0.887-0.953) (36:36,36:36) (26.5-32.0)

E-146 100.0 1.007 1.024 1.034 1.008 1.004 1.027 3 214
(0.969-1.044) (0.972-1.056) (1.004-1.061) (0.991-1.027) (0.983-1.027) (0.966-1.093)  (3:3,3:3)  (16.7-26.2)

E-147 100.0 1.003 1.010 0.995 1.012 0.928 0.978 2 30.5
(0.973-1.032) (0.987-1.031) (0.967-1.023) (0.988-1.036) (0.908-0.946) (0.912-1.047)  (2:22:2)  (23.2-37.9)

E-148 100.0 NA NA NA NA NA NA 4 NA

(0:0,0:0)

E-149 100.0 0.936 0.958 0.932 0.941 0.916 0.849 11 6.9
(0.918-0.951) (0.934-0.988) (0.917-0.947) (0.916-0.966) (0.884-0.945) (0.773-0.931) (11:11,8:8)  (6.0-7.9)

E-150 100.0 0.977 0.980 0.980 0.987 0.970 0.964 3 131
(0.946-1.019) (0.946-1.025) (0.939-1.029) (0.934-1.048) (0.914-1.037) (0.893-1.043)  (1:1,1:1)  (9.2-17.0)

E-151 100.0 0.978 0.981 0.981 0.989 0.973 0.975 1 14.4
(0.946-1.020) (0.946-1.029) (0.940-1.038) (0.940-1.067) (0.918-1.054) (0.897-1.090)  (1:1,1:1)  (13.2-15.6)

E-152 100.0 0.946 0.938 0.931 0.925 0.897 0.949 4 8.7
(0.912-0.974) (0.895-0.978) (0.871-0.992) (0.860-0.988) (0.844-0.949) (0.808-1.112)  (2:2,1:1)  (4.3-13.1)

E-153 100.0 0.971 0.973 0.966 0.963 0.953 1.006 29 20.9
(0.945-0.989) (0.940-0.998) (0.935-0.999) (0.936-0.982) (0.937-0.967) (0.954-1.061) (19:19,19:19) (18.5-23.3)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir

(trough) since 1960. Number of temporal scales were used to estimate population trends across six different temporal scales from approximately 10 to
approximately 60 years.

3Number of leks in database. In parentheses from left to right is

(1) total number in cluster were used in trend analysis,

(2) number used in trend analysis within state boundary,

(3) total number in cluster were used in the targeted annual warning system

(TAWS) analysis, and

(4) number used in TAWS analysis within state boundary.
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Figure 4.9. A, Abundance index (calculated as |<| divided by 60-year mean of N ); and B, intrinsic rate of population change () of
greater sage-grouse (Centrocercus urophasianus) within the state of Oregon from 1960 to 2019. Thick yellow line represents median
estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood
clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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Figure 4.10. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at different neighborhood clusters
within the state of Oregon. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri
and its licensors. All rights reserved.
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Figure 4.11. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and

long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at lek sites within the state of
Oregon. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors. All

rights reserved.
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Figure 4.12. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Oregon from 1990 to 2019. Map image is the intellectual property of Esri and is used herein
under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.13. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at neighborhood cluster within the state of Oregon from 1990 to 2019. Map image is the intellectual property of Esri and is used

herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.14. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Oregon during 2019. Map image is the intellectual property of Esri and is used herein under
license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.15. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the neighborhood cluster scale within the state of Oregon during 2019. All leks within watch and warning boundaries were
assigned as watch and warning, respectively. Yellow stars represent leks that reached warning independently. Map image is the
intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Washington Results

Washington Lek Data and Clusters (Objectives 1
and 2)

All of Washington’s leks fell inside CC-B, which
contained or intersected four different NCs (fig. 4.16).
Thetotal area of the four NCs within Washington was
1,139,955 ha. Three of these clusters were used in the analysis.
One NC was omitted because of limitations in sample sizes.
These areas consisted of 108 leks and represented 1.28 percent
of the range-wide lek database. After extensive QA/QC, we
used 70 leks in the state-space model for population trend
estimation (tables 4.5 and 4.6), totaling 1,141 individual
lek count surveys. Mean male count was 7.51 (95-percent
confidence interval =7.29-7.73) for leks within the state
of Washington.

Washington Population Trend Analysis
(Objective 3)

For CC-B, we estimated six population abundance nadirs
(troughs) that dated back to 1960. Each of these population
abundance nadirs represent between one and six complete
periods of oscillation. We used these nadirs to estimate
population trends across three different temporal scales that

represented two, four, and six complete periods for the state
(for instance, second, fourth, and sixth nadir). We estimated
the average annual finite rate of population change ( ), ) at
the short (two periods), medium (four periods), and long (six
periods) temporal scales as 0.966 (95-percent CRI=0.936—
0.998), 0.946 (95-percent CRI=0.907-0.966), and 0.956
(95-percent CR1=0.944-0.973), respectively (fig. 4.17). For
al NCsthat were modeled and intersected Washington, we
estimated median 4 to be less than 1.0 for all clusters across
short, medium, and long temporal scales (table 4.6). We
estimated median 2 to be less than 1.0 for 84.3, 97.1, and
98.6 percent of all modeled leks within Washington across
short, medium, and long temporal scales, respectively. We
reported spatial and temporal variation in average annua },
across different NCs (fig. 4.18) and leks (fig. 4.19).

Washington Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in Washington activated a total of eight and
six leks as watches and warnings, respectively (fig. 4.20),
which was 16.0 and 12.0 percent of the sampled leks used in
the analysis. On average, across the 29 years, approximately
1.2 and 0.5 percent of leks per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During 2019, the TAWS
activated zero watches and zero warnings at leks and NCs.



Appendix 4. State-Wide Analyses

NPT

O = O
=
.

EXPLAMATION = o St bordss

e -
Coordinee Systom: Albers
Projection: Alber
Diewen: WSS 1084
Tallee mamimng OO0}
fatse nomhing: 00000
cenirnl meridinm: <5 (N
stundard paralie! 12 2593004

Meighborhood clusiers { Level 2) intersecting Meighborhood clushers standard parsilel 3= 42 5000
Washingion: polvgon colors arbitranily sesipned intersacting W :ﬁaﬂ:"ﬂ-ﬂ'— 23.00HH)
amd reflect 4 different population units, Grey - Clusters ouside WA

pabygons represent neighborhood clusters that
do not intersect Washinglon,

Figure 4.16. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood

Sarviee Layer Cradis;
Somrees: Esrl, USRS, FOAA

131

clusters that intersect the state of Washington. Map image is the intellectual property of Esri and is used herein under license. Copyright

© 2020 Esri and its licensors. All rights reserved.
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Table 4.5. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( )': ) across six

periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of Washington. Estimates
were derived from leks within the entire climate cluster.

[CC, climate cluster; B, Washington area]

cc Percent Temporal scales? Number of Average
cc Long Medium/Long  Medium  Short/Medium Short Recent leks? count/lek
B 100.0 0.956 0.949 0.946 0.956 0.966 0.957 108 14.0

(0.944-0.973) (0.928-0.968) (0.907-0.966) (0.909-0.981) (0.936-0.998) (0.932-1.000) (70:70,50:50) (13.2-14.9)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis

within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.6. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( )': ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Washington.
Estimates were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Shor/M Number of Average
NC! Long Medium/Long  Medium :E:lm e Short Recent leks3 count/lek

B-001 100.0 0.966 0.958 0.962 0.966 0.976 0.964 70 151
(0.950-0.985) (0.926-0.980) (0.905-0.987) (0.907-0.996) (0.936-1.013) (0.934-1.013) (44:44,30:30) (14.0-16.2)

B-002 100.0 0.934 0.935 0.968 0.976 0.980 0.954 5 18.0
(0.917-0.953) (0.908-0.959) (0.929-1.004) (0.926-1.024) (0.922-1.039) (0.880-1.027)  (5:5,1:1)  (14.0-22.0)

B-003 100.0 0.938 0.929 0.910 0.922 0.930 0.927 31 11.3
(0.924-0.961) (0.910-0.950) (0.891-0.928) (0.904-0.939) (0.911-0.947) (0.901-0.952) (21:21,19:19) (9.9-12.7)

B-004 100.0 NA NA NA NA NA NA 2 NA

(0:0,0:0)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis

within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 4.17. A, Estimated abundance index; and B, intrinsic rate of population change ( f ) of greater sage-grouse (Centrocercus
urophasianus) within the state of Washington from 1960 to 2019. Thick yellow line represents median estimates across all leks. Shaded
areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood clusters. Black horizontal line
(abundance index =1.0) represents 60-year average. Vertical red arrows represented population abundance nadirs (troughs), and solid
lines correspond to estimates of long, medium, and short (left to right) temporal scales.



134 Range-wide Greater Sage-Grouse Hierarchical Monitoring Framework

Lang Mediam Lhort
sgprs e eyew  peoes gmaw rpes s miapre e s gmpew g e b tpgpes peew eepws eew rgvs jngem wes
A . B :

i Licl

T

B

5

EWTT

I

, B

akee  itew g abee iatiw  mEe A ietew

w'::'.l'?"'
al-Erim

Trdws  ledom  Takes  laiea

EXFLANATION Avernge lambda (i) Cogriraie fyaen: Ahen
Irejectim: AL har
: . - p | P D Wik 1984
Menghbrbonsd <lusiers (Level 2 misrsecing Fieliz easting- bLELNK]
Wishimghor: podygon calirs mgesl e g B - 095-0.97 Fieks radd g 8.0%0
Embada valus for sape-greiss oslalions < 007 . 1,00 centra| i ian: -0 )
er Sy it lemgdle al s (ong ssadium, shork 1 1 ; mm:t” _-:?E::::ﬁ
Sunteal are bicinl im s range-Wide distieom of | =000 Lo |,.-|;|-.,;|,.-.1r-'..;.:|-|1;-'_'1_E|:|fm
wnlib e all iy ool b reppresaninl hing, | EREC SN [altx Meier
-J'l.‘":" -HEI]EB Sarviee Laver [padim:

Setres Fari, USG5, MOA A

Figure 4.18. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at different neighborhood clusters
within the state of Washington. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020
Esri and its licensors. All rights reserved.
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Figure 4.19. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at lek sites within the state of
Washington. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors.
All rights reserved.
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Figure 4.20. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Washington from 1990-2019. Map image is the intellectual property of Esri and is used herein
under license. Copyright © 2020 Esri and its licensors. All rights reserved.



Nevada Results

Nevada Lek Data and Clusters (Objectives 1
and 2)

Nevada was within CC-A and CC-E and contained or
intersected 124 different NCs (fig. 4.21). The total area of
the 124 NCs within Nevada was 15,938,591 ha. There were
110 clusters used in the analysis after, but 14 were omitted
because of limitations in sample sizes. These areas consisted
of 1,938 leks, 1,369 of which were located within the Nevada
state boundary and represented 16.26 percent of the range-
wide lek database. After extensive QA/QC, we used 618 leks
from Nevadain the SSM for population trend estimation
(tables 4.7 and 4.8), totaling 9,435 individual lek count
surveys. Mean male count was 13.79 (95-percent confidence
interval=13.59-13.99) for leks within NCs that were within or
overlapped Nevada. Mean male count for leks within Nevada
was 12.79 (95-percent confidence interval=12.55-13.02).

Nevada Population Trend Analysis (Objective 3)

The state of Nevada intersected CC-A and CC-E. Most of
the sage-grouse range within Nevada (98.3 percent) fell within
CC-E. For CC-E, we estimated six population abundance
nadirs (troughs) that dated back to 1960. Each of these
population abundance nadirs represent between one and six
complete periods. We used these nadirs to estimate population
trends across three different temporal scales that represented
two, four, and six complete periods for the state (for instance,
second, fourth, and sixth nadir). We estimated the average
annual finite rate of population change ( 2 ) at the short
(two periods), medium (four periods), and long (six periods)
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temporal scales as 0.983 (95-percent CRI=0.978-0.989),
0.981 (95-percent CRI=0.973-0.986), and 0.977 (95-percent
CRI=0.974-0.982), respectively (fig. 4.22). For al NCs that
were included in model and intersected Nevada, we estimated
median } to be less than 1.0 for 71.8, 82.7, and 93.6 percent
across short, medium, and long temporal scales, respectively
(fig. 4.23; table 4.8). We estimated median ), to be less than
1.0 for 68.8, 74.6, and 80.1 percent of al modeled leks within
Nevada across short, medium, and long temporal scales,
respectively (fig. 4.25). We reported spatial and temporal
variation in average annual ), across different NCs (fig. 4.23)
and leks (fig. 4.24).

Nevada Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in Nevada activated a total of 290 and 179 leks
as watches and warnings, respectively (fig. 4.25), which
was 55.2 and 34.1 percent of the sampled leks used in the
analysis. On average, across the 29 years, approximately
4.9 and 1.4 percent of leks per year experienced watches
and warnings, respectively. The higher percentage for
watches corresponds to repetitive activation. During the
29 years, the TAWS also activated a total of 33 and 22 NCs
as watches and warnings, respectively (fig. 4.26), which was
34.4 and 22.9 percent of the sampled clusters used in the
analysis. On average, across the 29 years, approximately 2.1
and 0.9 percent of NCs per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During 2019, the TAWS
activated 20 (first=4) watches and 17 (first=1) warnings at
leks (fig. 4.27), as well as 0 (first=0) watches and 2 (first=0)
warnings at NCs, respectively (fig. 4.28).
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Figure 4.21. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood
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Table 4.7. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( )': ) across six
periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of Nevada. Estimates were
derived from leks within the entire climate cluster.

[CC, climate cluster ; A, Bi-state area; E, Great Basin area]

Temporal scales?

Percent Average
cc Number of leks3
cc Long Medium/Long  Medium Short/ Short Recent count/lek
Medium

A 37.2 0.978 0.978 0.990 0.995 0.973 0.981 84 21.3
(0.965-0.988) (0.962-0.986) (0.974—1.000) (0.979-1.005) (0.964-0.981) (0.969-0.993)  (55:14,48:12)  (19.9-22.8)

E 452 0.971 0.973 0.974 0.986 0.968 0.949 4,012 17.3
(0.967-0.976) (0.967-0.978) (0.963-0.979) (0.981-0.990) (0.964-0.971) (0.944-0.955)  (2,187:604,  (17.1-17.5)

1,908:514)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.8. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Nevada.
Estimates were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short/ Number of Average
NC Long Medium/Long  Medium o Short Recent leks? count/lek
Medium

A-001 494 0.965 0.958 0.966 0.962 0.951 0.970 2 2.7
(0.927-1.011) (0.918-1.012) (0.923-1.023) (0.904-1.033) (0.884-1.034) (0.887-1.081)  (I:1,1:1)  (1.4-4.0)

A-003 40.7 0.978 0.978 0.994 1.029 0.996 1.009 39 22.6
(0.960-0.991) (0.960-0.988) (0.977-1.006) (1.011-1.045) (0.982-1.008) (0.991-1.028) (30:10,27:8) (20.5-24.6)

A-004 409 0.990 0.983 0.995 0.982 0.964 0.966 6 22.4
(0.949-1.015) (0.930-1.003) (0.937-1.021) (0.924-1.011) (0.931-0.991) (0.919-1.006)  (2:2.2:2)  (18.9-26.0)

A-007 0 0.990 0.993 0.998 0.973 0.952 0.950 17 26.0
(0.972-1.004) (0.970-1.005) (0.972-1.010) (0.954-0.986) (0.937-0.965) (0.933-0.968) (12:0,11:0)  (22.7-29.3)

A-008 100.0 NA NA NA NA NA NA 1 NA

(0:0,0:0)

A-009 100.0 0.934 0.925 0.927 0.903 0.863 0.878 5 9.6
(0.890-0.990) (0.874-0.981) (0.874-0.986) (0.843-0.962) (0.808-0.911) (0.788-0.969)  (I:1,1:1)  (4.5-14.7)

A-010 100.0 NA NA NA NA NA NA 2 NA

(0:0,0:0)

E-001 100.0 0.945 0.944 0.935 0.925 0.891 0.836 7 14.1
(0.916-0.980) (0.903-0.986) (0.883-0.990) (0.867-0.981) (0.838-0.941) (0.709-0.941)  (2:2,1:1)  (7.6-20.5)

E-002 100.0 0.986 0.990 0.983 1.004 0.971 0.882 41 214
(0.969-1.001) (0.972-1.008) (0.960-1.006) (0.971-1.035) (0.955-0.989) (0.845-0.921) (13:13,11:11) (17.7-25.0)

E-003 100.0 0.987 0.987 0.999 1.006 1.009 0.999 38 25.5
(0.970-0.996) (0.967-0.999) (0.981-1.009) (0.983—1.030) (0.989-1.028) (0.966-1.036) (27:27,22:22) (23.1-28.0)

E-004 100.0 0.983 0.984 0.983 1.000 0.991 0.968 47 12,5
(0.965-1.001) (0.960-1.004) (0.955-1.006) (0.969—1.028) (0.965-1.015) (0.914-1.029) (13:13,12:12) (10.5-14.6)

E-005 100.0 0.978 0.981 0.981 0.987 0.975 0.890 3 7.1
(0.935-1.016) (0.937-1.020) (0.933-1.021) (0.938-1.032) (0.938-1.019) (0.789-0.978)  (I:1,1:1)  (3.5-10.8)
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Table 4.8. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ,‘1 ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Nevada.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory/ Short Recent leks3 count/lek
Medium
E-006 100.0 0.996 0.996 0.993 1.000 1.022 1.016 36 28.3
(0.981-1.005) (0.985-1.008) (0.981-1.006) (0.971-1.024) (1.008-1.046) (0.973-1.068) (19:19,10:10) (25.1-31.5)
E-007 100.0 0.974 0.974 0.972 1.002 0.996 0.970 50 16.0
(0.958-0.992) (0.959-0.989) (0.958-0.985) (0.976-1.022) (0.980-1.013) (0.939-1.003) (31:31,20:20) (14.5-17.5)
E-008 100.0 0.982 0.983 0.979 0.992 0.995 0.944 27 12.4
(0.964-1.005) (0.956-1.004) (0.950-1.000) (0.959-1.020) (0.971-1.023) (0.893-1.015) (12:12,9:9)  (10.6-14.2)
E-009 100.0 0.973 0.972 0.962 0.990 0.993 0.852 28 21.2
(0.959-0.983) (0.955-0.988) (0.947-0.975) (0.964-1.017) (0.973-1.015) (0.800-0.904) (12:12,8:8)  (18.4-24.0)
E-010 100.0 0.943 1.007 1.021 0.991 0.937 0.881 1 29.8
(0.911-0.974) (0.964-1.051) (0.946-1.095) (0.874-1.132) (0.802—1.084) (0.641-1.199) (1:1,1:1) (18.7-41.0)
E-011 100.0 NA NA NA NA NA NA 1 NA
(0:0,0:0)
E-012 100.0 0.977 1.011 1.014 1.023 1.018 0.936 40 185
(0.959-0.990) (0.981-1.029) (0.991-1.030) (0.960-1.058) (0.968-1.057) (0.888-0.987) (17:17,9:9)  (15.4-21.6)
E-013 100.0 0.985 0.996 0.976 1.003 1.002 0.976 36 19.9
(0.964-0.998) (0.957-1.011) (0.926-0.996) (0.967-1.034) (0.983-1.021) (0.926-1.028) (16:16,13:13) (16.6-23.2)
E-014 97.1 1.005 1.014 1.022 1.017 1.108 1.080 28 6.6
(0.955-1.054) (0.958-1.070) (0.970-1.083) (0.982-1.050) (1.042-1.193) (0.942-1.242)  (1:1,1:1)  (2.2-11.0)
E-015 100.0 0.967 0.968 0.965 0.966 0.948 0.904 3 9.4
(0.930-1.007) (0.923-1.013) (0.907-1.015) (0.901-1.023) (0.878-1.006) (0.783-1.017)  (2:2,2:2)  (5.6-13.3)
E-016 100.0 0.989 0.983 0.988 1.019 0.998 0.959 8 184
(0.956-1.018) (0.954-1.012) (0.944-1.038) (0.976-1.064) (0.970-1.025) (0.897-1.026) (3:3,2:2) (14.9-21.9)
E-017 100.0 0.980 0.991 0.983 0.993 0.977 0.907 15 34.3
(0.963-0.999) (0.962-1.015) (0.952-1.008) (0.959-1.026) (0.951-0.995) (0.871-0.942)  (6:6,5:5)  (28.6-40.0)
E-018 100.0 NA NA NA NA NA NA 2 NA
(0:0,0:0)
E-019 100.0 0.990 0.995 0.996 1.003 0.989 0.910 12 25.1
(0.967-1.008) (0.971-1.013) (0.959-1.023) (0.968-1.033) (0.974-1.003) (0.868-0.950)  (7:7,7:7)  (20.8-29.3)
E-020 100.0 0.999 1.010 1.030 1.093 1.054 0.920 7 255
(0.963-1.041) (0.964-1.050) (1.002—1.066) (1.056-1.133) (1.022-1.085) (0.858-0.980)  (1:1,1:1)  (18.1-32.9)
E-021 100.0 0.993 0.997 1.001 1.017 1.014 1.071 1 7.9
(0.950-1.036) (0.955-1.044) (0.957-1.051) (0.971-1.070) (0.977-1.051) (0.969-1.188)  (1:1,1:1)  (5.9-10.0)
E-022 100.0 0.991 1.004 1.008 1.026 1.015 0.985 3 29.1
(0.977-1.005) (0.993-1.015) (0.984-1.040) (0.999-1.057) (0.991-1.039) (0.922-1.051) (1:1,1:1) (24.2-34.0)
E-023 100.0 NA NA NA NA NA NA 1 NA
(0:0,0:0)
E-024 100.0 0.937 0.934 0.921 0.902 0.887 0.900 2 3.9
(0.902-0.978) (0.891-0.980) (0.875-0.967) (0.855-0.947) (0.845-0.928) (0.796-1.031)  (2:2,2:2) (2.3-5.5)
E-025 100.0 0.991 0.984 0.987 1.022 1.009 0.918 34 17.3
(0.975-1.007) (0.963-1.000) (0.956-1.004) (0.994-1.045) (0.986-1.028) (0.883-0.951) (16:16,14:14) (15.6-19.0)
E-026 100.0 1.011 1.009 1.028 1.082 1.006 0.961 4 68.6
(0.986-1.039) (0.987-1.025) (0.977-1.060) (1.037-1.125) (0.988-1.026) (0.916-1.012)  (1:1,1:1)  (57.8-79.4)
E-027 100.0 1.006 1.023 1.025 1.048 1.029 1.026 14 22.9
(0.981-1.022) (0.995-1.042) (1.002-1.058) (1.016-1.076) (1.015-1.043) (0.989-1.065)  (8:8,8:8)  (19.0-26.8)
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Table 4.8. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ,‘1 ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Nevada.
Estimates were derived from leks within the entire neighborhood cluster—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
E-028 100.0 0.967 0.967 0.964 0.965 0.948 0.875 9 18.8
(0.946-0.987) (0.944-1.000) (0.940-1.000) (0.939-0.995) (0.929-0.965) (0.819-0.922)  (5:5,5:5)  (16.0-21.6)
E-029 100.0 0.982 0.985 0.982 0.993 0.987 0.902 3 37.1
(0.956-1.011) (0.952-1.015) (0.951-1.015) (0.967-1.016) (0.962-1.012) (0.853-0.952)  (2:2,2:2)  (30.7-43.6)
E-030 100.0 0.979 0.983 0.983 0.995 0.977 0.995 4 29.0
(0.957-1.006) (0.958-1.012) (0.958-1.012) (0.972-1.020) (0.955-1.001) (0.937-1.062)  (2:2,2:2)  (20.7-37.2)
E-031 100.0 1.017 1.031 1.058 1.035 1.056 0.988 8 20.2
(0.980-1.062) (0.984-1.078) (1.011-1.106) (0.987-1.086) (1.007-1.119) (0.880-1.138)  (3:3,3:3)  (14.6-25.9)
E-032 100.0 1.007 0.990 1.003 1.048 1.008 0.943 & 22.1
(0.953-1.062) (0.938-1.050) (0.918-1.098) (0.935-1.200) (0.867-1.186) (0.670—1.330) (1:1,1:1) (15.4-28.8)
E-033 100.0 0.983 0.982 0.981 0.980 0.957 0.839 1 24.3
(0.935-1.040) (0.934-1.058) (0.907-1.097) (0.887—1.104) (0.908-1.016) (0.763-0.921)  (1:1,1:1)  (18.0-30.7)
E-034 100.0 0.990 0.996 1.001 1.017 1.011 0.985 1 41.6
(0.967-1.032) (0.971-1.045) (0.969-1.045) (0.980-1.056) (0.985-1.040) (0.929-1.046)  (1:1,1:1)  (37.4-45.8)
E-035 100.0 0.955 0.954 0.946 0.936 0.904 0.821 4 9.1
(0.909-0.995) (0.903-0.999) (0.889-0.996) (0.877-0.991) (0.850-0.956) (0.674-0.940)  (1:1,1:1) (5.5-12.7)
E-036 100.0 0.993 0.997 1.008 1.071 1.092 1.073 2 14.6
(0.943-1.048) (0.951-1.055) (0.989-1.027) (1.012-1.140) (1.006-1.205) (0.919-1.252)  (1:1,1:1) (7.5-21.7)
E-037 100.0 0.985 0.991 0.993 0.996 0.988 0.927 49 22.1
(0.967-1.000) (0.973-1.004) (0.979-1.008) (0.979-1.011) (0.970-1.005) (0.892-0.963) (26:26,23:23) (19.7-24.5)
E-038 100.0 0.976 0.971 0.964 0.971 0.992 0.850 12 21.9
(0.956-0.994) (0.952-0.985) (0.946-0.978) (0.953—-0.986) (0.973-1.013) (0.809-0.892) (9:9,9:9) (19.3-24.5)
E-039 100.0 0.933 0.928 0.912 0.886 0.858 0.905 1 7.3
(0.890-0.977) (0.880-0.976) (0.858-0.962) (0.834-0.934) (0.802-0.908) (0.763-1.059)  (1:1,1:1) (1.7-12.9)
E-040 100.0 0.983 0.983 0.967 0.995 0.968 0.934 58 22.8
(0.969-0.995) (0.962-0.998) (0.942-0.979) (0.953-1.014) (0.938-0.985) (0.909-0.961) (28:28,26:26) (21.1-24.5)
E-041 100.0 0.940 0.936 0.923 0.969 0.974 0.958 4 3.6
(0.902-0.983) (0.897-0.976) (0.888-0.957) (0.921-1.021) (0.905-1.044) (0.806-1.128)  (1:1,0:0) (0.7-6.5)
E-042 100.0 0.986 0.985 0.962 0.974 0.998 0.941 13 18.0
(0.968-0.999) (0.974-0.994) (0.949-0.974) (0.955-0.994) (0.970-1.028) (0.869-1.017)  (4:4,3:3)  (14.6-21.4)
E-043 100.0 0.995 1.005 1.015 1.043 1.024 0.932 7 5.0
(0.952-1.030) (0.959-1.045) (0.968-1.065) (0.994—1.107) (0.960-1.097) (0.792-1.127)  (2:2,2:2) (2.6-7.5)
E-044 100.0 NA NA NA NA NA NA 7 NA
(0:0,0:0)
E-045 100.0 0.974 0.979 0.980 0.993 0.979 1.007 16 10.7
(0.949-1.007) (0.948-1.017) (0.946-1.020) (0.959-1.043) (0.942-1.040) (0.904-1.161)  (6:6,6:6) (7.8-13.5)
E-046 97.6 0.974 0.977 0.977 0.972 0.938 0.899 1 2.2
(0.939-1.002) (0.940-1.010) (0.942-1.015) (0.922-1.021) (0.877-0.989) (0.776-1.001)  (1:1,1:1) (0.9-3.6)
E-047 53 0.981 0.999 0.989 1.017 0.972 1.026 6 16.7
(0.968-1.000) (0.992-1.006) (0.973-1.004) (0.987-1.038) (0.943-0.992) (0.965-1.088)  (4:0,4:0)  (14.8-18.5)
E-048 100.0 0.958 0.958 0.949 0.940 0.892 0.922 2 11.8
(0.927-0.984) (0.922-0.990) (0.905-0.988) (0.898-0.977) (0.866-0.918) (0.844-1.004)  (2:2,2:2) (8.8-14.9)
E-049 100.0 0.962 0.965 0.973 0.973 0.945 0.908 3 145
(0.934-1.001) (0.929-1.009) (0.932-1.007) (0.915-1.024) (0.895-0.991) (0.813-1.010)  (3:3,3:3)  (11.6-17.3)
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Table 4.8. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ,‘1 ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Nevada.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory/ Short Recent leks3 count/lek
Medium

E-051 87.3 0.971 0.981 0.982 0.999 0.962 0.939 15 16.9
(0.954-0.989) (0.962-0.998) (0.962—1.001) (0.974-1.025) (0.938-0.986) (0.877-1.005)  (8:7.,8:7)  (14.3-19.5)

E-052 100.0 0.971 0.968 0.953 0.930 0.894 0.745 8 10.6
(0.941-1.001) (0.935-1.007) (0.909-1.005) (0.895-0.966) (0.860-0.932) (0.664-0.836)  (7:7,7:7)  (9.2-12.1)

E-053 100.0 0.964 0.967 0.965 0.952 0.944 0.930 7 6.0
(0.935-0.989) (0.935-0.996) (0.936-0.996) (0.923-0.981) (0.915-0.980) (0.856-1.024)  (6:6,6:6) (5.0-7.1)

E-054 100.0 0.996 1.001 0.998 1.007 0.996 0.873 4 9.7
(0.978-1.013) (0.980-1.020) (0.968-1.025) (0.965-1.045) (0.962-1.033) (0.792-0.956)  (2:2,1:1)  (6.7-12.6)

E-055 100.0 0.953 0.952 0.945 0.904 0.885 0.921 1 5.8
(0.918-0.985) (0.921-0.982) (0.919-0.970) (0.867-0.937) (0.838-0.930) (0.800—1.064) (1:1,1:1) (3.7-6.9)

E-056 100.0 0.950 0.948 0.938 0.924 0.891 0.932 2 3.0
(0.910-0.986) (0.906-0.987) (0.891-0.981) (0.873-0.971) (0.837-0.936) (0.809-1.070)  (1:1,1:1) (1.5-4.5)

E-057 100.0 0.976 0.986 0.981 0.989 1.016 0.887 15 10.0
(0.950-0.997) (0.966-1.009) (0.965-0.996) (0.974-1.003) (0.998-1.035) (0.845-0.932) (15:15,13:13) (8.9-11.1)

E-058 100.0 0.987 0.989 0.994 1.001 1.023 0.895 7 10.7
(0.948-1.017) (0.959-1.017) (0.973-1.013) (0.977-1.026) (0.985-1.063) (0.822-0.973)  (3:3.2:2)  (8.7-12.8)

E-059 100.0 0.979 0.974 0.960 0.946 0.949 0.889 8 9.6
(0.954-1.008) (0.953-0.988) (0.937-0.974) (0.926-0.964) (0.926-0.973) (0.827-0.953)  (7:7,5:5)  (8.2-10.9)

E-060 100.0 0.964 0.968 0.985 0.978 0.955 0.899 38 14.2
(0.951-0.978) (0.952-0.985) (0.961-1.002) (0.952-0.995) (0.933-0.973) (0.869-0.929) (19:19,16:16) (12.5-15.9)

E-061 100.0 0.979 0.987 0.976 1.032 1.023 0.910 6 14.9
(0.953-1.006) (0.954-1.017) (0.929-0.996) (0.972-1.072) (0.968-1.062) (0.861-0.960) (5:5,4:4) (12.1-17.6)

E-062 100.0 0.987 0.991 0.995 1.008 0.996 0.965 4 125
(0.953-1.014) (0.954-1.022) (0.961-1.028) (0.974-1.043) (0.972-1.021) (0.897-1.027)  (3:3,3:3)  (8.5-16.5)

E-063 100.0 0.969 0.972 0.972 0.981 1.000 0.969 6 7.5
(0.940-0.999) (0.942-1.003) (0.937-0.998) (0.942-1.012) (0.959-1.035) (0.900-1.042)  (5:5,4:4) (5.7-9.2)

E-064 100.0 0.983 0.988 0.990 1.004 0.995 1.002 2 135
(0.955-1.015) (0.958-1.022) (0.957-1.028) (0.965-1.049) (0.962—1.029) (0.940—1.076) (2:2,2:2) (9.5-17.5)

E-065 100.0 NA NA NA NA NA NA 6 NA

(0:0,0:0)

E-066 100.0 0.985 0.990 0.989 0.995 0.977 0.955 2 17.8
(0.968-1.004) (0.976-1.005) (0.962-1.014) (0.958-1.034) (0.930-1.025) (0.871-1.053)  (1:1,1:1)  (14.4-21.2)

E-067 100.0 0.980 0.980 0.974 0.969 0.939 0.857 2 40.6
(0.934-1.030) (0.926-1.033) (0.913-1.035) (0.899-1.038) (0.859-1.022) (0.747-0.974) (1:1,1:1) (29.1-52.0)

E-068 100.0 0.974 0.968 0.967 0.987 0.992 1.060 12 9.9
(0.944-0.994) (0.939-0.993) (0.938-0.994) (0.952-1.020) (0.962-1.019) (1.001-1.122)  (8:8,8:8)  (8.5-11.3)

E-069 99.1 NA NA NA NA NA NA 4 NA

(0:0,0:0)

E-070 36.8 0.989 0.995 1.005 1.007 0.984 1.214 4 164
(0.956-1.034) (0.956-1.040) (0.958-1.034) (0.969-1.043) (0.950-1.012) (1.133-1.310)  (3:0,3:0)  (13.3-19.6)

E-071 100.0 0.989 0.994 0.993 1.025 1.018 0.952 7 18.2
(0.967-1.013) (0.966-1.018) (0.971-1.014) (0.962-1.085) (0.962-1.069) (0.873-1.051)  (3:3,3:3)  (13.8-22.5)

E-072 100.0 0.986 0.999 0.996 0.993 0.983 0.967 13 32.2
(0.957-1.008) (0.979-1.018) (0.981-1.012) (0.973-1.011) (0.960-1.004) (0.920-1.016)  (7:7,7:7)  (27.1-37.3)
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Table 4.8. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ,‘1 ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Nevada.
Estimates were derived from leks within the entire neighborhood cluster—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
E-073 100.0 1.010 1.015 0.983 1.008 1.015 1.022 1 7.4
(0.974-1.051) (0.978-1.062) (0.942—-1.024) (0.941-1.092) (0.940-1.113) (0.841-1.284) (1:1,1:1) (3.5-11.4)
E-074 100.0 0.993 1.001 1.010 1.041 1.031 1.067 2 7.8
(0.941-1.036) (0.944-1.058) (0.947-1.085) (0.979—1.124) (0.977-1.090) (0.927-1.274) (1:1,1:1) (2.7-12.9)
E-075 87.4 0.980 0.984 0.983 0.993 0.977 0.957 1 151
(0.951-1.015) (0.953-1.022) (0.949-1.024) (0.956-1.029) (0.944-1.011) (0.879-1.042)  (1:1,1:1)  (12.6-17.6)
E-076 100.0 0.972 0.974 0.972 0.974 0.956 0.934 2 7.5
(0.937-1.004) (0.937-1.008) (0.935-1.009) (0.933-1.013) (0.916-0.994) (0.847-1.024)  (1:1,1:1) (4.3-10.7)
E-077 100.0 0.976 0.984 0.993 0.997 0.996 0.971 61 12.3
(0.963-0.989) (0.964-1.002) (0.967—-1.009) (0.976-1.016) (0.980-1.017) (0.941-1.022) (41:41,36:36) (11.3-13.3)
E-104 8838 0.963 0.961 0.949 0.940 0.896 0.795 31 16.7
(0.913-1.012) (0.906-1.024) (0.893-1.017) (0.876-1.028) (0.809-1.019) (0.619-1.028)  (4:3,4:3) (9.9-23.6)
E-105 5.2 0.972 0.974 0.975 0.989 0.935 0.996 35 13.0
(0.946-0.995) (0.936-1.014) (0.931-1.007) (0.956-1.015) (0.891-0.986) (0.939-1.067) (11:0,11:0)  (9.5-16.6)
E-106 100.0 0.993 0.997 1.002 0.992 0.958 0.888 31 30.9
(0.967-1.023) (0.970-1.013) (0.973-1.024) (0.953-1.023) (0.940-0.977) (0.835-0.944) (14:14,14:14) (27.7-34.2)
E-110 100.0 NA NA NA NA NA NA 2 NA
(0:0,0:0)
E-111 40.8 0.976 0.981 0.979 0.980 0.959 0.990 57 17.1
(0.952-0.995) (0.946-1.004) (0.946-1.004) (0.957-1.002) (0.929-0.994) (0.946-1.036) (17:1,17:1)  (14.8-19.4)
E-112 984 0.980 0.979 0.982 1.002 1.009 1.022 45 17.4
(0.956-1.007) (0.950-1.023) (0.945-1.021) (0.969-1.053) (0.969-1.074) (0.907-1.186) (11:11,11:11) (13.7-21.0)
E-113 100.0 0.964 0.964 0.958 0.959 0.965 0.977 13 23.0
(0.941-0.995) (0.937-0.995) (0.931-0.988) (0.932-0.990) (0.933-1.006) (0.881-1.093)  (2:2,2:2)  (14.0-32.0)
E-114 458 0.985 0.990 0.991 1.012 1.020 0.990 13 16.4
(0.956-1.019) (0.957-1.022) (0.959-1.032) (0.984-1.038) (0.980-1.066) (0.936-1.054)  (4:1,4:1)  (12.0-20.8)
E-115 220 0.973 0.970 0.973 0.991 0.956 0.928 29 20.5
(0.952-0.992) (0.945-0.991) (0.952-0.999) (0.962—-1.013) (0.934-0.974) (0.868-0.981) (12:1,11:1)  (17.0-24.1)
E-116 84 0.981 0.988 0.991 1.015 0.999 1.087 36 10.9
(0.946-1.015) (0.945-1.018) (0.946-1.025) (0.990-1.041) (0.955-1.046) (1.040-1.139) (12:0,12:0)  (9.2-12.5)
E-130  96.5 0.928 0.922 0.912 0.895 0.855 0.896 3 8.0
(0.900-0.959) (0.888-0.954) (0.875-0.947) (0.844-0.944) (0.800-0.903) (0.794-1.002)  (3:3,2:2) (4.7-11.2)
E-132 718 0.960 0.945 0.989 0.996 0.992 1.005 7 29.3
(0.940-0.984) (0.924-0.976) (0.962-1.020) (0.960-1.038) (0.961-1.031) (0.957-1.055) (4:4,3:3) (22.6-36.0)
E-133 226 0.988 0.996 0.979 0.964 0.965 0.963 38 36.3
(0.971-1.001) (0.979-1.013) (0.963-0.998) (0.954-0.982) (0.953-0.990) (0.928-1.032) (19:3,14:2)  (32.6-40.0)
E-135 804 0.999 1.001 1.009 1.021 0.967 1.056 5 29.8
(0.968-1.040) (0.970-1.032) (0.966-1.057) (0.964—1.082) (0.907-1.038) (0.885-1.320)  (2:2,1:1)  (16.5-43.1)
E-138 100.0 0.963 0.963 0.954 0.942 0.921 0.880 7 28.5
(0.927-1.012) (0.925-1.017) (0.907-1.008) (0.894-0.996) (0.871-0.976) (0.769-1.004)  (3:3,3:3)  (17.2-39.9)
E-139 982 0.986 1.004 0.985 0.986 0.940 0.908 58 29.2
(0.969-1.000) (0.984-1.022) (0.961-1.005) (0.971-1.011) (0.924-0.973) (0.853-0.983) (26:26,25:25) (26.7-31.7)
E-140 55.2 1.013 1.024 1.037 1.068 1.049 0.974 1 16.4
(0.980-1.041) (1.001-1.048) (0.994-1.082) (1.021-1.128) (1.006-1.100) (0.896-1.053)  (1:0,1:0)  (11.5-21.3)
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Table 4.8. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ,‘1 ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Nevada.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory/ Short Recent leks3 count/lek
Medium

E-141 20.9 0.986 0.998 0.995 1.001 0.964 0.954 50 22.4
(0.971-1.001) (0.975-1.016) (0.963-1.016) (0.980-1.015) (0.951-0.976) (0.929-0.982) (29:8,29:8)  (20.6-24.3)

E-142 730 0.992 0.990 0.994 1.030 1.042 1.091 17 24.6
(0.970-1.017) (0.969-1.013) (0.958-1.027) (0.977-1.077) (1.000-1.095) (0.969-1.251)  (6:4,5:3)  (18.2-31.1)

E-143 100.0 0.952 0.955 0.953 0.943 0.908 0.896 4 9.4
(0.923-0.974) (0.928-0.976) (0.912-0.985) (0.887-0.982) (0.844-0.960) (0.767-1.016)  (1:1,0:0)  (2.9-15.9)

E-144 925 0.973 0.973 0.982 0.979 0.960 0.983 35 31.6
(0.956-0.988) (0.955-0.988) (0.959-0.996) (0.956-1.001) (0.940-0.986) (0.935-1.058) (22:22,20:20) (28.6-34.7)

E-154 5.7 0.986 0.988 0.990 1.025 1.027 1.063 29 18.9
(0.971-1.004) (0.965-1.013) (0.956-1.017) (1.001-1.048) (1.010-1.042) (1.027-1.099) (19:0,18:0)  (16.8-21.1)

E-155 535 0.965 0.966 0.964 0.956 0.914 0.934 38 10.6
(0.931-0.987) (0.908-0.991) (0.903—0.989) (0.859-0.986) (0.808-0.957) (0.869-1.004)  (12:0,9:0) (8.7-12.5)

E-159 7.8 0.992 1.005 0.995 1.021 0.979 0.952 32 24.4
(0.973-1.008) (0.980-1.025) (0.969-1.013) (0.979-1.047) (0.934-1.003) (0.927-0.979) (21:0,21:0)  (21.6-27.1)

E-163 116 0.980 0.980 0.979 0.977 0.963 0.968 23 20.8
(0.954-1.001) (0.946-1.009) (0.944-1.015) (0.951-1.017) (0.940-0.987) (0.924-1.009) (19:0,19:0)  (17.0-24.6)

E-216 114 0.986 1.006 0.995 1.009 1.011 1.044 75 16.1
(0.971-0.998) (0.989-1.021) (0.974-1.009) (0.997-1.021) (0.994-1.024) (1.018-1.071) (34:1,31:1)  (14.8-17.4)

E-217 815 0.991 0.957 0.967 1.003 0.992 1.043 51 15.6
(0.973-1.002) (0.935-0.983) (0.943-0.999) (0.981-1.024) (0.971-1.011) (0.992-1.098) (15:10,10:5) (13.1-18.1)

E-218 9.3 0.991 1.005 1.003 1.033 1.021 1.076 15 20.9
(0.965-1.002) (0.965-1.021) (0.960-1.019) (1.009-1.051) (1.002-1.039) (1.039-1.122) (10:0,10:0)  (18.2-23.7)

E-226 353 0.991 0.991 0.994 0.997 0.958 0.972 34 23.2
(0.969-1.003) (0.971-1.000) (0.982-1.004) (0.982-1.011) (0.945-0.973) (0.935-1.017) (16:2,16:2)  (19.8-26.6)

E-228 100.0 0.957 0.958 0.954 0.942 0.881 0.938 2 8.1
(0.923-0.993) (0.919-0.999) (0.914-0.995) (0.904-0.978) (0.851-0.911) (0.848-1.036)  (2:2,2:2)  (4.0-12.3)

E-229 100.0 0.984 0.992 0.990 1.001 1.047 0.953 6 14.6
(0.947-1.031) (0.935-1.038) (0.936-1.032) (0.946-1.050) (1.013-1.085) (0.883-1.041)  (3:3.3:3)  (11.2-17.9)

E-230 100.0 0.951 0.951 0.954 0.968 0.958 0.920 2 6.2
(0.921-0.982) (0.922-0.980) (0.925-0.977) (0.923-1.016) (0.906-1.013) (0.830-1.008)  (2:2,1:1) (2.6-9.7)

E-231 100.0 0.978 0.981 0.981 0.991 0.977 0.925 1 41
(0.937-1.017) (0.936-1.026) (0.933-1.033) (0.943-1.046) (0.933-1.032) (0.805-1.026)  (1:1,1:1) (2.2-6.0)

E-232 853 0.978 0.976 0.965 0.973 0.953 1.017 29 16.7
(0.956-0.999) (0.947-1.000) (0.937-0.990) (0.943—-1.009) (0.924-0.994) (0.932-1.154) (17:12,14:11) (13.6-19.8)

E-233 6.0 0.966 0.967 0.970 0.980 0.952 0.915 60 10.2
(0.954-0.978) (0.939-0.982) (0.937-0.984) (0.963-0.993) (0.940-0.963) (0.890-0.941) (44:0,42:0)  (9.5-10.9)

E-235 100.0 0.951 0.949 0.940 0.929 0.904 0.900 5 34
(0.903-0.998) (0.899-1.003) (0.883-1.002) (0.869-0.991) (0.849-0.958) (0.765-1.049)  (1:1,1:1) (0.6-6.1)

E-236 100.0 NA NA NA NA NA NA 4 NA

(0:0,0:0)
E-237 100.0 NA NA NA NA NA NA 0 NA
(0:0,0:0)
E-238 100.0 NA NA NA NA NA NA 0 NA

(0:0,0:0)
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Table 4.8. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change (,{ ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Nevada.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NC! Long Medium/Long  Medium or/ Short Recent leks3 count/lek
Medium
E-239 100.0 NA NA NA NA NA NA 0 NA
(0:0,0:0)
E-240 100.0 NA NA NA NA NA NA 0 NA
(0:0,0:0)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis

within state boundary.
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Figure 4.22. A, Abundance index (calculated as l\] divided by 60-year mean of I\] ); and B, intrinsic rate of population change ()
of greater sage-grouse (Centrocercus urophasianus) within the state of Nevada from 1960-2019. Thick yellow line represents median
estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood

clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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Figure 4.23. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at different neighborhood clusters
within the state of Nevada. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri

and its licensors. All rights reserved.
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Figure 4.24. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at lek sites within the state of
Nevada. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors. All
rights reserved.
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Figure 4.25. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Nevada from 1990 to 2019. Map image is the intellectual property of Esri and is used herein
under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.26. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at neighborhood cluster within the state of Nevada from 1990 to 2019. Map image is the intellectual property of Esri and is used

herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.27. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Nevada during 2019. Map image is the intellectual property of Esri and is used herein under

license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.28. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the neighborhood cluster scale within the state of Nevada during 2019. All leks within watch and warning boundaries were
assigned as watch and warning, respectively. Yellow stars represent leks that reached warning independently. Map image is the
intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Idaho Results

Idaho Lek Data and Clusters (Objectives 1 and 2)

Idaho intersected CC-E and CC-F and contained or
intersected 77 different NCs (fig. 4.29). Total area of the
77 NCs within Idaho was 7,084,233. There were 71 of these
clusters used in the analysis after, 6 were omitted because
of limitations in sample sizes. These areas consisted of
1,953 leks, of which 1,601 were located within the Idaho state
boundary and represented 19.01 percent of the range-wide
lek database. After extensive QA/QC, we used 944 leks from
Idaho in the SSM for population trend estimation (tables 4.9
and 4.10), totaling 17,554 individual lek count surveys. Mean
male count was 10.81 (95-percent confidence level=10.66—
10.96) for leks within NCs that were within or overlapped
Idaho. Mean male count for leks within Idaho was 10.69
(95-percent confidence level=10.53-10.85).

Idaho Population Trend Analysis (Objective 3)

Although Idaho intersected CC-E and CC-F, a large
majority of area (98.1 percent) fell within CC-E. For CC-E,
we estimated six population abundance nadirs (troughs) that
dated back to 1960. Each of these population abundance nadirs
represent between one and six complete periods of oscillation.
We used these nadirs to estimate population trends across
three different temporal scales that represented two, four,
and six complete periods for the state (for instance, second,
fourth, and sixth nadir). We estimated the average annua
finite rate of population change ( 2 ) at the short (two periods),
medium (four periods), and long (six periods) temporal scales

Range-wide Greater Sage-Grouse Hierarchical Monitoring Framework

as 0.970 (95-percent CRI=0.960-0.974), 0.971 (95-percent
CRI=0.956-0.978), and 0.969 (95-percent CR1=0.964-0.973),
respectively (fig. 4.30). For all NCs that were included in the
model and intersected ldaho, we estimated median 3 to be
less than 1.0 for 81.7, 87.3, and 94.4 percent across short,
medium, and long temporal scales, respectively (table 4.10).
We estimated median ), to be less than 1.0 for 71.8, 74.6, and
87.0 percent of all modeled leks within Idaho across short,
medium, and long temporal scales, respectively. We reported
spatial and temporal variation in average annual ) across
different NCs (fig. 4.31) and leks (fig. 4.32).

Idaho Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in Idaho activated atotal of 486 and 353 leks
as watches and warnings, respectively (fig. 4.33), which
was 61.1 and 44.4 percent of the sampled leks used in the
analysis. On average, across the 29 years, approximately 5.7
and 1.8 percent of leks per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During thistime frame,
the TAWS also activated a total of 30 and 18 NCs as watches
and warnings, respectively (fig. 4.34), which was 46.2 and
27.7 percent of the sampled clusters used in the analysis.
On average, approximately 2.3 and 1.1 percent of clusters
per year experienced watches and warnings, respectively.
Similar to leks, the higher percentage for watches corresponds
to repetitive activation. During 2019, the TAWS activated
65 (first=26) watches and 77 (first=31) warnings at leks
(fig. 4.35), as well as 2 (first=2) watches and 8 (first =2)
warnings at NCs (fig. 4.36).
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Figure 4.29. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood
clusters that intersect the state of Idaho. Map image is the intellectual property of Esri and is used herein under license. Copyright ©
2020 Esri and its licensors. All rights reserved.
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Table 4.9. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( A ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Idaho. Estimates
were derived from leks within the entire climate cluster.

[CC, climate cluster; E, Great Basin area; F, Wyoming]

Temporal scales?

Percent Average
cC 1 . . Short/ Number of leks3
cc Long Medium/Long  Medium . Short Recent count/lek
Medium

E 20.1 0.971 0.973 0.974 0.986 0.968 0.949 4,012 17.3

(0.967-0.976) (0.967-0.978) (0.963-0.979) (0.981-0.990) (0.964-0.971) (0.944-0.955)  (2,187:930,  (17.1-17.5)
1,908:782)

F 1.5 0.980 0.976 0.976 1.003 0.991 1.016 1,253 23.7

(0.975-0.987) (0.969-0.984) (0.966-0.980) (0.997-1.008) (0.988-0.995) (1.011-1.023) (974:14,892:13) (23.3-24.2)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.10. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( J ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Idaho. Estimates
were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short/ Number of Average
NC Long Medium/Long  Medium o Short Recent leks? count/lek
Medium

E-014 29 1.005 1.014 1.022 1.017 1.108 1.080 28 6.6
(0.955-1.054) (0.958-1.070) (0.970-1.083) (0.982-1.050) (1.042-1.193) (0.942-1242)  (1:0,1:0)  (2.2-11.0)

E-098 100.0 0.972 0.978 0.987 0.996 0.984 0.941 20 16.9
(0.955-0.987) (0.961-0.990) (0.971-1.001) (0.980-1.010) (0.966-1.000) (0.904-0.977) (15:15,10:10) (14.9-18.8)

E-100 79.4 0.950 0.947 0.939 0.926 0.900 0.856 18 6.8
(0.925-0.975) (0.917-0.979) (0.902-0.976) (0.883-0.962) (0.866-0.930) (0.800-0.906)  (8:8,8:8)  (5.1-8.6)

E-101 17.2 0.958 0.950 0.948 0.950 0.934 0.939 48 13.7
(0.939-0.970) (0.929-0.965) (0.918-0.968) (0.921-0.964) (0.915-0.950) (0.902-0.977) (34:9,32:7)  (12.5-14.9)

E-107 100.0 0.967 0.970 0.973 0.987 0.980 0.966 11 19.4
(0.945-0.988) (0.948-0.987) (0.950-0.994) (0.967-1.006) (0.953—1.007) (0.892-1.042)  (5:54:4)  (15.7-23.0)

E-108 69.8 NA NA NA NA NA NA 2 NA

(0:0,0:0)

E-109 13.9 0.968 0.971 0.972 0.976 0.950 0.907 20 14.0
(0.935-0.985) (0.944-0.990) (0.943-0.992) (0.945-0.997) (0.920-0.976) (0.860-0.957) (12:0,12:0)  (12.1-15.9)

E-111 19.1 0.976 0.981 0.979 0.980 0.959 0.990 57 17.1
(0.952-0.995) (0.946-1.004) (0.946-1.004) (0.957-1.002) (0.929-0.994) (0.946-1.036) (17:8,17:8)  (14.8-19.4)

E-154 94.3 0.986 0.988 0.990 1.025 1.027 1.063 29 18.9
(0.971-1.004) (0.965-1.013) (0.956-1.017) (1.001-1.048) (1.010-1.042) (1.027-1.099) (19:19,18:18) (16.8-21.1)

E-155 46.5 0.965 0.966 0.964 0.956 0.914 0.934 38 10.6
(0.931-0.987) (0.908-0.991) (0.903-0.989) (0.859-0.986) (0.808-0.957) (0.869-1.004) (12:12,9:9)  (8.7-12.5)

E-156 100.0 0.964 0.966 0.962 0.956 0.938 0.978 5 2.6
(0.937-0.991) (0.934-0.992) (0.926-0.992) (0.911-0.991) (0.891-0.980) (0.909-1.067)  (3:33:3)  (1.63.7)

E-157 100.0 0.985 0.989 0.992 1.003 0.990 1.006 6 275
(0.955-1.018) (0.955-1.027) (0.954-1.033) (0.957-1.050) (0.955-1.023) (0.935-1.082)  (I:1,1:1)  (21.9-33.1)
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Table 4.10. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( 4 ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Idaho. Estimates
were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short/ Number of Average
NC! Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium

E-158 100.0 0.964 0.968 0.965 0.972 0.990 1.049 72 8.7
(0.950-0.976) (0.942-0.982) (0.928-0.981) (0.940-0.987) (0.968-1.006) (1.015-1.086) (37:37,32:32)  (7.7-9.6)

E-159 922 0.992 1.005 0.995 1.021 0.979 0.952 32 24.4
(0.973-1.008) (0.980-1.025) (0.969-1.013) (0.979-1.047) (0.934-1.003) (0.927-0.979) (21:21,21:21) (21.6-27.1)

E-160 100.0 0.946 0.961 0.989 0.996 0.970 0.855 28 19.4
(0.932-0.962) (0.931-0.979) (0.935-1.010) (0.941-1.024) (0.943-0.998) (0.820-0.891) (17:17,13:13) (16.9-21.9)

E-161 100.0 0.972 0.979 0.979 0.989 0.961 0.972 54 18.8
(0.958-0.984) (0.953-0.995) (0.905-1.009) (0.941-1.015) (0.935-0.984) (0.942-1.007) (32:32,27:27) (16.6-21.0)

E-162 100.0 0.983 0.983 0.997 1.007 0.986 0.976 12 26.1
(0.951-1.005) (0.919-1.002) (0.919-1.029) (0.944-1.044) (0.948-1.028) (0.919-1.045)  (9:9,9:9)  (20.0-32.2)

E-163 88.4 0.980 0.980 0.979 0.977 0.963 0.968 23 20.8
(0.954-1.001) (0.946-1.009) (0.944-1.015) (0.951-1.017) (0.940-0.987) (0.924-1.009) (19:19,19:19) (17.0-24.6)

E-165 100.0 0.973 0.985 0.982 1.014 1.002 1.115 14 19.9
(0.950-0.988) (0.950-1.000) (0.951-1.009) (0.963-1.051) (0.953-1.030) (1.069-1.166) (13:13,9:9)  (17.1-22.8)

E-166 100.0 0.970 0.959 0.962 0.975 0.935 0.902 46 20.1
(0.953-0.982) (0.923-0.971) (0.930-0.980) (0.959-0.988) (0.915-0.950) (0.852-0.941) (36:36,29:29) (18.2-21.9)

E-167 0.0 1.007 1.023 1.044 1.093 1.060 0.959 7 34.7
(0.944-1.058) (0.944-1.076) (0.966-1.116) (1.012-1.182) (1.005-1.102) (0.857-1.073)  (2:0,2:0)  (23.0-46.5)

E-168 16.9 1.003 1.016 1.030 1.065 1.047 1.010 13 23.0
(0.970-1.029) (0.969-1.050) (0.968-1.075) (1.002-1.116) (1.005-1.082) (0.945-1.074)  (8:0,8:0)  (18.2-27.8)

E-176 0.8 0.972 0.962 0.959 0.993 0.976 0.916 38 24.2
(0.955-0.990) (0.944-0.980) (0.937-0.982) (0.962-1.028) (0.936-1.023) (0.819-1.021)  (6:0,4:0)  (21.3-27.2)

E-177 100.0 0.956 0.979 0.998 1.032 1.013 0.827 5 14.0
(0.932-0.970) (0.960-0.998) (0.974-1.027) (1.009-1.057) (0.984-1.042) (0.771-0.882) (5:5,2:2) (11.1-16.9)

E-178 99.9 0.974 0.970 0.958 1.010 0.971 0.902 28 16.3
(0.961-0.986) (0.955-0.983) (0.943-0.971) (0.993-1.023) (0.959-0.985) (0.876-0.927) (25:25,23:23) (14.7-17.8)

E-179 04 NA NA NA NA NA NA 8 NA

(0:0,0:0)

E-180 100.0 0.966 0.956 0.969 0.991 0.971 0.879 53 19.4
(0.954-0.979) (0.942-0.968) (0.954-0.981) (0.978-1.001) (0.958-0.983) (0.857-0.903) (35:35,30:30) (17.8-21.0)

E-181 100.0 0.969 0.974 0.995 1.023 0.983 0.939 18 225
(0.956-0.979) (0.959-0.984) (0.971-1.014) (0.999-1.047) (0.951-1.009) (0.896-0.985) (10:10,9:9)  (19.0-25.9)

E-182 100.0 0.967 0.984 0.980 1.019 0.977 0.877 23 26.4
(0.958-0.975) (0.971-0.995) (0.964-0.993) (0.984-1.064) (0.940-1.015) (0.842-0.912) (10:10,6:6)  (22.3-30.5)

E-183 100.0 0.964 0.965 0.982 0.988 0.949 0.883 45 231
(0.951-0.976) (0.950-0.977) (0.967-0.998) (0.963—-1.013) (0.923-0.971) (0.845-0.921) (19:19,11:11) (21.0-25.2)

E-184 100.0 0.959 0.955 0.948 0.960 0.945 0.906 13 16.7
(0.942-0.976) (0.939-0.987) (0.929-0.967) (0.945-0.973) (0.929-0.961) (0.863-0.949) (11:11,11:11) (15.1-18.4)

E-185 100.0 0.964 0.972 0.989 0.979 0.990 1.020 15 10.8
(0.941-0.984) (0.946-0.997) (0.958-1.018) (0.950-1.006) (0.946-1.038) (0.941-1.110)  (6:6,5:5)  (8.1-13.4)

E-186 100.0 0.954 0.951 0.948 0.972 0.947 0.969 7 9.9
(0.939-0.973) (0.932-0.966) (0.931-0.964) (0.946-0.998) (0.914-0.981) (0.877-1.066)  (7:7,4:4)  (7.8-12.0)

E-187 100.0 NA NA NA NA NA NA 2 NA

(0:0,0:0)
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Table 4.10. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( A ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Idaho. Estimates
were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short/ Number of Average
NC! Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
E-188 100.0 NA NA NA NA NA NA 1 NA
(0:0,0:0)
E-189 100.0 NA NA NA NA NA NA 1 NA
(0:0,0:0)

E-190 100.0 0.974 0.989 0.985 0.984 0.994 0.990 39 153
(0.958-0.986) (0.955-1.007) (0.960-0.997) (0.951-1.004) (0.970-1.015) (0.962-1.019) (24:24,20:20) (13.7-17.0)

E-191 100.0 0.975 0.977 0.978 0.987 0.975 0.923 6 12.3
(0.940-1.019) (0.934-1.029) (0.914-1.028) (0.921-1.044) (0.900-1.032) (0.871-0.982)  (4:4,4:4)  (9.1-15.4)

E-192 100.0 0.975 0.978 0.978 0.983 0.966 0.947 7 15.8
(0.947-1.011) (0.947-1.018) (0.937-1.021) (0.936-1.035) (0.912-1.025) (0.873-1.014)  (1:1,1:1)  (11.5-20.1)

E-193 100.0 0.967 0.988 0.994 1.025 1.003 0.973 57 16.2
(0.955-0.980) (0.972-0.999) (0.982-1.003) (0.995-1.046) (0.985-1.017) (0.945-1.004) (29:29,23:23) (14.7-17.8)

E-194 100.0 0.960 0.962 0.953 0.957 0.949 0.942 47 16.1
(0.949-0.969) (0.949-0.970) (0.936-0.964) (0.942-0.970) (0.933-0.964) (0.906-0.976) (25:25,13:13) (14.2-18.0)

E-195 100.0 0.975 0.987 0.969 0.986 0.990 0.917 14 121
(0.947-0.996) (0.949-1.007) (0.933-0.993) (0.924-1.021) (0.909-1.028) (0.858-0.975) (10:10,7:7)  (9.9-14.3)

E-196 100.0 0.971 0.969 0.960 0.949 0.924 0.888 6 14.9
(0.936-1.005) (0.914-1.016) (0.870-1.009) (0.867—1.015) (0.839-0.994) (0.833-0.944)  (5:5,5:5)  (10.0-19.9)

E-197 100.0 0.960 0.945 0.955 0.992 0.998 0.958 18 12.2
(0.945-0.979) (0.924-0.964) (0.931-0.982) (0.946-1.038) (0.972-1.020) (0.919-0.998) (12:12,10:10) (10.4-14.1)

E-198 100.0 0.968 0.979 0.992 0.998 0.955 0.960 41 13.6
(0.947-0.984) (0.953-0.993) (0.967-1.022) (0.965-1.025) (0.928-0.978) (0.926-0.999) (23:23,22:22) (11.9-15.2)

E-199 100.0 0.986 0.999 0.980 0.978 0.976 0.936 65 13.0
(0.951-1.003) (0.975-1.025) (0.949-0.997) (0.926-1.003) (0.942-0.989) (0.900-0.972) (29:29,22:22) (11.5-14.5)

E-200 100.0 0.979 1.003 0.996 1.020 1.006 0.963 24 141
(0.961-0.994) (0.985-1.020) (0.982-1.011) (0.997-1.045) (0.989-1.032) (0.898-1.043) (18:18,11:11) (12.3-16.0)

E-201 100.0 0.971 0.978 0.979 0.996 0.978 0.947 53 15.9
(0.951-0.983) (0.960-0.993) (0.951-0.999) (0.962—-1.017) (0.937-0.998) (0.913-0.983) (29:29,24:24) (13.9-17.8)

E-202 100.0 0.976 0.976 0.983 1.003 0.969 0.972 41 16.3
(0.959-0.991) (0.953-0.995) (0.944-1.005) (0.986-1.019) (0.953-0.983) (0.945-0.997) (28:28,28:28) (14.6-18.0)

E-203 100.0 0.971 0.969 0.950 0.986 0.951 0.870 32 235
(0.955-0.981) (0.935-0.981) (0.915-0.973) (0.960-1.008) (0.903-0.973) (0.843-0.896) (19:19,14:14) (20.3-26.7)

E-204 100.0 0.985 0.990 1.001 1.012 0.968 0.923 25 174
(0.966-1.003) (0.967-1.010) (0.963-1.021) (0.978-1.039) (0.941-0.988) (0.898-0.950) (17:17,17:17) (15.6-19.2)

E-205 100.0 0.972 0.968 0.977 0.993 0.976 0.890 35 22.0
(0.948-0.984) (0.940-0.980) (0.932-0.991) (0.962-1.011) (0.950-0.997) (0.859-0.919) (20:20,15:15) (19.4-24.7)

E-206 100.0 0.968 0.993 0.950 0.991 0.964 0.845 45 16.3
(0.954-0.981) (0.976-1.007) (0.929-0.965) (0.969-1.008) (0.943-0.983) (0.814-0.873) (26:26,20:20) (14.4-18.3)

E-207 100.0 0.974 0.975 0.971 0.971 0.948 0.948 3 19.5
(0.949-1.015) (0.947-1.025) (0.939-1.025) (0.932-1.021) (0.908-0.989) (0.884-1.028)  (2:2,2:2)  (12.3-26.6)

E-208 100.0 0.969 0.970 0.966 0.983 0.951 0.856 10 19.9
(0.944-0.988) (0.936-0.992) (0.929-0.990) (0.948-1.000) (0.918-0.969) (0.816-0.896)  (9:9,9:9)  (17.0-22.9)

E-209 100.0 0.989 1.004 0.991 1.033 0.989 0.946 9 245
(0.965-1.008) (0.972-1.024) (0.959-1.006) (1.001-1.055) (0.971-1.006) (0.907-0.989)  (6:6,6:6)  (19.2-29.8)
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Table 4.10. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( 4 ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Idaho. Estimates
were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NC! Long Medium/Long  Medium or/ Short Recent leks3 count/lek
Medium

E-210 100.0 1.004 1.017 1.038 1.042 1.027 1.032 2 274
(0.975-1.023) (0.986-1.038) (1.022—-1.054) (1.020-1.066) (1.005-1.048) (0.985—1.080) (2:2,2:2) (22.8-32.0)

E-211 100.0 0.977 0.980 0.982 1.006 0.996 1.007 20 11.7
(0.953-0.997) (0.949-1.004) (0.947-1.009) (0.971-1.037) (0.981-1.011) (0.966-1.054) (10:10,10:10) (9.8-13.6)

E-212 100.0 0.992 0.996 1.003 1.020 1.013 1.088 1 38.9
(0.967-1.029) (0.974-1.022) (0.990-1.017) (0.973-1.073) (0.961-1.065) (0.988-1.253)  (1:1,1:1)  (27.3-50.5)

E-213 100.0 0.982 0.993 1.011 1.043 0.985 0.903 17 21.0
(0.961-0.999) (0.967-1.012) (0.985-1.030) (1.010-1.072) (0.960-1.003) (0.873-0.933) (12:12,12:12) (18.4-23.6)

E-214 100.0 0.969 0.973 0.995 0.992 0.946 0.882 21 8.2
(0.932-1.001) (0.945-0.999) (0.958-1.026) (0.965-1.018) (0.914-0.975) (0.816-0.952)  (5:5.4:4) (6.4-9.9)

E-215 100.0 0.984 0.995 1.000 0.997 1.001 0.983 33 7.1
(0.958-1.001) (0.968-1.011) (0.968-1.018) (0.979-1.012) (0.983-1.018) (0.944-1.025) (16:16,15:15)  (6.2-7.9)

E-216  88.6 0.986 1.006 0.995 1.009 1.011 1.044 75 16.1
(0.971-0.998) (0.989-1.021) (0.974-1.009) (0.997-1.021) (0.994-1.024) (1.018-1.071) (34:33,31:30) (14.8-17.4)

E-217 185 0.991 0.957 0.967 1.003 0.992 1.043 51 15.6
(0.973-1.002) (0.935-0.983) (0.943-0.999) (0.981-1.024) (0.971-1.011) (0.992-1.098) (15:5,10:5)  (13.1-18.1)

E-218 90.7 0.991 1.005 1.003 1.033 1.021 1.076 15 20.9
(0.965-1.002) (0.965-1.021) (0.960-1.019) (1.009-1.051) (1.002-1.039) (1.039-1.122) (10:10,10:10) (18.2-23.7)

E-219 439 0.949 0.950 0.941 0.949 0.926 0.839 9 85
(0.924-0.986) (0.917-0.983) (0.902-0.974) (0.910-0.980) (0.893-0.956) (0.746-0.932)  (5:2,5:2)  (5.9-11.2)

E-220 100.0 0.980 0.985 0.985 0.996 0.979 0.987 1 7.8
(0.942-1.021) (0.944-1.030) (0.941-1.042) (0.941-1.068) (0.919-1.069) (0.900-1.139)  (1:1,1:1)  (2.5-13.1)

E-221 100.0 NA NA NA NA NA NA 2 NA

(0:0,0:0)

E-222 90.0 0.954 0.950 0.971 0.990 0.986 0.952 40 11.2
(0.931-0.969) (0.906-0.966) (0.930-0.991) (0.957-1.016) (0.967-1.017) (0.907-1.041) (27:27,19:19) (10.0-12.3)

E-223 49.2 0.968 0.972 0.972 1.000 0.966 0.992 6 6.0
(0.932-1.003) (0.932-1.009) (0.940-1.003) (0.973-1.029) (0.933-1.000) (0.886-1.127)  (3:3,3:3) (4.3-7.8)

E-227 58 0.973 0.971 0.992 0.990 0.925 0.898 24 7.9
(0.949-0.989) (0.950-0.986) (0.960—1.008) (0.968-1.009) (0.909-0.941) (0.851-0.946) (21:0,19:0)  (6.8-8.9)

E-232 14.7 0.978 0.976 0.965 0.973 0.953 1.017 29 16.7
(0.956-0.999) (0.947-1.000) (0.937-0.990) (0.943-1.009) (0.924-0.994) (0.932-1.154) (17:5,14:3)  (13.6-19.8)

E-233 66.2 0.966 0.967 0.970 0.980 0.952 0.915 60 10.2
(0.954-0.978) (0.939-0.982) (0.937-0.984) (0.963-0.993) (0.940-0.963) (0.890-0.941) (44:33,42:32) (9.5-10.9)

E-234 100.0 0.956 0.954 0.955 0.985 0.939 0.882 26 10.0
(0.930-0.974) (0.927-0.971) (0.925-0.977) (0.956-1.009) (0.913-0.961) (0.842-0.920) (17:17,15:15) (8.6-11.3)

E-241 100.0 0.938 0.936 0.952 0911 0.880 0.893 35 13.0
(0.920-0.951) (0.919-0.950) (0.933-0.972) (0.894—0.928) (0.864—0.894) (0.845-0.944) (20:20,17:17) (11.7-14.3)

F-007 417 0.968 0.950 0.937 0.995 0.989 0.898 4 185
(0.933-1.001) (0.912-0.977) (0.896-0.981) (0.947-1.054) (0.933-1.052) (0.825-0.971)  (4:4,3:3)  (13.2-23.9)

F-008 385 0.984 0.987 0.965 0.988 0.994 0.899 65 225
(0.966-0.997) (0.964-1.002) (0.927-0.978) (0.963-1.003) (0.979-1.007) (0.868-0.929) (39:10,30:10) (20.4-24.6)
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Figure 4.30. A, Abundance index (calculated as l\] divided by 60-year mean of I\] ); and B, intrinsic rate of population change (')
of greater sage-grouse (Centrocercus urophasianus) within the state of [daho from 1960-2019. Thick yellow line represents median
estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood

clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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Figure 4.31. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at different neighborhood clusters
within the state of Idaho. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and
its licensors. All rights reserved.
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Figure 4.32. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at lek sites within the state of
Idaho. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors. All
rights reserved.
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Figure 4.33. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population

declines at the lek scale within the state of Idaho from 1990 to 2019. Map image is the intellectual property of Esri and is used herein

under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.34. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at neighborhood cluster within the state of Idaho from 1990 to 2019. Map image is the intellectual property of Esri and is used
herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.35. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population

declines at the lek and cluster scale within the state of Idaho during 2019. Map image is the intellectual property of Esri and is used
herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.36. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the neighborhood cluster scale within the state of Idaho during 2019. All leks within watch and warning boundaries were
assigned as watch and warning, respectively. Yellow stars represent leks that reached warning independently. Map image is the
intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.



Utah Results

Utah Lek Data and Clusters (Objectives 1 and 2)

Utah intersected CC-D, CC-E, and CC-F and contained
or intersected 60 different NCs (fig. 4.37). The total area of the
60 NCswithin Utah was 4,284,583 ha. There were 56 clusters
used in the analysis, after 4 NCs were omitted because of
limitations in sample sizes. These areas consisted of 728 leks,
457 of which were located within the Utah state boundary
representing 5.43 percent of the range-wide lek database.
After extensive QA/QC, we used 368 leks from Utah in the
SSM for population trend estimation (tables 4.11 and 4.12),
totaling 8,954 individual lek counts. Mean male lek count was
14.31 (95-percent confidence interval=13.99-14.63) for leks
within NCs that were within or overlapped Utah. Mean male
count for leks within Utah was 15.65 (95-percent confidence
interval=15.20-16.11).

Utah Population Trend Analysis (Objective 3)

Although Utah interested three CCs, the cluster that
consisted of the most area (42.8 percent) was CC-E. For CC-E,
we estimated six population abundance nadirs (troughs) that
dated back to 1960. Each of these population abundance nadirs
represent between one and six complete periods of oscillation.
We used these nadirs to estimate population trends across
three different temporal scales that represented two, four,
and six complete periods for the state (for instance, second,
fourth, and sixth nadir). We estimated the average annua
finite rate of population change ( 2 ) at the short (two periods),
medium (four periods), and long (six periods) temporal scales
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as 0.955 (95-percent CRI=0.949-0.963), 0.974 (95-percent
CRI=0.965-0.979), and 0.966 (95-percent CR1=0.960-0.973),
respectively (fig. 4.38). We estimated median j} to be less
than 1.0 for 82.1, 82.1, and 89.3 percent of all modeled leks
within Utah across short, medium, and long temporal scales,
respectively. For al NCsthat were modeled and intersected
Utah, we estimated median ) to be less than 1.0 for 83.4,
79.3, and 87.8 percent across short, medium, and long
temporal scales, respectively. We reported spatial and temporal
variation in average annual ), across different NCs (fig. 4.39)
and leks (fig. 4.40).

Utah Targeted Annual Warning System Analysis
(Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in Utah activated a total of 251 and 193 leks
as watches and warnings, respectively (fig. 4.41), which
was 78.2 and 60.1 percent of the sampled leks used in the
analysis. On average, across the 29 years, approximately 7.4
and 2.4 percent of leks per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During thistime frame,
the TAWS also activated a total of 29 and 15 NCs as watches
and warnings, respectively (fig. 4.42), which was 61.7 and
31.9 percent of the sampled clusters used in the analysis.
On average, across the 29 years, approximately 3.6 and
1.3 percent of clusters per year experienced watches and
warnings, respectively. Similar to leks, the higher percentage
for watches corresponds to repetitive activation. During
2019 only, the TAWS activated 64 (first=11) watches and 61
(first=12) warnings at leks (fig. 4.43), as well as 2 (first=0)
watches and 4 (first=1) warning at NCs (fig. 4.44).
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Table 4.11. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( /’AL ) across six
periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of Utah. Estimates were
derived from leks within the entire climate cluster.
[CC, climate cluster; D, eastern area; E, Great Basin area; F, Wyoming]
P ¢ Temporal scales? A
cC erc?n . i Short/ Number of leks3 verage
cc Long Medium/Long  Medium . Short Recent count/lek
Medium
D 7.1 0.963 0.956 0.967 0.983 0.963 0.980 2,944 16.7
(0.960-0.968) (0.946-0.960) (0.960-0.972) (0.975-0.989) (0.959-0.967) (0.972—0.989) (1,831:125, (16.5-16.9)
1,566:108)
E 53 0.971 0.973 0.974 0.986 0.968 0.949 4,012 17.3
(0.967-0.976) (0.967-0.978) (0.963-0.979) (0.981-0.990) (0.964-0.971) (0.944—0.955) (2,187:176, (17.1-17.5)
1,908:159)
F 7.0 0.980 0.976 0.976 1.003 0.991 1.016 1,253 23.7
(0.975-0.987) (0.969-0.984) (0.966-0.980) (0.997—1.008) (0.988-0.995) (1.011-1.023) (974:67, 892:54) (23.3-24.2)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.12. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( 4 ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Utah. Estimates

were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium

D-035 100.0 0.971 0.961 0.957 0.948 0.943 0.932 13 8.6
(0.941-0.987) (0.932-0.977) (0.914-0.972) (0.916-0.968) (0.920-0.965) (0.864-1.006)  (9:9, 9:9) (7.6-9.6)

D-036 96.7 0.952 0.950 0.969 0.965 0.919 0.734 48 18.3
(0.938-0.962) (0.930-0.964) (0.947-0.984) (0.947-0.980) (0.903-0.932) (0.711-0.759) (38:36,36:34) (16.0-20.6)

D-038 755 0.943 0.929 0.930 0.934 0.918 0.936 2 2.6
(0.915-0.967) (0.901-0.951) (0.901-0.953) (0.905-0.962) (0.877-0.953) (0.839-1.045)  (2:2,2:2) (1.7-3.5)

D-039 35.8 0.954 0.928 0.932 0.947 0.874 0.763 17 21.9
(0.930-0.979) (0.898-0.968) (0.884-0.972) (0.905-0.976) (0.833-0.905) (0.726-0.798) (13:5,13:5) (17.5-26.3)

D-040 100.0 0.933 0.916 0.911 0.884 0.881 0.952 8 85
(0.903-0.957) (0.893-0.938) (0.894-0.928) (0.859-0.910) (0.844-0.920) (0.839-1.085)  (4:4,3:3)  (6.2-10.8)

D-041 100.0 0.964 0.945 0.964 0.977 0.983 0.877 14 22.0
(0.947-0.985) (0.923-0.963) (0.938-0.982) (0.942-1.003) (0.954-1.012) (0.828-0.927) (11:11,8:8) (18.2-25.8)

D-042 100.0 0.972 0.982 0.981 1.023 1.027 0.949 14 12.2
(0.948-1.009) (0.969-1.026) (0.965-1.039) (0.988-1.101) (0.971-1.113) (0.849-1.092) (12:12,7:7) (10.6-13.8)

D-052 100.0 1.007 0.997 1.012 1.031 0.986 0.894 7 11.0
(0.989-1.022) (0.975-1.013) (0.975-1.047) (0.999-1.062) (0.964-1.009) (0.837-0.948)  (5:5,5:5)  (8.7-13.3)

D-053 100.0 0.968 0.965 0.977 1.000 0.982 0.933 11 12.0
(0.943-1.002) (0.946-0.977) (0.949-1.002) (0.982-1.018) (0.961-1.002) (0.879-0.993) (10:10,9:9) (10.2-13.9)

D-054 100.0 0.973 0.969 0.983 0.996 0.978 0.949 5 9.0
(0.952-0.998) (0.939-0.999) (0.948-1.018) (0.951-1.041) (0.926-1.033) (0.891-1.007)  (5:5,3:3) (6.3-11.7)

D-055 100.0 0.978 0.969 1.002 0.977 0.959 0.900 9 6.7
(0.946-1.010) (0.940-0.991) (0.968-1.032) (0.927-1.025) (0.917-0.996) (0.832-0.971)  (6:6, 6:6) (5.1-8.3)



168

Range-wide Greater Sage-Grouse Hierarchical Monitoring Framework

Table 4.12. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( 4 ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Utah. Estimates
were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory Short Recent leks3 count/lek
Medium
D-056 100.0 0.964 0.952 0.967 0.981 0.961 0.956 1 2.0
(0.944-0.984) (0.933-0.972) (0.944-0.998) (0.944-1.026) (0.915-1.024) (0.856-1.089)  (1:1, 0:0) (0.9-3.1)
D-063 634 0.944 0.931 0.941 0.992 0.856 0.979 3 6.3
(0.914-0.978) (0.908-0.955) (0.912-0.970) (0.947-1.043) (0.803-0.910) (0.801-1.207)  (2:1, 1:1) (3.8-8.9)
D-064 183 0.985 0.966 1.003 1.005 0.937 0.910 25 18.8
(0.965-1.009) (0.948-0.983) (0.990-1.015) (0.982-1.029) (0.919-0.960) (0.860-0.974) (17:7,15:7)  (16.8-20.8)
D-065 4.7 0.975 0.961 0.980 0.983 1.019 0.920 24 26.7
(0.955-0.997) (0.941-0.984) (0.955-1.003) (0.957-1.000) (0.993-1.046) (0.891-0.946) (18:0, 18:0) (23.8-29.7)
D-066 18.7 0.957 0.956 0.962 0.919 0.871 0.748 2 9.1
(0.894-1.010) (0.889-1.016) (0.894-1.027) (0.866-0.963) (0.815-0.922) (0.621-0.884)  (2:0,2:0)  (5.7-12.4)
D-067 100.0 0.948 0.941 0.962 0.998 0.951 0.786 3 4.9
(0.909-0.984) (0.906-0.973) (0.924-0.999) (0.941-1.062) (0.904-0.996) (0.678-0.889)  (3:3,3:3)  (3.7-6.1)
D-068 100.0 0.951 0.951 0.944 0.956 0.886 0.988 9 15.2
(0.926-0.975) (0.929-0.967) (0.920-0.963) (0.926-0.986) (0.857-0.914) (0.894-1.100)  (7:7,5:5)  (12.9-17.6)
D-069 100.0 0.983 0.973 0.987 0.998 0.984 1.041 1 15.6
(0.941-1.034) (0.919-1.033) (0.924-1.050) (0.937-1.078) (0.924-1.044) (0.940-1.148)  (1:1, 1:1)  (10.7-20.5)
D-070 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
D-096 100.0 NA NA NA NA NA NA 0 NA
(0:0, 0:0)
E-046 24 0.974 0.977 0.977 0.972 0.938 0.899 1 2.2
(0.939-1.002) (0.940-1.010) (0.942-1.015) (0.922-1.021) (0.877-0.989) (0.776-1.001)  (1:0, 1:0) (0.9-3.6)
E-047 94.7 0.981 0.999 0.989 1.017 0.972 1.026 6 16.7
(0.968-1.000) (0.992-1.006) (0.973-1.004) (0.987-1.038) (0.943-0.992) (0.965-1.088)  (4:4,4:4)  (14.8-18.5)
E-050 100.0 0.945 0.946 0.924 0.927 0.923 0.890 3 47
(0.911-0.975) (0.920-0.969) (0.896-0.947) (0.888-0.964) (0.874-0.970) (0.759-1.032)  (3:3,2:2) (3.3-6.0)
E-051 12.7 0.971 0.981 0.982 0.999 0.962 0.939 15 16.9
(0.954-0.989) (0.962-0.998) (0.962-1.001) (0.974-1.025) (0.938-0.986) (0.877-1.005)  (8:1,8:1)  (14.3-19.5)
E-069 0.9 NA NA NA NA NA NA 4 NA
(0:0, 0:0)
E-070 63.2 0.989 0.995 1.005 1.007 0.984 1.214 4 16.4
(0.956-1.034) (0.956-1.040) (0.958-1.034) (0.969-1.043) (0.950-1.012) (1.133-1.310)  (3:3,3:3)  (13.3-19.6)
E-075 12.6 0.980 0.984 0.983 0.993 0.977 0.957 1 15.1
(0.951-1.015) (0.953-1.022) (0.949-1.024) (0.956-1.029) (0.944-1.011) (0.879-1.042)  (1:0,1:0)  (12.6-17.6)
E-078 100.0 0.966 0.963 0.968 0.999 0.982 0.914 18 13.2
(0.948-0.983) (0.940-0.981) (0.948-0.983) (0.976-1.017) (0.957-1.005) (0.875-0.952) (15:15,11:11) (11.6-14.8)
E-079 100.0 0.978 0.981 0.980 0.988 0.972 0.929 1 19.4
(0.949-1.023) (0.945-1.026) (0.934-1.034) (0.937-1.055) (0.920-1.037) (0.858-0.991)  (1:1,1:1) (14.7-24.1)
E-080 100.0 0.973 0.988 0.975 0.991 0.975 0.931 14 23.0
(0.953-0.994) (0.962-1.005) (0.945-0.996) (0.957-1.020) (0.945-1.002) (0.895-0.967) (11:11, 10:10) (19.6-26.5)
E-081 100.0 1.004 0.987 0.996 1.009 0.981 0.973 8 21.8
(0.982-1.018) (0.960-0.998) (0.972-1.009) (0.994-1.023) (0.966-0.996) (0.934-1.016)  (7:7,6:6)  (18.6-25.0)
E-082 100.0 1.000 1.007 1.013 1.064 1.013 1.065 1 8.8
(0.957-1.047) (0.962-1.049) (0.982-1.042) (1.032-1.103) (0.978-1.048) (0.960-1.179)  (1:1, 1:1)  (6.4-11.2)
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Table 4.12. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( A ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Utah. Estimates
were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory Short Recent leks3 count/lek
Medium

E-083 100.0 0.974 0.975 0.977 0.980 0.968 1.018 12 12.6
(0.954-0.992) (0.950-0.994) (0.944-1.004) (0.936-1.010) (0.918-1.000) (0.974-1.067)  (9:9,8:8)  (10.9-14.3)

E-084 100.0 0.993 0.994 0.994 0.985 0.949 1.008 3 253
(0.960-1.023) (0.957-1.031) (0.950-1.032) (0.957-1.007) (0.919-0.974) (0.938-1.077)  (3:3,3:3)  (19.7-30.8)

E-085 100.0 1.001 1.005 1.007 1.038 1.005 0.945 3 18.9
(0.970-1.022) (0.990-1.021) (0.995-1.019) (1.015-1.062) (0.976-1.032) (0.892-0.998)  (3:3, 2:2) (15.7-22.1)

E-086 100.0 0.971 0.979 0.990 0.977 0.936 0.879 39 235
(0.955-0.981) (0.963-0.989) (0.970-1.004) (0.953-0.995) (0.919-0.948) (0.859-0.899) (35:35,33:33) (21.3-25.7)

E-087 100.0 0.983 0.985 0.987 0.991 1.020 0.897 2 15.3
(0.942-1.014) (0.945-1.026) (0.942-1.026) (0.955-1.017) (0.975-1.059) (0.826-0.969)  (2:2,2:2)  (11.6-18.9)

E-088 100.0 0.995 0.997 0.986 1.069 1.080 0.973 3 5.2
(0.967-1.017) (0.972-1.016) (0.964-1.006) (1.034-1.109) (1.030-1.136) (0.883-1.066)  (3:3,3:3)  (4.0-6.5)

E-219 56.1 0.949 0.950 0.941 0.949 0.926 0.839 9 85
(0.924-0.986) (0.917-0.983) (0.902-0.974) (0.910-0.980) (0.893-0.956) (0.746-0.932)  (5:3,5:3)  (5.9-11.2)

E-222 10.0 0.954 0.950 0.971 0.990 0.986 0.952 40 11.2
(0.931-0.969) (0.906-0.966) (0.930-0.991) (0.957-1.016) (0.967-1.017) (0.907-1.041) (27:0,19:0)  (10.0-12.3)

E-223 50.8 0.968 0.972 0.972 1.000 0.966 0.992 6 6.0
(0.932-1.003) (0.932-1.009) (0.940-1.003) (0.973-1.029) (0.933-1.000) (0.886-1.127)  (3:0, 3:0) (4.3-7.8)

E-224 100.0 0.939 0.945 0.955 0.955 0.925 0.828 6 141
(0.925-0.952) (0.929-0.960) (0.922-0.989) (0.907-1.000) (0.880-0.968) (0.718-0.944)  (3:3,1:1)  (10.8-17.5)

E-225 100.0 0.978 0.973 0.972 0.960 0.943 0.917 29 17.0
(0.960-0.996) (0.952-0.987) (0.938-0.989) (0.937-0.983) (0.915-0.965) (0.885-0.952) (23:23,22:22) (15.0-18.9)

E-226 64.7 0.991 0.991 0.994 0.997 0.958 0.972 34 23.2
(0.969-1.003) (0.971-1.000) (0.982-1.004) (0.982-1.011) (0.945-0.973) (0.935-1.017) (16:14, 16:14) (19.8-26.6)

E-227 94.2 0.973 0.971 0.992 0.990 0.925 0.898 24 7.9
(0.949-0.989) (0.950-0.986) (0.960-1.008) (0.968-1.009) (0.909-0.941) (0.851-0.946) (21:21,19:19)  (6.8-8.9)

E-233 27.8 0.966 0.967 0.970 0.980 0.952 0.915 60 10.2
(0.954-0.978) (0.939-0.982) (0.937-0.984) (0.963-0.993) (0.940-0.963) (0.890-0.941) (44:11,42:10) (9.5-10.9)

F-005 100.0 0.972 0.969 0.978 0.993 0.972 0.968 6 28.1
(0.945-1.000) (0.941-0.991) (0.940-1.003) (0.963-1.024) (0.938-1.008) (0.894-1.073)  (4:4,3:3)  (23.7-32.5)

F-006 60.9 1.002 1.004 1.025 1.026 1.018 1.080 4 17.2
(0.965-1.048) (0.944-1.056) (0.976-1.070) (0.981-1.069) (0.982-1.050) (0.998-1.159)  (2:1,2:1)  (13.5-20.9)

F-008 20.4 0.984 0.987 0.965 0.988 0.994 0.899 65 22.5
(0.966-0.997) (0.964-1.002) (0.927-0.978) (0.963-1.003) (0.979-1.007) (0.868-0.929) (39:6,30:5)  (20.4-24.6)

F-009 100.0 0.972 0.967 0.958 0.966 0.942 0.973 1 7.0
(0.928-1.015) (0.915-1.014) (0.887-1.020) (0.881-1.040) (0.853-1.024) (0.825-1.151)  (1:1,1:1)  (1.1-12.9)

F-010 71.9 0.965 0.965 0.976 0.986 0.935 0.948 38 25.2
(0.952-0.977) (0.945-0.978) (0.960-0.991) (0.970-0.998) (0.918-0.947) (0.917-0.980) (34:31,30:28) (23.7-26.8)

F-011 100.0 0.976 0.976 1.009 1.034 1.038 1.010 3 6.9
(0.952-1.001) (0.958-0.993) (0.980-1.043) (0.977-1.103) (0.983-1.105) (0.873-1.167)  (2:2, 1:1) (5.3-8.6)

F-012 100.0 0.960 0.955 0.930 0.976 0.934 0.810 15 229
(0.939-0.980) (0.937-0.967) (0.907-0.943) (0.942-0.995) (0.898-0.956) (0.746-0.869) (10:10,7:7)  (19.7-26.0)

F-013 100.0 0.982 0.969 1.008 1.006 0.976 0.957 3 12.4
(0.972-0.992) (0.959-0.980) (0.987-1.029) (0.982-1.033) (0.944-1.006) (0.851-1.062)  (3:3,2:2)  (9.9-15.0)
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Table 4.12. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( /”AL ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Utah. Estimates
were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory Short Recent leks3 count/lek
Medium
F-014 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)

F-015 100.0 1.010 1.010 1.020 1.056 1.066 1.104 1 22.1
(0.964-1.064) (0.949-1.064) (0.958-1.104) (0.956-1.163) (0.943—1.195) (0.915-1.314) (1:1, 1:1) (11.9-32.3)

F-016 100.0 0.968 0.955 0.995 1.008 0.988 0.909 9 15.2
(0.951-0.985) (0.936-0.970) (0.969-1.017) (0.973-1.041) (0.960-1.016) (0.854-0.970)  (8:8,5:5)  (12.9-17.6)

F-018 35.4 0.986 0.981 0.965 0.970 1.022 1.319 1 6.1
(0.939-1.034) (0.931-1.032) (0.941-0.987) (0.937-1.002) (0.960-1.105) (1.106-1.611) (1:0, 1:0) (3.1-9.1)

F-019 0 0.980 0.975 0.981 0.993 0.988 1.052 18 19.3

(0.961-0.995) (0.953-0.995) (0.959-0.997) (0.972-1.005) (0.972-1.001) (1.012-1.094)

(15:0, 15:0)  (16.9-21.6)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 4.38. A, Abundance index (calculated as l\] divided by 60-year mean of I\] ); and B, intrinsic rate of population change ( r)
of greater sage-grouse (Centrocercus urophasianus) within the state of Utah from 1960-2019. Thick yellow line represents median
estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood
clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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within the state of Utah. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and

its licensors. All rights reserved.



172

Range-wide Greater Sage-Grouse Hierarchical Monitoring Framework

Mediam

e

i

Lok "]

v

L5

EXPLANATION

Lk within Uiahy golors pepoesnl averags
Tssinbackn ) vl i 0 1 e - i nsa pepakalinceie
e St L seakss Oong, medom, et
Thee sz o The syimbs ropecsains i mekimuin
jreopodanioe e o the ek ovsr tie veses ol B
mEalvale, relativized Do th rege-wals s isram
popolaie sat across all Joels Svmbals arg
hasaxd om A ranpe-wikke distribaimon of valse: amd
B mey ot by mepresenbed B,

S 1ra
Ly
Foml oam T b
Avermge lambdn (] —— Fead
L B (K] Conpy’ Tine

® 00 - 00 === S b

& =104, s

i guide
=0.98-1.00 Adaximum lek eoun
= = -0 Largesi
e
L = 114 malbi

Copidreide Sxaem: i hen
Irejectim: AL har

D Wik 1984

Felie e g £ O0NK)

Tk ol g 8.0K4000
centra| i ian: -0 )

sasdand paralbsl 1) 25,3003
wearsdard paradkel 2 43, 51NK)
laviiade off orkgia; 77 0440

1 i Ml er

Srview Laver Cpadin:
Seurvia! Fard, LISGS OA A

Figure 4.40. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for periods of oscillation of greater sage-grouse (Centrocercus urophasianus) at lek sites within the state of
Utah. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors. All
rights reserved.

11w

i

=Tan




Appendix 4. State-Wide Analyses 173

LE g
[
L]
IFEER

]
Lra ]

419

FEE-Hio]

4y

AR

Fea ol

I F
& i B
L [
]
r
i
I
I
: i
E 1 &
i r
—\-\_-'J"'-r T L - i
i s
i AFZ - o i
.'u'll Fu 1:;1'I|'|'|‘w |:",-|;1'|"h.u 1B T I.II:I';I:I'H uﬁ‘l}i‘l‘w ||'¢'|';'q'- I 1Fm
EXPLAMATION 4  Waming UCiordingte Sxstem: Alhery
Leks In Liush: colors nepresen & range of 'y ears the 5 = Perirjieciing: Albirs
B PACeT] Event poourmed. Sumrs Fepaerel wsmings, |;_:| Wabch Relative mallmunzz..um: 'l_.'l.'..:_i[:ﬂm
cirehie reprasan | walchis, and blsck dals represini ks papulaibon sizs ciHmy ..I]'lll]'l]'
el A0 00T experenes warnings of weiches, The size = Lek i ;b{mm::d:iﬁﬂuum
al the symbol represcms the i popiEion s2e of X Lompest
the bek aver the J0-ver pericd, relativized 10 1he nnge- == = Stale b':'fde"@ standard parafie| |.--1'3'--1[“]"]'
wisdy i um popslbastios size soroes ali bk, Samibok Camallost 5'-3_""1-’"] F"'"_"'_El _1_; 435000
are brsel on 5 rmse-wiche distribution of vakaes wed oll Road ﬁ"!"l.ii‘nfmsm--llmv
may nol be represenied here. ——— Counly line nits: Meter
oy Bt [ Sarvbe Layer Crodas:
A S NN - - R i =520 -1

Figure 4.41. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Utah from 1990 to 2019. Map image is the intellectual property of Esri and is used herein
under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.42. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at neighborhood cluster within the state of Utah from 1990 to 2019. Map image is the intellectual property of Esri and is used
herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.43. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek and cluster scale within the state of Utah during 2019. Map image is the intellectual property of Esri and is used

herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Wyoming Results

Wyoming Lek Data and Clusters (Objectives 1
and 2)

Wyoming intersected CC-C, CC-D, CC-F and contained
or intersected 114 different NCs (fig. 4.45). Total area of the
114 NCs within Wyoming was 17,419,738 ha. One-hundred
and nine of these clusters were used in the analysis and
five were omitted because of limitations in sample sizes.
These areas consisted of 2,610 leks, of which 2,342 were
located within the Wyoming state boundary and represented
27.81 percent of the range-wide lek database. After extensive
QA/QC, we used 1,790 leks from Wyoming in the SSM for
population trend estimation (tables 4.13 and 4.14), totaling
36,623 individual lek counts. Mean male lek count was
15.66 (95-percent confidence level=15.52—15.80) for leks
within NCs that were within or overlapped Wyoming. Mean
male count for leks within Wyoming was 15.74 (95-percent
confidence interval=15.59—15.89).

Wyoming Population Trend Analysis
(Objective 3)

Although Wyoming intersected three CCs, the CC with
the strongest representation (54.5 percent) was CC-D. For this
CC, we estimated six population abundance nadirs (troughs)
that dated back to 1960. Each of these population abundance
nadirs represent between one and six complete periods of
oscillation. We used these nadirs to estimate population trends
across three different temporal scales that represented two,
four, and six complete periods for the state (for instance,
second, fourth, and sixth nadir). We estimated the average
annual finite rate of population change ( |, ) at the short
(two periods), medium (four periods), and long (six periods)

Appendix 4. State-Wide Analyses 177

temporal scales as 0.973 (95-percent CRI=0.971-0.975),
0.969 (95-percent CRI=0.960-0.974), and 0.971 (95-percent
CRI=0.967-0.976), respectively (fig. 4.46). Climate cluster
estimates, which included leks in adjacent states to Wyoming,
were slightly different than estimates generated from leks
only within Wyoming. For al NCs that were modeled and
intersected Wyoming, we estimated median }, to be less than
1.0 for 78.9, 90.8, and 93.6 percent across short, medium, and
long temporal scales, respectively (fig. 4.47; table 4.14). We
estimated median 2 to be less than 1.0 for 70.2, 77.4, and
81.9 percent of all modeled leks within Wyoming across short,
medium, and long temporal scales, respectively (fig. 4.48).
We reported spatial and temporal variation in average annual
across different NCs (fig. 4.47) and leks (fig. 4.48).

Wyoming Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in Wyoming activated a total of 1,149 and
875 leks as watches and warnings, respectively (fig. 4.49),
which was 72.1 and 54.9 percent of the sampled leks used in
the analysis. On average, across the 29 years, approximately
6.9 and 2.2 percent of leks per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During thistime frame,
the TAWS also activated a total of 59 and 39 NCs as watches
and warnings, respectively (fig. 4.50), which was 56.7 and
37.5 percent of the sampled clusters used in the analysis. On
average, approximately 3.3 and 1.5 percent of clusters per
year experienced watches and warnings, respectively. Similar
to leks, the higher percentage for watches corresponds to
repetitive activation. During 2019 only, the TAWS activated
165 (first=34) watches and 148 (first=52) warnings at leks
(fig. 4.51) as well as 5 (first=3) watches and 7 (first=3)
warnings at NCs (fig. 4.52).
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Figure 4.45. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood

clusters that intersect the state of Wyoming. Map image is the intellectual property of Esri and is used herein under license. Copyright ©

2020 Esri and its licensors. All rights reserved.
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Table 4.13. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( /’AL ) across six
periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of Wyoming. Estimates
were derived from leks within the entire climate cluster.
[CC, climate cluster; C, Jackson Hole, Wyoming area; D, eastern area; F, Wyoming]
P ; Temporal scales? A
cC erc?n . . Short/ Number of leks3 verage
cc Long Medium/Long  Medium . Short Recent count/lek
Medium
@ 100.0 0.966 0.963 0.972 0.970 0.962 0.935 17 14.1
(0.951-0.982) (0.941-0.980) (0.942-0.997) (0.948-0.989) (0.942-0.981) (0.905-0.966)  (14:14, 14:14)  (12.3-15.9)
D 36.6 0.963 0.956 0.967 0.983 0.963 0.980 2,944 16.7
(0.960-0.968) (0.946-0.960) (0.960-0.972) (0.975-0.989) (0.959-0.967) (0.972—0.989) (1,831:903, (16.5-16.9)
1,566:773)
F 88.4 0.980 0.976 0.976 1.003 0.991 1.016 1,253 23.7

(0.975-0.987) (0.969-0.984) (0.966-0.980) (0.997-1.008) (0.988-0.995) (1.011-1.023) (974:873, 892:806) (23.3-24.2)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.14. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( /’AL ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Wyoming.
Estimates were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NC! Long Medium/Long  Medium ort/ Short Recent leks3 count/lek
Medium

C-001 100.0 0.961 0.955 0.958 0.954 0.972 0.953 2 115
(0.933-0.996) (0.919-1.004) (0.913-1.009) (0.918-0.987) (0.939-1.005) (0.896-1.020)  (2:2,2:2) (8.3-14.7)

C-002 100.0 0.969 0.966 0.977 0.974 0.961 0.932 15 14.4
(0.952-0.985) (0.942-0.983) (0.944-1.003) (0.948-0.994) (0.939-0.981) (0.900-0.965) (12:12,12:12) (12.4-16.4)

D-007 117 0.955 0.949 0.981 0.999 0.944 1.025 20 10.4
(0.936-0.973) (0.927-0.967) (0.958-0.996) (0.978-1.018) (0.923-0.963) (0.970-1.086) (15:0,13:0)  (9.0-11.7)

D-008 323 0.958 0.946 0.954 0.975 0.964 0.958 42 10.1
(0.938-0.980) (0.918-0.971) (0.920-0.983) (0.930-1.012) (0.917-1.008) (0.873—-1.068)  (8:5, 8:5) (7.7-12.5)

D-023 874 0.975 0.966 0.988 1.028 1.030 1.053 3 11.3
(0.934-1.014) (0.932-1.011) (0.960-1.027) (0.992-1.081) (0.968-1.114) (0.923-1.189)  (3:2, 3:2) (7.4-15.1)

D-024 100.0 0.953 0.935 0.945 0.945 0.941 0.934 3 10.2
(0.927-0.983) (0.897-0.971) (0.906-0.984) (0.886-0.996) (0.879-1.005) (0.857-1.006)  (3:3,3:3)  (5.9-14.5)

D-025 100.0 0.956 0.947 0.945 0.929 0.922 0.969 18 7.9
(0.938-0.978) (0.927-0.969) (0.917-0.969) (0.889-0.957) (0.880-0.948) (0.915-1.022) (15:15,13:13) (6.7-9.1)

D-026 100.0 0.954 0.937 0.943 0.977 1.021 0.993 17 12.9
(0.925-0.974) (0.909-0.956) (0.912-0.962) (0.962—0.992) (0.998-1.045) (0.934-1.058) (13:13, 11:11) (10.8-15.1)

D-027 100.0 NA NA NA NA NA NA 1 NA

(0:0, 0:0)

D-028 100.0 0.948 0.939 0.921 0.902 0.833 0.863 1 13.7
(0.912-0.981) (0.910-0.966) (0.891-0.948) (0.864-0.937) (0.784-0.877) (0.724-1.010)  (1:1, 1:1) (9.4-17.9)

D-029 100.0 0.959 0.955 0.926 1.005 0.972 0.978 4 8.7
(0.909-1.015) (0.913-0.998) (0.882-0.968) (0.926-1.087) (0.879-1.073) (0.717-1.321)  (2:2, 1:1) (5.3-12.1)
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Table 4.14. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( J ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Wyoming.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory/ Short Recent leks3 count/lek
Medium

D-030 100.0 0.952 0.945 0.927 0.925 0.892 0.914 1 6.3
(0.911-0.990) (0.917-0.977) (0.894-0.954) (0.871-0.972) (0.829-0.953) (0.748-1.112)  (1:1, I:1) (4.1-8.4)

D-031 100.0 0.957 0.940 0.945 0.945 0.924 0.973 62 10.8
(0.938-0.974) (0.918-0.961) (0.923-0.968) (0.925-0.965) (0.910-0.938) (0.935-1.011) (40:40,37:37) (9.7-11.8)

D-032  99.9 0.924 0.902 0.897 0.875 0.871 0.832 4 54
(0.888-0.959) (0.859-0.946) (0.843-0.949) (0.823-0.926) (0.827-0.915) (0.705-0.973)  (3:3, 3:3) (3.2-7.6)

D-033 100.0 0.940 0.925 0.927 0.920 0.880 0.897 3 38
(0.899-0.978) (0.877-0.967) (0.872-0.976) (0.856-0.975) (0.814-0.935) (0.760-1.030)  (1:1, 1:1) (1.3-6.2)

D-034 100.0 0.956 0.946 0.952 0.968 0.969 1.015 44 12.1
(0.942-0.966) (0.930-0.959) (0.937-0.968) (0.948-0.985) (0.955-0.982) (0.981-1.054) (34:34,25:25) (11.0-13.3)

D-051 76.4 0.966 0.956 0.968 0.988 0.985 0.934 28 16.9
(0.949-0.985) (0.928-0.982) (0.924-0.996) (0.947-1.012) (0.960-1.011) (0.899-0.969) (22:9,22:9) (15.0-18.8)

D-061 100.0 0.947 0.936 0.939 0.886 0.776 0.841 3 16.6
(0.895-0.996) (0.879-0.994) (0.885-1.004) (0.828-0.936) (0.718-0.828) (0.658-1.046)  (1:1, 1:1)  (9.6-23.6)

D-062 74.2 0.974 0.961 0.979 0.992 1.008 0.994 41 251
(0.959-0.984) (0.944-0.972) (0.958-0.993) (0.967-1.011) (0.990-1.028) (0.964-1.035) (33:25,32:24) (23.1-27.0)

D-063 32.6 0.944 0.931 0.941 0.992 0.856 0.979 3 6.3
(0.914-0.978) (0.908-0.955) (0.912-0.970) (0.947-1.043) (0.803-0.910) (0.801-1.207)  (2:1, 1:0) (3.8-8.9)

D-064 817 0.985 0.966 1.003 1.005 0.937 0.910 25 18.8
(0.965-1.009) (0.948-0.983) (0.990-1.015) (0.982-1.029) (0.919-0.960) (0.860-0.974) (17:10,15:8) (16.8-20.8)

D-065 45.6 0.975 0.961 0.980 0.983 1.019 0.920 24 26.7
(0.955-0.997) (0.941-0.984) (0.955-1.003) (0.957-1.000) (0.993-1.046) (0.891-0.946) (18:11, 18:11) (23.8-29.7)

D-066 813 0.957 0.956 0.962 0.919 0.871 0.748 2 9.1
(0.894-1.010) (0.889-1.016) (0.894-1.027) (0.866-0.963) (0.815-0.922) (0.621-0.884)  (2:2,2:2)  (5.7-12.4)

D-071 100.0 0.976 0.970 0.995 1.026 0.991 1.036 4 31.2
(0.956-1.007) (0.947-0.996) (0.963-1.035) (1.000-1.055) (0.976-1.007) (0.984-1.092)  (4:4,4:4)  (26.6-35.8)

D-072 100.0 0.971 0.967 0.962 1.025 1.015 1.210 23 115
(0.950-0.984) (0.950-0.992) (0.944—0.972) (1.011-1.036) (1.001-1.029) (1.162—1.265) (21:21,19:19) (10.5-12.6)

D-073 100.0 0.972 0.959 0.971 1.012 0.988 1.081 82 234
(0.966-0.982) (0.929-0.967) (0.961-0.979) (1.003-1.019) (0.981-0.996) (1.061-1.103) (73:73, 62:62) (22.2-24.6)

D-074 100.0 0.983 1.043 0.995 1.076 0.970 1.011 22 18.9
(0.967-1.000) (1.009-1.075) (0.968-1.008) (1.049-1.112) (0.950-0.985) (0.958-1.065) (18:18,15:15) (16.5-21.2)

D-075 100.0 0.964 0.956 0.968 0.996 0.953 0.970 34 21.1
(0.949-0.979) (0.926-0.972) (0.931-0.980) (0.973-1.007) (0.939-0.969) (0.933-1.013) (28:28,28:28) (19.5-22.8)

D-076 100.0 0.959 1.006 1.011 1.030 0.970 1.018 65 14.7
(0.941-0.971) (0.994-1.019) (0.998-1.024) (1.017-1.049) (0.950-0.997) (0.973-1.097) (54:54,44:44) (13.6-15.8)

D-077 100.0 0.956 0.946 0.970 0.991 0.975 0.949 5 5.9
(0.928-0.994) (0.912-0.983) (0.925-1.018) (0.931-1.059) (0.903-1.060) (0.802-1.110)  (2:2, 1:1) (2.5-9.3)

D-078 100.0 0.963 0.970 0.961 0.997 0.941 0.941 85 271
(0.947-0.978) (0.946-0.993) (0.939-0.984) (0.970-1.030) (0.921-0.976) (0.888-1.050) (20:20, 10:10) (23.1-31.1)

D-079 100.0 0.961 0.972 0.979 1.005 1.041 1.065 29 18.8
(0.949-0.975) (0.951-0.985) (0.956-0.997) (0.964-1.045) (0.998-1.082) (1.030-1.103) (20:20, 12:12) (16.1-21.4)

D-080 100.0 0.917 0.940 0.911 0.953 0.815 0.987 9 13.6
(0.893-0.939) (0.906-0.972) (0.881-0.936) (0.913-0.993) (0.770-0.859) (0.798-1.185)  (4:4,3:3)  (9.1-18.0)
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Table 4.14. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Wyoming.
Estimates were derived from leks within the entire neighborhood cluster—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
D-081 100.0 0.963 0.961 0.981 1.008 0.923 0.996 35 24.9
(0.950-0.977) (0.942-0.975) (0.959-1.000) (0.977-1.030) (0.913-0.933) (0.946-1.033) (30:30,28:28) (21.8-28.1)
D-082 100.0 0.971 0.955 1.008 1.039 0.949 0.864 15 30.5
(0.954-0.992) (0.932-0.978) (0.982—1.035) (1.019-1.064) (0.921-0.981) (0.828-0.946) (11:11,9:9) (25.5-35.4)
D-083 100.0 0.972 0.966 0.994 1.016 0.954 0.889 64 21.6
(0.947-0.985) (0.941-0.978) (0.960-1.007) (0.983-1.033) (0.944-0.963) (0.868-0.910) (38:38,35:35) (19.8-23.4)
D-084 100.0 0.972 0.976 0.983 1.011 0.949 0.952 21 14.6
(0.955-0.987) (0.953-0.997) (0.960-0.994) (0.986-1.029) (0.933-0.962) (0.915-0.990) (18:18,17:17) (13.0-16.2)
D-085 41.2 0.961 0.941 0.972 0.970 0.946 0.831 39 22.2
(0.939-0.977) (0.919-0.961) (0.947-1.016) (0.934-1.018) (0.910-0.982) (0.797-0.871) (19:8,17:6) (18.8-25.5)
D-086 100.0 0.988 0.986 0.999 1.050 1122 0.949 2 111
(0.941-1.033) (0.913-1.038) (0.968-1.032) (1.002-1.094) (1.034-1.188) (0.863-1.036)  (2:2,1:1)  (5.6-16.6)
D-087  98.6 0.978 1.031 0.991 1.018 0.963 0.963 70 184
(0.967-0.987) (1.019-1.040) (0.981-0.999) (1.009-1.026) (0.954-0.972) (0.943-0.984) (52:51,44:43) (17.3-19.5)
D-095 717 0.936 0.968 1.009 1.015 0.988 0.953 4 8.8
(0.922-0.949) (0.949-0.986) (0.985-1.033) (0.978-1.051) (0.938-1.035) (0.824-1.093)  (4:4,1:1)  (5.5-12.0)
D-133 100.0 0.951 0.941 0.949 0.961 0.952 0.944 4 11.2
(0.932-0.976) (0.912-0.970) (0.911-0.984) (0.917-0.995) (0.912-0.981) (0.869-1.019)  (4:4,4:4)  (8.7-13.7)
D-134 100.0 0.955 0.950 0.974 0.969 0.924 0.965 4 14.7
(0.937-0.992) (0.929-0.970) (0.955-0.995) (0.943-0.994) (0.897-0.949) (0.878-1.054)  (4:4,4:4)  (11.8-17.6)
D-135 100.0 0.953 0.942 0.936 0.888 0.854 0.878 1 105
(0.901-0.993) (0.900-0.981) (0.900-0.970) (0.837-0.940) (0.787-0.918) (0.687-1.125)  (1:1,1:1)  (6.6-14.3)
D-136 100.0 0.961 0.951 0.962 0.975 0.958 0.962 2 8.9
(0.930-1.004) (0.915-1.000) (0.920-1.012) (0.917-1.034) (0.900-1.022) (0.864-1.077)  (1:1,1:1)  (5.5-12.3)
D-137 100.0 0.953 0.942 0.948 0.948 0.925 1.059 3 9.1
(0.924-1.003) (0.901-0.992) (0.900-0.997) (0.908-0.987) (0.888-0.963) (0.929-1.216)  (2:2,2:2)  (6.3-11.9)
D-138 100.0 0.936 0.924 0.939 0.932 0.883 0.854 9 9.0
(0.913-0.964) (0.893-0.949) (0.901-0.970) (0.905-0.958) (0.855-0.911) (0.770—0.949) (5:5, 5:5) (6.7-11.3)
D-139 100.0 0.955 0.938 0.958 0.972 0.948 1.044 32 13.7
(0.941-0.969) (0.910-0.955) (0.935-0.976) (0.937-0.998) (0.918-0.976) (1.001-1.091) (22:22,16:16) (11.9-15.5)
D-140 100.0 0.961 0.958 0.957 0.982 1.003 1.060 48 16.1
(0.944-0.975) (0.930-0.977) (0.922-0.988) (0.906-1.013) (0.982-1.026) (1.024-1.099) (35:35,33:33) (14.4-17.8)
D-141 100.0 0.976 0.974 0.986 0.989 0.959 1.071 49 27.6
(0.958-0.987) (0.912-0.989) (0.957-1.003) (0.968-1.016) (0.947-0.969) (1.046-1.096) (46:46,46:46) (25.2-30.1)
D-142 244 0.925 0.905 0.903 0.939 0.877 0.938 2 43
(0.884-0.970) (0.859-0.954) (0.858-0.941) (0.886-0.996) (0.811-0.938) (0.766-1.156)  (1:1, 0:0) (0.3-8.2)
D-143 67.0 0.932 0.914 0.928 0.931 0.893 0.966 16 11.6
(0.914-0.949) (0.898-0.928) (0.913-0.943) (0.910-0.956) (0.868-0.920) (0.885-1.070) (14:6,7:3)  (9.7-13.6)
D-145 744 0.945 0.933 0.938 0.907 0.924 0.902 44 10.1
(0.928-0.964) (0.914-0.953) (0.913-0.961) (0.868-0.935) (0.892—0.955) (0.841-0.985) (27:17,23:15) (9.0-11.3)
D-146 100.0 0.955 0.946 0.942 0.950 0.991 1.069 48 134
(0.937-0.972) (0.924-0.973) (0.902-0.966) (0.887-0.977) (0.979-1.004) (1.028-1.111) (34:34,31:31) (11.9-14.9)
D-147 100.0 0.951 0.940 0.948 0.953 0.927 0.909 2 21
(0.912-0.986) (0.895-0.979) (0.893-0.991) (0.891-1.002) (0.857-0.983) (0.771-1.005)  (1:1, 1:1) (0.5-3.7)
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Table 4.14. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( J ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Wyoming.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory/ Short Recent leks3 count/lek
Medium

D-148 100.0 0.961 0.948 0.950 0.978 0.957 0.992 31 13.0
(0.943-0.974) (0.930-0.966) (0.928-0.972) (0.952-1.008) (0.928-0.972) (0.959-1.027) (27:27,27:27) (11.5-14.5)

D-149 100.0 0.959 0.950 0.962 0.977 0.944 0.932 4 13
(0.921-0.986) (0.913-0.978) (0.931-0.990) (0.935-1.019) (0.886-0.997) (0.792-1.053)  (1:1, 0:0) (0.2-2.3)

D-150 100.0 NA NA NA NA NA NA 1 NA

(0:0, 0:0)

D-151 100.0 0.913 0.897 0.885 0.932 0.938 0.979 3 8.7
(0.888-0.938) (0.865-0.925) (0.851-0.914) (0.891-0.976) (0.887-0.992) (0.818-1.164)  (3:3,1:1)  (4.6-12.7)

D-152 100.0 0.957 0.943 0.955 0.962 0.987 0.983 34 9.6
(0.931-0.980) (0.918-0.969) (0.925-0.977) (0.934-0.985) (0.965-1.010) (0.926-1.038) (18:18, 12:12) (7.9-11.3)

D-153 100.0 0.955 0.946 0.963 0.986 0.943 0.940 3 11.6
(0.920-1.005) (0.892-0.994) (0.928-0.999) (0.953-1.017) (0.906-0.980) (0.829-1.068)  (2:2,2:2)  (8.3-14.9)

D-154 100.0 0.940 0.924 0.921 0.939 0.936 0.979 9 6.5
(0.920-0.966) (0.901-0.948) (0.892-0.946) (0.904-0.974) (0.893-0.982) (0.887-1.090)  (4:4,2:2) (4.3-8.6)

D-155 100.0 0.951 0.944 0.953 0.975 0.990 0.968 51 9.1
(0.934-0.967) (0.922-0.961) (0.928-0.968) (0.957-0.991) (0.974-1.007) (0.933-1.007) (35:35,26:26) (8.1-10.1)

D-156 100.0 0.962 0.949 0.950 0.959 0.949 1.034 38 13.0
(0.940-0.979) (0.924-0.970) (0.921-0.980) (0.929-0.982) (0.928-0.970) (0.985-1.087) (24:24,24:24) (11.4-14.7)

D-157 100.0 0.942 0.928 0.929 0.917 0.887 0.860 8 6.4
(0.909-0.986) (0.877-0.972) (0.850-0.988) (0.837-0.977) (0.835-0.933) (0.762-0.953)  (5:5, 5:5) (4.6-8.2)

D-158 100.0 0.932 0.916 0.924 0.928 0.933 0.880 6 3.8
(0.912-0.954) (0.889-0.940) (0.893-0.954) (0.888-0.964) (0.886-0.976) (0.774-0.978)  (5:5, 4:4) (2.6-4.9)

D-159 100.0 0.944 0.928 0.945 0.958 0.933 0.993 24 7.8
(0.916-0.962) (0.897-0.951) (0.905-0.973) (0.923-0.991) (0.906-0.957) (0.939-1.053) (15:15,12:12) (6.4-9.2)

F-001 100.0 NA NA NA NA NA NA 1 NA

(0:0, 0:0)

F-002 100.0 0.987 0.983 0.980 1.003 0.972 0.926 20 317
(0.972-1.002) (0.965-1.001) (0.951-0.997) (0.979-1.024) (0.959-0.983) (0.902-0.948) (16:16, 16:16) (27.7-35.7)

F-003 100.0 1.000 1.000 1.014 1.043 1.010 0.979 55 45.8
(0.989-1.007) (0.986-1.012) (0.996-1.035) (1.022-1.061) (0.999-1.018) (0.968-0.991) (44:44, 42:42) (42.1-49.4)

F-004 100.0 0.994 0.987 0.975 1.027 1.022 0.979 54 29.7
(0.974-1.007) (0.963-1.004) (0.922-0.999) (0.960-1.041) (0.993-1.033) (0.965-0.992) (45:45,45:45) (27.4-32.0)

F-006 39.1 1.002 1.004 1.025 1.026 1.018 1.080 4 17.2
(0.965-1.048) (0.944-1.056) (0.976-1.070) (0.981-1.069) (0.982-1.050) (0.998-1.159)  (2:1,2:1)  (13.5-20.9)

F-007 58.3 0.968 0.950 0.937 0.995 0.989 0.898 4 18.5
(0.933-1.001) (0.912-0.977) (0.896-0.981) (0.947-1.054) (0.933-1.052) (0.825-0.971)  (4:0, 3:0) (13.2-23.9)

F-008 41.1 0.984 0.987 0.965 0.988 0.994 0.899 65 225
(0.966-0.997) (0.964-1.002) (0.927-0.978) (0.963-1.003) (0.979-1.007) (0.868-0.929) (39:23,30:15) (20.4-24.6)

F-010 28.1 0.965 0.965 0.976 0.986 0.935 0.948 38 252
(0.952-0.977) (0.945-0.978) (0.960-0.991) (0.970-0.998) (0.918-0.947) (0.917-0.980) (34:3,30:2) (23.7-26.8)

F-017 100.0 0.964 0.957 0.955 0.969 0.961 0.961 18 19.5
(0.940-0.983) (0.924-0.979) (0.908-0.977) (0.921-0.996) (0.912-0.983) (0.923-0.999) (14:14, 13:13) (16.9-22.0)

F-018 64.6 0.986 0.981 0.965 0.970 1.022 1.319 1 6.1
(0.939-1.034) (0.931-1.032) (0.941-0.987) (0.937-1.002) (0.960-1.105) (1.106-1.611)  (1:1, 1:1) (3.1-9.1)
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Table 4.14. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Wyoming.
Estimates were derived from leks within the entire neighborhood cluster—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
F-019 100.0 0.980 0.975 0.981 0.993 0.988 1.052 18 19.3
(0.961-0.995) (0.953-0.995) (0.959-0.997) (0.972-1.005) (0.972-1.001) (1.012-1.094) (15:15,15:15) (16.9-21.6)
F-020 100.0 0.973 0.964 0.953 0.972 0.961 0.900 36 22.8
(0.961-0.991) (0.946-0.986) (0.939-0.966) (0.954-0.990) (0.947-0.977) (0.868—0.935) (31:31,25:25) (20.2-25.3)
F-021 100.0 0.976 0.967 0.956 0.970 1.002 1.036 50 18.6
(0.963-0.987) (0.950-0.983) (0.934-0.975) (0.942-0.995) (0.976-1.018) (1.008-1.062) (37:37,35:35) (17.0-20.1)
F-022 100.0 0.979 0.978 0.972 0.983 0.995 0.948 41 21.4
(0.965-0.993) (0.959-0.989) (0.947-0.991) (0.955-1.003) (0.961-1.012) (0.922-0.977) (30:30,30:30) (19.0-23.8)
F-023 100.0 0.975 0.969 0.970 0.985 0.984 1.049 24 22.2
(0.960-0.996) (0.949-0.991) (0.945-0.994) (0.959-1.006) (0.961-1.003) (1.024-1.073) (21:21,20:20) (20.0-24.5)
F-024 94.3 0.992 0.989 0.957 1.002 1.013 1.023 8 15.2
(0.946-1.034) (0.939-1.033) (0.911-0.976) (0.961-1.032) (0.950-1.065) (0.938-1.116) (4:4,3:3) (12.2-18.2)
F-026 31.0 0.985 0.980 0.960 0.964 0.954 0.971 40 19.0
(0.964-1.010) (0.955-1.010) (0.938-0.995) (0.937-1.013) (0.920-1.018) (0.888-1.096) (22:7,21:7) (16.9-21.1)
F-027  89.0 1.007 1.008 1.003 0.992 0.976 1.027 19 26.0
(0.985-1.033) (0.987-1.033) (0.978-1.034) (0.968-1.034) (0.950-1.029) (0.975-1.115) (14:12,13:11) (22.7-29.4)
F-028 100.0 1.005 0.998 0.996 1.007 0.983 1.108 48 11.9
(0.990-1.022) (0.978-1.012) (0.978-1.006) (0.984-1.022) (0.962-0.998) (1.074—1.146) (41:41,39:39) (10.9-13.0)
F-029 100.0 0.977 0.979 0.989 0.993 0.990 1.028 42 134
(0.967-0.988) (0.968-0.989) (0.978-0.997) (0.981-1.001) (0.978-0.999) (1.000-1.056) (33:33,29:29) (12.4-14.4)
F-030 100.0 0.996 0.998 0.982 0.991 0.996 0.959 11 15.2
(0.972-1.012) (0.969-1.017) (0.965-0.998) (0.974-1.004) (0.979-1.013) (0.921-0.997) (11:11,11:11) (13.1-17.4)
F-031 100.0 0.983 0.977 0.969 0.995 0.987 0.997 24 12.3
(0.968-0.999) (0.951-0.993) (0.938-0.984) (0.965-1.014) (0.965-1.009) (0.956-1.047) (20:20, 18:18) (10.9-13.7)
F-032 100.0 NA NA NA NA NA NA 3 NA
(0:0, 0:0)
F-033 100.0 0.977 0.977 0.977 0.982 0.960 1.032 51 16.3
(0.963-0.989) (0.964-0.991) (0.960—-0.987) (0.961-0.996) (0.940-0.976) (0.999—1.066) (39:39, 33:33) (14.9-17.7)
F-034 100.0 0.977 0.977 0.974 1.014 1.008 1.026 29 19.3
(0.957-0.997) (0.950-1.002) (0.946-0.994) (0.993-1.035) (0.983-1.034) (0.962—1.086) (18:18,15:15) (16.6-22.1)
F-035 100.0 0.965 0.959 0.950 0.930 0.908 0.975 3 18
(0.925-0.997) (0.921-0.995) (0.918-0.986) (0.886-0.973) (0.851-0.957) (0.843-1.128)  (1:1, 1:1) (0.8-2.8)
F-036 100.0 0.984 0.984 0.990 1.013 1.006 1.037 23 11.9
(0.963-1.006) (0.968-0.999) (0.968-0.999) (0.987-1.025) (0.988-1.020) (1.007—1.070) (20:20,17:17) (10.8-13.0)
F-037 100.0 0.978 0.972 0.982 0.992 0.976 1.025 43 141
(0.962-0.992) (0.958-0.986) (0.965-0.992) (0.972-1.004) (0.954-0.991) (0.991-1.062) (37:37,34:34) (13.1-15.1)
F-038 100.0 1.005 1.002 0.985 1.027 1.015 1.057 34 30.3
(0.990-1.016) (0.987-1.016) (0.972-1.001) (1.012-1.042) (1.004-1.025) (1.037-1.077) (29:29, 28:28) (27.8-32.8)
F-039 100.0 0.973 0.977 0.977 1.032 0.999 1.006 33 25.7
(0.956-0.983) (0.957-0.994) (0.954—1.000) (1.011-1.050) (0.980-1.013) (0.987—1.027) (27:27,25:25) (23.0-28.4)
F-040 100.0 0.967 0.957 0.969 1.011 0.987 1.071 35 14.8
(0.952-0.984) (0.931-0.972) (0.935-0.986) (0.980-1.033) (0.975-0.997) (1.038-1.104) (29:29,25:25) (13.4-16.2)
F-041 100.0 0.986 0.987 1.000 1.026 1.001 1.040 21 17.4
(0.971-1.009) (0.965-1.008) (0.974-1.018) (1.002-1.044) (0.974-1.022) (1.004-1.073) (17:17,17:17) (15.4-19.3)
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Table 4.14. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( J ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Wyoming.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory/ Short Recent leks3 count/lek
Medium

F-042 100.0 0.964 0.949 0911 0.966 0.976 0.908 6 115
(0.922-1.013) (0.891-0.997) (0.863-0.963) (0.921-1.019) (0.912-1.047) (0.813-1.016)  (4:4,4:4)  (7.5-15.4)

F-043 100.0 0.978 0.974 0.968 0.982 0.964 0.972 1 8.8
(0.941-1.014) (0.935-1.013) (0.921-1.014) (0.929-1.037) (0.906-1.025) (0.873-1.057)  (1:1, 1:1) (6.6-11.0)

F-044 100.0 1.007 1.006 1.014 1.036 0.989 0.909 1 28.6
(0.966-1.050) (0.964-1.054) (0.975-1.067) (0.997-1.082) (0.939-1.038) (0.828-0.987)  (I:1,1:1)  (18.7-38.5)

F-045 100.0 NA NA NA NA NA NA 1 NA

(0:0, 0:0)

F-046 100.0 0.958 0.950 0.929 0.922 0.873 0.907 1 10.8
(0.921-0.998) (0.911-0.990) (0.890-0.970) (0.885-0.956) (0.829-0.910) (0.789-1.018)  (1:1, 1:1)  (6.5-15.0)

F-047 100.0 0.955 0.948 0.945 0.991 0.972 0.979 46 22.3
(0.930-0.966) (0.911-0.963) (0.924-0.961) (0.969-1.004) (0.949-0.984) (0.955-1.004) (39:39,37:37) (20.3-24.3)

F-048 100.0 0.984 0.980 0.978 1.013 0.969 0.990 23 35.0
(0.965-0.995) (0.965-0.993) (0.963-0.988) (0.997-1.025) (0.954-0.980) (0.969-1.013) (21:21,21:21) (32.1-38.0)

F-049 100.0 0.971 0.963 0.952 0.977 0.964 0.926 21 241
(0.954-0.990) (0.946-0.983) (0.930-0.966) (0.964-0.989) (0.951-0.977) (0.897-0.955) (19:19, 16:16) (21.7-26.5)

F-050 100.0 0.991 0.985 0.983 1.007 0.999 1.080 37 371
(0.978-1.000) (0.971-1.001) (0.965-0.998) (0.981-1.022) (0.983-1.014) (1.060-1.101) (30:30,29:29) (32.9-41.3)

F-051 100.0 0.985 0.987 0.996 1.016 1.001 1.071 51 58.4
(0.975-0.993) (0.976-0.997) (0.980-1.010) (0.998-1.033) (0.988-1.010) (1.054-1.088) (29:29,26:26) (53.4-63.4)

F-052 100.0 1.002 1.008 1.004 1.042 1.001 1.059 23 40.8
(0.984-1.017) (0.982-1.022) (0.986-1.015) (1.019-1.056) (0.991-1.011) (1.036-1.085) (19:19, 19:19) (37.1-44.5)

F-053 100.0 0.974 0.994 0.986 1.015 0.992 1.149 18 30.8
(0.962-0.986) (0.973-1.012) (0.961-1.005) (0.986-1.034) (0.966-1.010) (1.113-1.187) (17:17, 15:15) (27.1-34.5)

F-054 100.0 0.989 0.987 0.983 1.023 1.009 1.193 23 234
(0.968-1.012) (0.963-1.008) (0.949-1.002) (0.993-1.039) (0.990-1.024) (1.153-1.236) (21:21,21:21) (20.6-26.2)

F-055 100.0 0.987 0.986 0.981 0.999 1.010 1.115 24 23.1
(0.969-1.006) (0.965-1.010) (0.958-1.000) (0.972-1.018) (0.981-1.030) (1.084-1.145) (19:19, 19:19) (21.0-25.3)

F-056 100.0 0.991 0.978 0.988 1.023 1.009 1.184 38 323
(0.972-1.004) (0.959-0.993) (0.969-1.004) (1.002-1.043) (0.988-1.029) (1.150-1.229) (26:26,23:23) (28.7-35.9)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 4.46. A, Abundance index (calculated as N divided by 60-year mean of N ); and B, intrinsic rate of population change ( f)
of greater sage-grouse (Centrocercus urophasianus) within the state of Wyoming from 1960-2019. Thick yellow line represents median
estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood

clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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Figure 4.47. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across different neighborhood
clusters within the state of Wyoming. Map images are the intellectual property of Esri and are used herein under license. Copyright ©

2020 Esri and its licensors. All rights reserved.
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Figure 4.49. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Wyoming from 1990 to 2019. Map image is the intellectual property of Esri and is used herein
under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.50. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population

declines at neighborhood clusters within the state of Wyoming from 1990 to 2019. Map image is the intellectual property of Esri and is

used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.51. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population

declines at the lek and neighborhood cluster scale within the state of Wyoming during 2019. Map image is the intellectual property of
Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.52. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population

declines at the neighborhood cluster scale within the state of Wyoming during 2019. All leks within watch and warning boundaries
were assigned as watch and warning, respectively. Yellow stars represent leks that reached warning independently. Map image is the

intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Montana Results

Montana Lek Data and Clusters (Objectives 1
and 2)

Montana intersected CC-D, CC-E, and CC-F and
contained or intersected 83 different NCs (fig. 4.53). Total
area of the 83 NCs within Montana was 13,266,902 ha. Of
these clusters, 58 were used in the analysis after, 25 were
omitted because of limitations in sample sizes. These areas
consisted of 1,459 leks, of which 1,272 were located within
the Montana state boundary, representing 15.11 percent of
the range-wide lek database. After extensive QA/QC, we
used 564 leks from Montanain the SSM for population trend
estimation (tables 4.15 and 4.16), totaling 8,137 individual
lek counts. Mean male count was 12.57 (95-percent
confidence interval=12.41-12.74) for leks within NCs that
were within or overlapped Montana. Mean male count for
leks within Montana was 13.26 (95-percent confidence
interval=13.07-13.46).

Montana Population Trend Analysis
(Objective 3)

Although Montana intersected three CCs, the largest
part (88.5 percent) of the state falls within CC-D. For CC-D
we estimated six population abundance nadirs (troughs) that
dated back to 1960. Each of these population abundance
nadirs represent between one and six complete periods of
oscillation. We used these nadirs to estimate population trends
across three different temporal scales that represented two,
four, and six complete periods for the state (for instance,
second, fourth, and sixth nadir). We estimated the average
annual finite rate of population change ( } ) at the short

(two periods), medium (four periods), and long (six periods)
temporal scales as 0.967 (95-percent CRI=0.960-0.977),
0.975 (95-percent CRI=0.967-0.982), and 0.968 (95-percent
CRI=0.962-0.973), respectively (fig. 4.54). Climate cluster
estimates, which included leks in adjacent states to Montana,
were slightly different than estimates generated from leks
only within Montana. For all NCs that were modeled and
intersected Montana, we estimated median } to be less than
1.0 for 89.7, 87.9, and 94.8 percent across short, medium, and
long temporal scales, respectively (fig. 4.55; table 4.16). We
estimated median ) to be less than 1.0 for 82.8, 82.4, and
91.8 percent of all modeled leks within Montana across short,
medium, and long temporal scales, respectively (fig. 4.56). We
reported spatial and temporal variation in average annual i
across different NCs (fig. 4.55) and leks (fig. 4.56).

Montana Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in Montana activated atotal of 202 and 124 |eks
as watches and warnings, respectively (fig. 4.57), which
was 43.5 and 26.7 percent of the sampled leks used in the
analysis. On average, across the 29 years, approximately 3.8
and 1.1 percent of leks per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During thistime frame,
TAWS also activated a total of 10 and 8 NCs as watches
and warnings, respectively (fig. 4.58), which was 19.2 and
15.4 percent of the sampled clusters used in the analysis.

On average, across the 29 years, approximately 1.3 and

0.6 percent of clusters per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During 2019, the TAWS
activated eight (first=3) watches and five (first=2) warnings at
leks (fig. 4.59) but no watches or warnings at NC scale.
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clusters that intersect the state of Montana. Map image is the intellectual property of Esri and is used herein under license. Copyright ©

2020 Esri and its licensors. All rights reserved.
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Table 4.15. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( A ) across six
periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of Montana. Estimates
were derived from leks within the entire climate cluster.

[CC, climate cluster; D, eastern area; E, Great Basin area; F, Wyoming]

Temporal scales?

cC Percent . . Short/ Number of leks3 Average
cc Long Medium/Long Medium . Short Recent count/lek
Medium
D 453 0.963 0.956 0.967 0.983 0.963 0.980 2,944 16.7
(0.960-0.968) (0.946-0.960) (0.960-0.972) (0.975-0.989) (0.959-0.967) (0.972-0.989) (1,831:511, (16.5-16.9)
1,566:414)
E 3.6 0.971 0.973 0.974 0.986 0.968 0.949 4,012 17.3
(0.967-0.976) (0.967-0.978) (0.963-0.979) (0.981-0.990) (0.964-0.971) (0.944-0.955) (2,187:33, (17.1-17.5)
1,908:31)
F 32 0.980 0.976 0.976 1.003 0.991 1.016 1,253 23.7
(0.975-0.987) (0.969-0.984) (0.966-0.980) (0.997-1.008) (0.988-0.995) (1.011-1.023) (974:20, 892:19) (23.3-24.2)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.16. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( 4 ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Montana.
Estimates were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NC! Long Medium/Long  Medium ort/ Short Recent leks3 count/lek
Medium
D-001 100.0 NA NA NA NA NA NA 4 NA
(0:0, 0:0)
D-002 O 0.941 0.927 0.939 0.952 0.898 0.921 14 10.3
(0.922-0.959) (0.903-0.945) (0.921-0.959) (0.932-0.971) (0.872-0.924) (0.836-1.006)  (7:0, 5:0) (8.6-12.0)
D-004 614 NA NA NA NA NA NA 2 NA
(0:0, 0:0)
D-005 215 0.954 0.946 0.956 0.942 0.919 0.968 66 8.3
(0.945-0.963) (0.935-0.955) (0.942-0.966) (0.930-0.953) (0.905-0.933) (0.921-1.013) (46:9, 35:9) (7.7-8.8)
D-006 100.0 0.948 0.935 0.939 0.943 0916 0.894 22 8.0
(0.927-0.971) (0.909-0.963) (0.909-0.977) (0.909-0.979) (0.883-0.948) (0.826-0.961) (11:11,11:11)  (6.6-9.4)
D-007 31 0.955 0.949 0.981 0.999 0.944 1.025 20 10.4
(0.936-0.973) (0.927-0.967) (0.958-0.996) (0.978-1.018) (0.923-0.963) (0.970-1.086) (15:0,13:0)  (9.0-11.7)
D-008 67.7 0.958 0.946 0.954 0.975 0.964 0.958 42 10.1
(0.938-0.980) (0.918-0.971) (0.920-0.983) (0.930-1.012) (0.917-1.008) (0.873—1.068)  (8:3, 8:3) (7.7-12.5)
D-013 66.2 0.946 0.938 0.980 0.988 0.921 1.005 54 9.9
(0.928-0.965) (0.916-0.961) (0.957-1.001) (0.961-1.013) (0.896-0.945) (0.936-1.082) (14:6,12:6)  (8.2-11.7)
D-014 100.0 0.936 0.919 0915 0.899 0.878 0.995 8 8.0
(0.894-0.992) (0.868-0.982) (0.858-0.980) (0.835-0.966) (0.807—0.953) (0.791-1.288)  (1:1, 1:1) (0.2-15.8)
D-015 100.0 NA NA NA NA NA NA 4 NA
(0:0, 0:0)
D-016 100.0 0.957 0.946 0.955 0.964 0.946 0.949 3 4.3
(0.925-0.988) (0.909-0.981) (0.914-0.995) (0.918-1.005) (0.904-0.995) (0.847-1.067)  (1:1, 1:1) (2.3-6.4)
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Table 4.16. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Montana.
Estimates were derived from leks within the entire neighborhood cluster—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
D-017 100.0 NA NA NA NA NA NA 4 NA
(0:0, 0:0)
D-018 100.0 NA NA NA NA NA NA 3 NA
(0:0, 0:0)
D-019 100.0 NA NA NA NA NA NA 14 NA
(0:0, 0:0)
D-020 100.0 0.967 0.956 0.971 0.981 0.933 1.011 70 12.7
(0.944-0.991) (0.932-0.975) (0.950-0.991) (0.957—1.006) (0.893-0.972) (0.934-1.096) (15:15,10:10) (11.0-14.4)
D-021 100.0 0.975 0.978 1.007 1.011 0.897 0.990 16 14.7
(0.940-1.012) (0.927-1.027) (0.956-1.057) (0.924-1.130) (0.833-0.945) (0.880-1.122)  (5:5,5:5)  (8.8-20.6)
D-097 100.0 NA NA NA NA NA NA S NA
(0:0, 0:0)
D-098 100.0 0.961 0.951 0.962 0.976 0.964 0.988 3 6.5
(0.925-1.001) (0.908-0.998) (0.910-1.021) (0.911-1.048) (0.902-1.039) (0.862-1.156)  (2:2,2:2) (3.7-9.3)
D-099 100.0 0.986 0.962 0.969 0.993 0.940 1.149 30 21.6
(0.963-1.004) (0.938-0.984) (0.931-1.002) (0.962—1.029) (0.908-0.977) (1.037—1.286) (15:15,15:15) (18.5-24.7)
D-100 100.0 0.971 0.965 0.978 0.998 0.994 1.043 4 6.4
(0.940-1.010) (0.927-1.010) (0.937-1.029) (0.949-1.053) (0.955-1.044) (0.957-1.147)  (3:3,3:3) (4.0-8.8)
D-101 100.0 0.962 0.952 0.962 0.973 0.948 0.905 36 125
(0.933-0.988) (0.912-0.979) (0.921-0.993) (0.949-0.996) (0.900-0.986) (0.791-0.997)  (2:2,2:2)  (9.2-15.9)
D-102 100.0 0.976 0.970 0.982 0.980 0.955 1.088 41 22.8
(0.961-0.991) (0.947-0.983) (0.960-0.997) (0.961-1.000) (0.924-0.989) (1.000-1.187) (25:25,19:19) (20.9-24.6)
D-103 100.0 0.973 0.966 0.979 1.001 0.941 1.043 30 155
(0.956-0.991) (0.953-0.983) (0.963—1.000) (0.966-1.039) (0.903-0.989) (0.941-1.206) (19:19,9:9) (13.6-17.5)
D-104 100.0 0.965 0.956 0.968 0.982 0.967 1.006 7 8.9
(0.938-0.989) (0.928-0.982) (0.933-0.995) (0.954-1.009) (0.939-0.997) (0.931-1.095)  (3:3,3:3)  (6.3-11.4)
D-105 100.0 NA NA NA NA NA NA 2 NA
(0:0, 0:0)
D-106 100.0 0.947 0.939 0.943 0.950 0.948 0.917 21 9.8
(0.927-0.966) (0.918-0.958) (0.920-0.965) (0.925-0.976) (0.910-0.991) (0.829-1.016)  (6:6,5:5)  (7.9-11.7)
D-107 100.0 0.963 0.949 0.988 0.994 0.986 1.119 31 12.6
(0.941-0.986) (0.927-0.969) (0.960-1.013) (0.967—1.027) (0.946-1.022) (1.044—1.205) (11:11, 10:10) (10.1-15.2)
D-108 100.0 0.956 0.948 0.955 0.957 0.972 0.979 24 13.9
(0.938-0.972) (0.935-0.960) (0.943-0.966) (0.943-0.973) (0.935-1.007) (0.915-1.052) (16:16, 11:11) (12.5-15.4)
D-109 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
D-110 100.0 0.959 0.939 0.963 0.954 0.965 1.054 44 111
(0.940-0.979) (0.915-0.960) (0.937-0.983) (0.927-0.983) (0.932-0.997) (0.984-1.126) (15:15,10:10) (9.4-12.8)
D-111 100.0 0.954 0.948 0.974 0.993 0.991 1114 50 12.7
(0.934-0.969) (0.919-0.968) (0.939-0.996) (0.949-1.032) (0.956-1.023) (1.064—1.166) (23:23,17:17) (11.0-14.4)
D-112 100.0 0.954 0.961 0.966 1.004 0.962 1.053 39 9.8
(0.930-0.983) (0.932-1.002) (0.929-0.996) (0.959-1.046) (0.941-0.982) (0.982—1.138) (15:15, 14:14) (8.5-11.2)
D-113 100.0 0.960 0.962 0.977 0.962 0.950 1.169 29 14.0
(0.939-0.989) (0.937-0.983) (0.951-0.999) (0.926-0.989) (0.902-0.999) (1.065-1.294) (11:11,8:8)  (11.6-16.3)
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Table 4.16. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( J ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Montana.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NCt Long Medium/Long  Medium ory/ Short Recent leks3 count/lek
Medium
D-114 100.0 NA NA NA NA NA NA 2 NA
(0:0, 0:0)
D-115 100.0 0.968 0.959 0.969 0.942 0.943 1.021 38 18.6
(0.945-0.995) (0.937-0.974) (0.949-0.982) (0.910-0.957) (0.891-0.996) (0.970-1.077) (21:21, 18:18) (16.6-20.6)
D-116 100.0 0.974 0.978 0.986 0.987 0.964 1.021 37 24.6
(0.947-1.007) (0.954-1.000) (0.953-1.016) (0.947-1.024) (0.917-1.014) (0.889-1.181) (10:10, 10:10) (20.9-28.3)
D-117 100.0 0.945 0.950 1.004 1.008 0.976 1.144 53 13.8
(0.920-0.966) (0.912-0.981) (0.974-1.020) (0.981-1.033) (0.902-1.040) (0.987-1.239) (21:21, 11:11) (11.7-15.9)
D-118 100.0 0.973 0.964 0.989 0.996 0.978 1.094 58 23.3
(0.960-0.988) (0.950-0.976) (0.976-1.003) (0.981-1.017) (0.949-1.015) (1.024-1.196) (35:35, 19:19) (21.5-25.1)
D-119 100.0 0.985 0.964 0.976 0.992 0.963 1.107 50 19.5
(0.972-0.996) (0.947-0.975) (0.957-0.988) (0.966-1.010) (0.932-0.993) (1.050-1.181) (37:37,29:29) (18.1-21.0)
D-120 100.0 0.976 0.969 0.983 1.003 1.002 1.190 3 14.3
(0.943-1.007) (0.927-1.006) (0.939-1.023) (0.955-1.052) (0.974-1.030) (1.077-1.332)  (2:2,2:2)  (10.2-18.5)
D-121 100.0 0.961 0.953 0.964 0.975 0.945 0.950 5 9.3
(0.915-1.020) (0.893-1.028) (0.896-1.059) (0.897-1.092) (0.842-1.083) (0.764-1.193)  (2:2,2:2)  (4.9-13.8)
D-122 100.0 NA NA NA NA NA NA 4 NA
(0:0, 0:0)
D-123 100.0 NA NA NA NA NA NA 2 NA
(0:0, 0:0)
D-124 100.0 0.965 0.956 0.968 0.985 1.006 1.075 16 101
(0.942-0.989) (0.929-0.984) (0.932-1.007) (0.956-1.026) (0.985-1.032) (1.000-1.164) (10:10, 10:10) (8.5-11.7)
D-125 100.0 0.972 0.965 0.979 1.000 0.984 1.036 4 12.9
(0.943-1.007) (0.924-1.003) (0.929-1.022) (0.963-1.040) (0.960-1.007) (0.973-1.108)  (4:4,4:4)  (10.6-15.2)
D-126 100.0 0.927 0.908 0.903 0.882 0.849 0.847 1 8.7
(0.884-0.974) (0.857-0.963) (0.840-0.965) (0.816-0.942) (0.794-0.902) (0.693-1.020)  (1:1, 1:1)  (5.0-12.4)
D-127 100.0 0.988 0.982 1.002 1.004 0.990 1.009 41 235
(0.971-1.006) (0.963-1.002) (0.982-1.025) (0.980-1.035) (0.960—1.032) (0.926-1.116) (29:29,29:29) (22.0-25.1)
D-128 100.0 0.974 0.976 0.981 0.990 0.968 1.037 24 19.6
(0.951-0.995) (0.953-1.000) (0.956-1.014) (0.960-1.029) (0.934-1.016) (0.936-1.171) (19:19,19:19) (17.7-21.4)
D-129 100.0 0.977 0.969 0.982 1.001 0.991 1.010 4 35.6
(0.956-1.002) (0.944-0.997) (0.956-1.023) (0.974-1.039) (0.974-1.008) (0.949-1.074)  (3:3,3:3)  (31.3-39.9)
D-130 100.0 0.944 0.927 0.922 0.902 0.840 0.881 8 27.3
(0.907-0.995) (0.868-1.000) (0.853-0.991) (0.852-0.960) (0.798-0.897) (0.760-1.037)  (3:3,3:3)  (17.8-36.8)
D-131 100.0 0.983 0.975 0.968 0.990 0.962 1.150 22 251
(0.967-1.003) (0.959-0.998) (0.929-0.998) (0.962-1.014) (0.952-0.972) (1.110-1.194) (17:17,17:17) (22.7-27.5)
D-132 100.0 0.977 0.967 0.976 0.995 0.978 1.033 44 34.6
(0.966-0.987) (0.949-0.982) (0.959-1.001) (0.982-1.018) (0.969-0.990) (1.001-1.074) (40:40, 40:40) (32.4-36.8)
D-142 75.6 0.925 0.905 0.903 0.939 0.877 0.938 2 4.3
(0.884-0.970) (0.859-0.954) (0.858-0.941) (0.886-0.996) (0.811-0.938) (0.766-1.156)  (1:0, 0:0) (0.3-8.2)
D-143 330 0.932 0.914 0.928 0.931 0.893 0.966 16 11.6
(0.914-0.949) (0.898-0.928) (0.913-0.943) (0.910-0.956) (0.868-0.920) (0.885-1.070) (14:8,7:4)  (9.7-13.6)
D-144 100.0 0.950 0.939 0.946 0.942 0.908 0.918 1 22
(0.914-0.984) (0.899-0.978) (0.906-0.987) (0.897-0.981) (0.847-0.958) (0.783-1.045)  (1:1, 1:1) (0.2-4.2)
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Table 4.16. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Montana.
Estimates were derived from leks within the entire neighborhood cluster—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
D-145 25.6 0.945 0.933 0.938 0.907 0.924 0.902 44 101
(0.928-0.964) (0.914-0.953) (0.913-0.961) (0.868-0.935) (0.892-0.955) (0.841-0.985) (27:10,23:8)  (9.0-11.3)
D-160 100.0 NA NA NA NA NA NA 0 NA
(0:0, 0:0)
D-161 100.0 0.960 0.953 0.973 0.975 0.971 1.000 25 13.7
(0.946-0.975) (0.939-0.966) (0.957-0.988) (0.953-0.998) (0.934-1.010) (0.915-1.098) (16:16,8:8) (12.1-15.4)
D-162 100.0 0.922 0.928 0.996 0.996 0.988 0.983 6 21.4
(0.893-0.945) (0.906-0.948) (0.962—1.030) (0.947-1.046) (0.916-1.064) (0.792-1.216)  (2:2,0:0)  (13.3-29.5)
D-163 100.0 0.967 0.968 0.947 1.038 0.993 1.000 2 14.4
(0.939-0.993) (0.952-0.984) (0.927-0.967) (0.982-1.095) (0.905-1.071) (0.802-1.237)  (2:2,1:1)  (10.3-18.5)
D-164 100.0 0.919 0.899 0.894 0.876 0.843 0.902 1 85
(0.882-0.960) (0.854-0.943) (0.847-0.938) (0.834-0.914) (0.785-0.898) (0.752-1.083)  (1:1,1:1)  (4.3-12.7)
D-165 100.0 NA NA NA NA NA NA 2 NA
(0:0, 0:0)
D-166 100.0 NA NA NA NA NA NA 3 NA
(0:0, 0:0)
D-167 100.0 NA NA NA NA NA NA 0 NA
(0:0, 0:0)
D-168 100.0 NA NA NA NA NA NA 0 NA
(0:0, 0:0)
D-169 100.0 NA NA NA NA NA NA 0 NA
(0:0, 0:0)
E-164 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
E-167 100.0 1.007 1.023 1.044 1.093 1.060 0.959 7 34.7
(0.944-1.058) (0.944-1.076) (0.966-1.116) (1.012-1.182) (1.005-1.102) (0.857-1.073)  (2:2,2:2)  (23.0-46.5)
E-168 83.1 1.003 1.016 1.030 1.065 1.047 1.010 13 23.0
(0.970-1.029) (0.969-1.050) (0.968-1.075) (1.002—1.116) (1.005-1.082) (0.945-1.074)  (8:8,8:8)  (18.2-27.8)
E-169 100.0 0.975 0.989 0.982 1.053 0.990 0.999 18 23.1
(0.956-0.992) (0.957-1.010) (0.950-1.008) (1.016-1.089) (0.974-1.007) (0.921-1.081) (13:13,13:13) (18.2-28.1)
E-170 100.0 NA NA NA NA NA NA 4 NA
(0:0, 0:0)
E-171 100.0 0.992 1.000 1.007 1.034 1.008 0.981 8 21.3
(0.960-1.021) (0.959-1.032) (0.966-1.047) (0.988-1.077) (0.983-1.042) (0.907-1.085)  (4:4,4:4)  (16.8-25.8)
E-172 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
E-173 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
E-174 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
E-175 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
E-176  99.2 0.972 0.962 0.959 0.993 0.976 0.916 38 24.2
(0.955-0.990) (0.944-0.980) (0.937-0.982) (0.962-1.028) (0.936-1.023) (0.819-1.021)  (6:6,4:4)  (21.3-27.2)
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Table 4.16. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( J ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Montana.
Estimates were derived from leks within the entire neighborhood cluster—Continued

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium

E-178 0.1 0.974 0.970 0.958 1.010 0.971 0.902 28 16.3
(0.961-0.986) (0.955-0.983) (0.943-0.971) (0.993-1.023) (0.959-0.985) (0.876-0.927) (25:0,23:0) (14.7-17.8)

E-179 99.6 NA NA NA NA NA NA 8 NA

(0:0, 0:0)

F-024 5.7 0.992 0.989 0.957 1.002 1.013 1.023 8 15.2
(0.946-1.034) (0.939-1.033) (0.911-0.976) (0.961-1.032) (0.950-1.065) (0.938-1.116)  (4:0,3:0)  (12.2-18.2)

F-025 100.0 0.978 0.975 0.973 0.994 0.978 1.026 4 7.8
(0.944-1.014) (0.932-1.014) (0.923-1.021) (0.946—-1.041) (0.934-1.018) (0.949-1.106) (3:3,3:3) (5.5-10.1)

F-026 69.0 0.985 0.980 0.960 0.964 0.954 0.971 40 19.0
(0.964-1.010) (0.955-1.010) (0.938-0.995) (0.937-1.013) (0.920-1.018) (0.888-1.096) (22:15,21:14) (16.9-21.1)

F-027 110 1.007 1.008 1.003 0.992 0.976 1.027 19 26.0

(0.985-1.033) (0.987-1.033) (0.978-1.034) (0.968-1.034) (0.950-1.029) (0.975-1.115) (14:2,13:2) (22.7-29.4)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 454. A, Abundance index (calculated as l\] divided by 60-year mean of I\] ); and B, intrinsic rate of population change ( r)
of greater sage-grouse (Centrocercus urophasianus) within the state of Montana from 1960-2019. Thick yellow line represents median
estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood
clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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Figure 4.55. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across different neighborhood
clusters within the state of Montana. Map images are the intellectual property of Esri and are used herein under license. Copyright ©
2020 Esri and its licensors. All rights reserved.
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Figure 4.56. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across lek sites within the state
of Montana. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors.
All rights reserved.
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Figure 4.57. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Montana from 1990 to 2019. Map image is the intellectual property of Esri and is used herein

under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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declines at neighborhood cluster within the state of Montana from 1990 to 2019. Map image is the intellectual property of Esri and is
used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Colorado Results

Colorado intersected CC-D and contained or intersected
30 different NCs (fig. 4.60). Total area of the 30 NCswithin
Colorado was 1,575,974 ha. Of the 23 clusters used in the
analysis, 3 were omitted because of limitations in sample
sizes. These areas consisted of 523 leks, of which 321 were
located within the Colorado state boundary, representing
3.81 percent of the range-wide lek database. After extensive
QA/QC, we used 213 leks from Colorado in the SSM for
population trend estimation (tables 4.17 and 4.18), totaling
2,631 individual lek counts. Mean male count was 14.43
(95-percent confidence interval=14.07—14.79) for leks
within NCs that were within or overlapped Colorado. Mean
male count for leks within Colorado was 13.80 (95-percent
confidence interval=13.27-14.32).

Colorado Population Trend Analysis
(Objective 3)

For CC-D, we estimated six population abundance
nadirs (troughs) that dated back to 1960. Each of these
population abundance nadirs represent between one and
six complete periods of oscillation. We used these nadirsto
estimate population trends across three different temporal
scales that represented two, four, and six complete periods
for the state (for instance, second, fourth, and sixth nadir).

We estimated the average annual finite rate of population
change () ) at the short (two periods), medium (four periods),
and long (six periods) temporal scales as 0.961 (95-percent
CRI=0.948-0.971), 0.962 (95-percent CRI=0.947-0.973), and
0.963 (95-percent CRI=0.956-0.971), respectively (fig. 4.61).
Climate cluster estimates, which included leks in adjacent

states to Colorado, were slightly different than estimates
generated from leks only within Colorado. For all NCs

that were modeled and intersected Colorado, we estimated
median to be less than 1.0 for 88.9, 96.3, and 100.0 percent
across short, medium, and long temporal scales, respectively
(fig. 4.62; table 4.18). We estimated median A to be less than
1.0 for 73.2, 89.2, and 97.2 percent of all modeled leks within
Colorado across short, medium, and long temporal scales,
respectively (fig. 4.63). We reported spatial and temporal
variation in average annual ), across different neighborhood
scales (fig. 4.62) and leks (fig. 4.63).

Colorado Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in Colorado activated a total of 134 and 104 leks
as watches and warnings, respectively (fig. 4.64), which
was 62.9 and 48.8 percent of the sampled leks used in the
analysis. On average, across the 29 years, approximately 5.4
and 2.0 percent of leks per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During thistime frame,
the TAWS also activated a total of 10 and 11 NCs as watches
and warnings, respectively (fig. 4.65), which was 41.7 and
45.8 percent of the sampled clusters used in the analysis.

On average, across the 29 years, approximately 2.8 and

1.8 percent of clusters per year experienced watches and
warnings, respectively. Similar to leks, the higher percentage
for watches corresponds to repetitive activation. During
2019 only, the TAWS activated 78 (first=10) watches and 82
(first=41) warnings at leks (fig. 4.66) and 5 (first=1) watches
and 8 (first=5) warnings at NCs (fig. 4.67).
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Table 4.17. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ;AL ) across six
periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of Colorado. Estimates
were derived from leks within the entire climate cluster.

[CC, climate cluster; D, eastern area]

Temporal scales?

Percent Average
cC Number of leks3
cc Long Medium/Long  Medium Short/ Short Recent count/lek
Medium
D 6.1 0.963 0.956 0.967 0.983 0.963 0.980 2,944 16.7
(0.960-0.968) (0.946-0.960) (0.960-0.972) (0.975-0.989) (0.959-0.967) (0.972—-0.989) (1,831:213, (16.5-16.9)
1,566:213)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.18. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( ;AL ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Colorado.
Estimates were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent sh Number of Average
NC Long Medium/Long  Medium ory/ Short Recent leks? count/lek
Medium

D-036 a3 0.952 0.950 0.969 0.965 0.919 0.734 48 18.3
(0.938-0.962) (0.930-0.964) (0.947-0.984) (0.947-0.980) (0.903-0.932) (0.711-0.759) (38:2,36:2) (16.0-20.6)

D-037 100.0 NA NA NA NA NA NA 1 NA

(0:0, 0:0)

D-038 245 0.943 0.929 0.930 0.934 0.918 0.936 2 2.6
(0.915-0.967) (0.901-0.951) (0.901-0.953) (0.905-0.962) (0.877-0.953) (0.839-1.045)  (2:0, 2:0) (1.7-3.5)

D-039  64.2 0.954 0.928 0.932 0.947 0.874 0.763 17 21.9
(0.930-0.979) (0.898-0.968) (0.884-0.972) (0.905-0.976) (0.833-0.905) (0.726-0.798) (13:8,13:8) (17.5-26.3)

D-043 100.0 0.953 0.939 0.948 0.958 0.939 0.802 10 11.6
(0.925-0.988) (0.909-0.984) (0.904-0.996) (0.892-1.015) (0.886-0.989) (0.741-0.860)  (7:7,7:7) (8.5-14.7)

D-044 100.0 0.954 0.941 0.957 0.982 0.968 0.795 47 17.9
(0.941-0.968) (0.924-0.969) (0.933-0.982) (0.957-1.024) (0.933-1.011) (0.772-0.818)  (35:35,  (15.7-20.1)

35:35)

D-045 100.0 0.956 0.946 0.954 0.963 0.939 0.934 1 6.0
(0.925-0.986) (0.914-0.978) (0.918-0.991) (0.921-1.005) (0.898-0.982) (0.842-1.022)  (1:1, 1:1) (4.3-7.7)

D-046 100.0 0.961 0.950 0.958 0.965 0.942 0.855 14 16.5
(0.941-0.987) (0.921-0.991) (0.926-1.001) (0.923-1.006) (0.899-0.980) (0.812-0.901)  (9:9,9:9) (13.8-19.2)

D-047 100.0 0.972 0.964 0.976 0.990 0.973 0.863 12 27.7
(0.948-0.989) (0.929-0.996) (0.936-1.005) (0.940-1.032) (0.932-1.014) (0.825-0.906)  (7:7,7:7) (20.5-34.8)

D-048 100.0 0.943 0.929 0.933 0.929 0.892 0.925 1 24
(0.900-0.979) (0.879-0.969) (0.875-0.980) (0.867-0.985) (0.825-0.948) (0.774-1.058)  (1:1, 1:1) (0.6-4.2)

D-049 100.0 0.940 0.924 0.926 0.920 0.878 0.912 1 2.6
(0.894-0.980) (0.873-0.973) (0.867-0.980) (0.854-0.982) (0.811-0.937) (0.774-1.062)  (1:1, 1:1) (0.6-4.5)

D-050 100.0 0.960 0.946 0.947 0.934 0913 0.814 29 29.3
(0.946-0.976) (0.927-0.965) (0.922-0.970) (0.907-0.967) (0.889-0.942) (0.788-0.839) (22:22, (25.7-32.8)

22:22)
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Table 4.18. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across
six periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of Colorado.
Estimates were derived from leks within the entire neighborhood cluster—Continued
[NC, neighborhood cluster; NA, not applicable]
Temporal scales?
NC Percent Short/ Number of Average
NCt Long Medium/Long  Medium o Short Recent leks3 count/lek
Medium
D-051 236 0.966 0.956 0.968 0.988 0.985 0.934 28 16.9
(0.949-0.985) (0.928-0.982) (0.924-0.996) (0.947-1.012) (0.960-1.011) (0.899-0.969)  (22:13,  (15.0-18.8)
22:13)
D-057 100.0 0.956 0.948 0.963 0.986 0.981 0.845 18 33
(0.924-0.985) (0.907-0.983) (0.895-1.007) (0.932-1.041) (0.938-1.030) (0.778-0.920)  (7:7,7:7) (2.2-4.4)
D-058 100.0 0.945 0.936 0.943 0.954 0.935 0.799 28 4.9
(0.921-0.972) (0.908-0.967) (0.916-0.972) (0.917-0.992) (0.896-0.969) (0.737—0.860) (11:11,11:11) (4.0-5.8)
D-059 100.0 NA NA NA NA NA NA 1 NA
(0:0, 0:0)
D-060 100.0 NA NA NA NA NA NA 2 NA
(0:0, 0:0)
D-062 258 0.974 0.961 0.979 0.992 1.008 0.994 41 25.1
(0.959-0.984) (0.944-0.972) (0.958-0.993) (0.967-1.011) (0.990-1.028) (0.964-1.035) (33:8,32:8) (23.1-27.0)
D-063 4.0 0.944 0.931 0.941 0.992 0.856 0.979 3 6.3
(0.914-0.978) (0.908-0.955) (0.912-0.970) (0.947-1.043) (0.803-0.910) (0.801-1.207)  (2:0,1:0)  (3.8-8.9)
D-065  49.7 0.975 0.961 0.980 0.983 1.019 0.920 24 26.7
(0.955-0.997) (0.941-0.984) (0.955-1.003) (0.957-1.000) (0.993—1.046) (0.891-0.946) (18:7,18:7) (23.8-29.7)
D-085 588 0.961 0.941 0.972 0.970 0.946 0.831 39 22.2
(0.939-0.977) (0.919-0.961) (0.947-1.016) (0.934-1.018) (0.910-0.982) (0.797-0.871)  (19:11,  (18.8-25.5)
17:11)
D-087 14 0.978 1.031 0.991 1.018 0.963 0.963 70 184
(0.967-0.987) (1.019-1.040) (0.981-0.999) (1.009-1.026) (0.954-0.972) (0.943-0.984) (52:1,44:1) (17.3-19.5)
D-088 100.0 0.976 0.973 0.983 1.004 0.990 0.887 13 29.2
(0.955-1.001) (0.940-1.005) (0.945-1.023) (0.962—1.059) (0.955-1.036) (0.852-0.923)  (8:8,8:8)  (24.4-34.0)
D-089 100.0 0.979 0.972 0.987 1.009 1.011 1.019 28 333
(0.966-0.992) (0.957-0.986) (0.967—-1.001) (0.985-1.038) (0.989-1.033) (0.997-1.041)  (20:20, (30.4-36.2)
20:20)
D-090 100.0 0.968 0.960 0.974 0.995 0.989 1.016 3 3.1
(0.930-1.009) (0.918-1.011) (0.928-1.031) (0.942-1.068) (0.936-1.064) (0.905-1.191)  (1:1, 1:1) (2.3-3.9)
D-091 100.0 0.966 0.957 0.967 0.984 0.971 0.901 25 12.9
(0.947-0.985) (0.925-0.979) (0.927-0.995) (0.937-1.016) (0.942-0.998) (0.870-0.931)  (20:20, (11.5-14.3)
20:20)
D-092 100.0 0.955 0.947 0.959 0.974 0.961 0.909 4 41
(0.924-0.985) (0.908-0.981) (0.913-1.001) (0.929-1.022) (0.920-1.005) (0.829-0.995) (4:4, 4:4) (2.9-5.2)
D-093 100.0 0.961 0.954 0.967 0.987 0.982 0.891 8 8.9
(0.936-0.992) (0.922-1.003) (0.930-1.017) (0.939-1.044) (0.943-1.029) (0.834-0.943)  (8:8,8:8)  (7.0-10.8)
D-094 100.0 0.969 0.961 0.973 0.992 0.982 0.911 1 5.8
(0.931-1.010) (0.918-1.008) (0.924-1.030) (0.937-1.059) (0.929-1.045) (0.794-1.023)  (1:1, 1:1) (4.3-7.3)
D-095 28.3 0.936 0.968 1.009 1.015 0.988 0.953 4 8.8
(0.922-0.949) (0.949-0.986) (0.985-1.033) (0.978-1.051) (0.938-1.035) (0.824-1.093)  (4:0, 1:0) (5.5-12.0)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 4.61. A, Abundance index (calculated as l\] divided by 60-year mean of I\] ); and B, intrinsic rate of population change ( f)of
greater sage-grouse (Centrocercus urophasianus) within the state of Colorado from 1960 to 2019. Thick yellow line represents median
estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for neighborhood
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Figure 4.62. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across different neighborhood
clusters within the state of Colorado. Map images are the intellectual property of Esri and are used herein under license. Copyright ©
2020 Esri and its licensors. All rights reserved.
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Figure 4.63. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and

long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across lek sites within the state
of Colorado. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors.

All rights reserved.



Appendix 4. State-Wide Analyses 21

AP Uiy g1l I.I:ﬁﬁlll‘"- g ijig] i gring |
L '] 1
b
s -
_— - g

L]
AR

¥
! ! |
I s ’
i
r ';
i / »
| |
] I
i ! \
] ] ] L] ]
- EET H Eai it M AT
g LCogrdinge Basteri: Albery
EXPLAMATION ¥ Waming Frofocliom: Albérs
Leks In Colpendes enlors represest  range of years the 2 Dt WS 954
B ] Teenil Event poeurted. S repesel wimings, ) Watch Relative maximum . " - hli:lilﬂl}l}
sirchés rapresant witihes, and blick dols nepresint ks papulathon size el
which 4id ot experencs warnings or waiches, The size *  Lek ﬁ‘b’m :d:"ﬂ'-'?ﬁhuu[u}
of thet SYMBOL represens the (il pop ko sE2e of X Lampr=t . "'I 'I"'I'
the bek aver the J0-ver pericd, relativized 10 1he nnge- == = Stz b:rdh@ i P I.'Blim
withy mimimum pupelation sine aeroes all ek, Syl ane Road Samallast Emere el 1-'. A0
Feased om o ranpe-witks dEsbation of vilues and ol may ﬁ"!rl.]i‘"rr:sm; Ao
mot be represenied here, —— Cpunly line St
Sarvbe Layer Crodas:

O 510 30 Ml

sy

0 13 3 KRR

sources: Bsri, PSS, MiOuAA

Figure 4.64. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of Colorado from 1990 to 2019. Map image is the intellectual property of Esri and is used herein

under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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South Dakota Results

South Dakota Lek Data and Clusters
(Objectives 1 and 2)

South Dakota intersected CC-D and contained or
intersected 13 different NCs (fig. 4.68). The total area of the
13 NCswithin South Dakota was 1,001,220 ha. There were
11 clusters used in the analysis after 2 were omitted because
of limitations in sample sizes. These areas consisted of
179 leks, of which 59 were located within the South Dakota
state boundary representing 0.70 percent of the range-wide lek
database. After extensive QA/QC, we used 40 leks from South
Dakotain the SSM for population trend estimation (tables 4.19
and 4.20), totaling 717 individual ek counts. Mean male lek
count was 6.46 (95-percent confidence interval=6.18-6.73) for
leks within NCs that were within or overlapped South Dakota.
Mean male count for leks within South Dakota was 6.66
(95-percent confidence interval =6.23-7.10).

South Dakota Population Trend Analysis
(Objective 3)

For CC-D, we estimated six population abundance
nadirs (troughs) that dated back to 1960. Each of these
population abundance nadirs represent between one and
six complete periods of oscillation. We used these nadirsto
estimate population trends across three different temporal
scales that represented two, four, and six complete periods
for the state (for instance, second, fourth, and sixth nadir).

We estimated the average annual finite rate of population
change (1) at the short (two periods), medium (four periods),
and long (six periods) temporal scales as 0.927 (95-percent
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CRI=0913-0.947), 0.965 (95-percent CRI=0.950-0.977),

and 0.947 (95-percent CRI=0.934-0.959), respectively

(fig. 4.69). Climate cluster estimates, which included leksin
adjacent states to South Dakota, were slightly different than
estimates generated from leks only within South Dakota. For
al NCsthat were modeled and intersected South Dakota, we
estimated median A to be less than 1.0 for 81.8, 100.0, and
100.0 percent across short, medium, and long temporal scales,
respectively (fig. 4.70; table 4.20). We estimated median 4, to
be less than 1.0 for 92.5, 92.5, and 97.5 percent of all modeled
leks within South Dakota across short, medium, and long
temporal scales, respectively (fig. 4.71). We reported spatiel
and temporal variation in average annual A, across different
NCs (fig. 4.70) and leks (fig. 4.71).

South Dakota Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in South Dakota activated atotal of 27 and
18 leks as watches and warnings, respectively (fig. 4.72),
which was 84.4 and 56.2 percent of the sampled leks used in
the analysis. On average, across the 29 years, approximately
8.9 and 2.2 percent of leks per year experienced watches and
warnings, respectively. The higher percentage for watches
corresponds to repetitive activation. During thistime frame,
the TAWS also activated a total of five and three NCs as
watches and warnings, respectively (fig. 4.73), which was
55.6 and 33.3 percent of the sampled clusters used in the
analysis. On average, across the 29 years, approximately 4.9
and 1.3 percent of clusters per year experienced watches and
warnings, respectively. Similar to leks, the higher percentage
for watches corresponds to repetitive activation. During 2019,
the TAWS did not activate any watches or warnings for NCs
or leks.
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Table 4.19. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( A ) across six
periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of South Dakota. Estimates
were derived from leks within the entire climate cluster.

[CC, climate cluster; D, eastern area]

cc Percent Temporal scales? Number of Average
cc Long Medium/Long  Medium  Short/Medium Short Recent leks? count/lek
D 3.9 0.963 0.956 0.967 0.983 0.963 0.980 2,944 16.7
(0.960-0.968) (0.946-0.960) (0.960-0.972) (0.975-0.989) (0.959-0.967) (0.972-0.989)  (1,831:40,  (16.5-16.9)
1,566:32)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.20. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( i ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of South Dakota.
Estimates were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

Temporal scales?

NC Percent Short Number of Average
NC! Long Medium/Long  Medium 0 Short Recent leks3 count/lek
Medium

D-002 100.0 0.941 0.927 0.939 0.952 0.898 0.921 14 10.3
(0.922-0.959) (0.903-0.945) (0.921-0.959) (0.932-0.971) (0.872-0.924) (0.836-1.006)  (7:7, 5:5) (8.6-12.0)

D-003 620 0.952 0.956 0.971 0.977 0.960 0.936 5 10.7
(0.926-0.968) (0.925-0.982) (0.932-1.008) (0.931-1.027) (0.913-1.012) (0.829-1.051)  (3:1,1:1)  (8.0-13.5)

D-004 38.6 NA NA NA NA NA NA 2 NA

(0:0, 0:0)

D-005 1.9 0.954 0.946 0.956 0.942 0.919 0.968 66 8.3
(0.945-0.963) (0.935-0.955) (0.942-0.966) (0.930-0.953) (0.905-0.933) (0.921-1.013) (46:0,35:0)  (7.7-8.8)

D-007 852 0.955 0.949 0.981 0.999 0.944 1.025 20 10.4
(0.936-0.973) (0.927-0.967) (0.958-0.996) (0.978-1.018) (0.923-0.963) (0.970-1.086) (15:15,13:13) (9.0-11.7)

D-009 100.0 0.925 0.906 0.923 0.908 0.866 0.919 4 6.8
(0.885-0.982) (0.860-0.950) (0.867—0.985) (0.839-0.981) (0.805-0.937) (0.757-1.118)  (3:3,2:2)  (3.5-10.0)

D-010 100.0 NA NA NA NA NA NA 1 NA

(0:0, 0:0)

D-011 100.0 0.957 0.965 0.945 0.943 0.889 0.770 4 6.3
(0.916-0.990) (0.941-0.987) (0.906-0.979) (0.897-0.990) (0.829-0.944) (0.631-0.930)  (3:3,2:2) (4.5-8.1)

D-012 100.0 0.932 0.913 0.908 0.878 0.813 0.876 1 13.4
(0.892-0.978) (0.868-0.956) (0.867—0.948) (0.834-0.916) (0.752-0.864) (0.711-1.067)  (1:1, 1:1) (9.5-17.3)

D-013 338 0.946 0.938 0.980 0.988 0.921 1.005 54 9.9
(0.928-0.965) (0.916-0.961) (0.957-1.001) (0.961-1.013) (0.896-0.945) (0.936-1.082) (14:8,12:6)  (8.2-11.7)

D-022 100.0 0.978 0.972 0.988 1.019 1.017 0.974 1 13.6
(0.943-1.015) (0.941-1.007) (0.964-1.017) (0.996-1.047) (0.983-1.060) (0.887-1.075)  (1:1, 1:1) (11.6-15.6)

D-023 126 0.975 0.966 0.988 1.028 1.030 1.053 3 11.3
(0.934-1.014) (0.932-1.011) (0.960-1.027) (0.992-1.081) (0.968-1.114) (0.923-1.189)  (3:1,3:1)  (7.4-15.1)

D-032 0.1 0.924 0.902 0.897 0.875 0.871 0.832 4 5.4
(0.888-0.959) (0.859-0.946) (0.843—0.949) (0.823-0.926) (0.827-0.915) (0.705-0.973)  (3:0, 3:0) (3.2-7.6)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis
within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 4.69. A, Abundance index (calculated as N divided by 60-year mean of N ); and B, intrinsic rate of population change ()
of greater sage-grouse (Centrocercus urophasianus) within the state of South Dakota from 1960 to 2019. Thick yellow line represents
median estimates across all leks. Shaded areas represent 95-percent credible limits. Thin blue lines represent median values for
neighborhood clusters. Black horizontal line (abundance index=1.0) represents 60-year average.
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Figure 4.70. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across different neighborhood

clusters within the state of South Dakota. Map images are the intellectual property of Esri and are used herein under license. Copyright

© 2020 Esri and its licensors. All rights reserved.
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Figure 4.71. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across lek sites within the
state of South Dakota. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its

licensors. All rights reserved.



Appendix 4. State-Wide Analyses 221

ik T i ey ST WTE arwT . it il YW
i '
e e I %
I _-
i =
EJ P ND
E '
i
1
I""ﬂ- [ ] g 5
i e -
i I eyl [
3 e
= ! e
o
I,
L :
I * E
a P *
Bdec oo I.'l"'!‘
= o i +
hhh‘--q-_-h* .. ﬁ| .
&, :
17w -'-'-'
= | L
-]
A= (]
z - S0
WY s
m“—-._,.,-\_ I_/ ! o : i
e e i =
s s P :
1 Wi
X ! i \._
i b
r
[]
7% i
5 - —
= i -
]
]
l £
Ly =
E I
- ]
L 1
T T T T T T T T T T
LEAT LR . T T T L YW R LW L Vi ER
EXPLAMATION A araivg Loordinete Sysbes Albery
Leks In South Nokeda: coliors Fepreseil 4 ranges ol wears Ji = Prirjiction: Albrs
ghe Ml Tesend sven Documed, HIa repreenl wamings. 1 \Match Relative il gty 0 WES 1964
cireles represaenl walches, and hlsck dols represint liks R popislathon size ﬁ.l:.-uml.-g:l}llﬂl}l}
wliich i T experiencs warnings of waiches, The size +  Lek gl znhmm::dﬁﬁ:ﬂﬂm
ol The symbiol FEpreneiny The (sl mmmm\"“ Lﬂm
she bk over the 3-veur period, melativized 10 1he ninge- == = Stz b':'rdh@ smnda.r; :ﬁ ;ﬂgm
Road sanallest fatitude of origin: 23,1000
Linits: Maier

wisdy i um popslbastios size soroes ali bk, Samibok

ane bersed on g remare-wiide distribution of valees e oll
may ni be represented here.
AD Ml

o b [a] ad
0 = & B el

— Counly line

Sarvbe Layer Crodas:
Sowrees: Esrl, LSS, NOwa

Figure 4.72. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of South Dakota from 1990 to 2019. Map image is the intellectual property of Esri and is used

herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.73. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at neighborhood cluster within the state of South Dakota from 1990 to 2019. Map image is the intellectual property of Esri and is
used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.



North Dakota Results

North Dakota Lek Data and Clusters
(Objectives 1 and 2)

North Dakotaintersected CC-D and contained or
intersected two different NCs (fig. 4.74). The total area of the
two NCs within North Dakota was 284,697 ha. These areas
consisted of 71 leks, 43 of which were located within the
North Dakota state boundary representing 0.51 percent of the
range-wide lek database. After extensive QA/QC, we used
39 leks from North Dakota in the SSM for population trend
estimation (tables 4.21 and 4.22), totaling 1,317 individual
lek counts. Mean male lek count was 6.70 (95-percent
confidence interval=6.33—7.08) for leks within NCs that were
within or overlapped North Dakota. Mean male count for
leks within North Dakota was 7.69 (95-percent confidence
interval=7.15-8.24).

North Dakota Population Trend Analysis
(Objective 3)

For CC-D, we estimated six population abundance
nadirs (troughs) that dated back to 1960. Each of these
population abundance nadirs represent between one and
six complete periods of oscillation. We used these nadirsto
estimate population trends across three different temporal
scales that represented two, four, and six complete periods
for the state (for instance, second, fourth, and sixth nadir).
We estimated the average annual finite rate of population
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change ( i ) at the short (two periods), medium (four periods),
and long (six periods) temporal scales as 0.917 (95-percent
CRI=0.899-0.932), 0.954 (95-percent CRI=0.943-0.963),
and 0.953 (95-percent CRI=0.943—-0.962), respectively

(fig. 4.75). Climate cluster estimates, which included leksin
adjacent states to North Dakota, were slightly different than
estimates generated from leks only within North Dakota. For
al NCsthat were modeled and intersected North Dakota, we
estimated median A to be less than 1.0 for all temporal scales,
respectively (fig. 4.76; table 4.22). We estimated median A

to be less than 1.0 for 97.4, 92.3, and 100.0 percent of all
modeled leks within North Dakota across short, medium, and
long temporal scales, respectively (fig. 4.77). We reported
spatial and temporal variation in average annual 4 across
different NCs (fig. 4.76) and leks (fig. 4.77).

North Dakota Targeted Annual Warning System
Analysis (Objective 4)

During 1990-2019, the TAWS for sage-grouse
populations in North Dakota activated atotal of 15 watches
and 22 warnings (fig. 4.78), which was 57.7 and 84.6 percent
of the sampled leks used in the analysis. On average, across
the 29 years, approximately 4.6 and 3.4 percent of leks per
year experienced watches and warnings, respectively. The
higher percentage for watches corresponds to repetitive
activation. During this time frame, the TAWS also activated
a total of zero watches and one warning at the NC scale
(fig. 4.79). On average, approximately 4.0 percent of clusters
per year experienced warnings. During 2019, the TAWS
activated no watches or warnings at leks or NCs.
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Figure 4.74. Greater sage-grouse (Centrocercus urophasianus) hierarchical population monitoring framework for neighborhood
clusters that intersect the state of North Dakota. Map image is the intellectual property of Esri and is used herein under license.
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Table 4.21. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( A ) across six

periods of oscillation in abundance that represent temporal scales for each climate cluster within the state of North Dakota. Estimates
were derived from leks within the entire climate cluster.

[CC, climate cluster; D, eastern area]

Temporal scales?

ce Percent sh Number of Average
cc Long Medium/Long  Medium ort/ Short Recent leks3 count/lek
Medium
D 11 0.963 0.956 0.967 0.983 0.963 0.980 2,944 16.7
(0.960-0.968) (0.946-0.960) (0.960-0.972) (0.975-0.989) (0.959-0.967) (0.972-0.989) (1,831:39,  (16.5-16.9)
1,566:26)

1The percent of each climate cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis

within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.

Table 4.22. Table of greater sage-grouse (Centrocercus urophasianus) average annual rate of population change ( A ) across six
periods of oscillation in abundance that represent temporal scales for each neighborhood cluster within the state of North Dakota.
Estimates were derived from leks within the entire neighborhood cluster.

[NC, neighborhood cluster; NA, not applicable]

nc  Percent Temporal scales? Numberof  Average
NC Long Medium/Long  Medium  Short/Medium Short Recent leks3 count/lek

D-003 38 0.952 0.956 0.971 0.977 0.960 0.936 5 10.7
(0.926-0.968) (0.925-0.982) (0.932-1.008) (0.931-1.027) (0.913-1.012) (0.829-1.051)  (3:2,1:0)  (8.0-13.5)

D-005 76.6 0.954 0.946 0.956 0.942 0919 0.968 66 8.3

(0.945-0.963) (0.935-0.955) (0.942-0.966) (0.930-0.953) (0.905-0.933) (0.921-1.013) (46:37,35:26) (7.7-8.8)

1The percent of each neighborhood cluster that intersects the state.

2Temporal scales were estimated from present to each major population abundance nadir (trough) since 1960. Number of temporal scales were used to
estimate population trends across six different temporal scales from approximately 10 to approximately 60 years.

3Number of leks in database. In parentheses from left to right is (1) total number in cluster were used in trend analysis, (2) number used in trend analysis

within state boundary, (3) total number in cluster were used in the targeted annual warning system (TAWS) analysis, and (4) number used in TAWS analysis
within state boundary.
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Figure 4.75. A, Abundance index (calculated as l\] divided by 60-year mean of |\] ); and B, intrinsic rate of population change ()
of greater sage-grouse (Centrocercus urophasianus) within the state of North Dakota from 1960 to 2019. Thick yellow line represents
median estimates across all leks. Shaded areas represent 95-percent credible limits. Black horizontal line (abundance index=1.0)

represents 60-year average.
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Figure 4.76. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across different neighborhood
clusters within the state of North Dakota. Map images are the intellectual property of Esri and are used herein under license. Copyright
© 2020 Esri and its licensors. All rights reserved.
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Figure 4.77. Spatial estimates of population trends across three temporal scales based on periods of oscillation (short, medium, and
long) while accounting for fluctuations of greater sage-grouse (Centrocercus urophasianus) abundance across lek sites within the
state of North Dakota. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its

licensors. All rights reserved.
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Figure 4.78. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at the lek scale within the state of North Dakota from 1990 to 2019. Map image is the intellectual property of Esri and is used

herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Figure 4.79. Spatial and temporal depiction of watches and warnings of greater sage-grouse (Centrocercus urophasianus) population
declines at neighborhood clusters within the state of North Dakota from 1990 to 2019. Map image is the intellectual property of Esri and
is used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Appendix 5. Simulation to Establish Thresholds for a Targeted Annual Warning
System and Omission and Commission Errors

Optimal Threshold Simulation

We carried out the following steps to determine threshold
values that identified declining populations performing below
the climate cluster scale for the Targeted Annual Warning
System (TAWS). Step 1: We used a state-space model with
nested random effects to estimate posterior distributions
(PD) of [ for each lek (that is, smallest spatial scale; point),
neighborhood cluster (NC; that is, intermediate spatial scale;
polygon), and climate cluster (CC; that is, largest spatial
scale; polygon) from 1990 to 2019. Step 2: We developed a
method for describing the relationship between two PDs of
I, calculated at spatiotemporally nested scales (for example,
a 2002 comparison of a lek against its CC), by using the log
odds ratio (LOR) of the two PDs. Comparisons of [ PDs only
were made within the same year and between a lek and its CC
or a NC and its CC. The steps required to derive the LOR for
the lek are described in the next paragraph.

The density of the PD of [ for the lek (p ;) was
broken up into n (n=1-4) distinct polygons (fig. 39 in the
main text). Those four polygons were described in terms of
the relationship between p ﬁ and the density of tfle PD of
I' for the CC (pf,), stability, and the median of I' for the
CC (X, ), namely (1) lower than the CC and decreasing
(LD); (2) similar to the CC, decreasing, and < X = (SDL);

(3) similar, decreasing, and > X . (SDG); and (4) stable or
increasing (SI). Once isolated and identified, we measured
the area under the curve (AUC) for each of n=4 polygons
that made up the p f, using the ‘overlap’ function from the
“overlapping” package (Pastore, 2018) in R (R Core Team,
2018). Polygons that were missing received an AUC value
of 0.

Using the four AUC values described previously, we
defined the log-odds ratio (LOR) as evidence of decrease
(EOD) divided by evidence against decrease (EAD), which
took the form:

_ EOD ) AUC(LD)
LOR = log( EADJ7 10g(AUC(SDL) " AUC(SDG)Jr AUC(S)] (51)

For our purposes, the LD AUC was the only area that
warranted management consideration because it corresponded
to the proportion of the p fl that was below stability ( { <0)
and lower than the CC within which it was spatially nested.

In other words, the LD AUC was the only proportion of the

p ﬁ that provided evidence of a decreasing population not
associated with large-scale processes. Therefore, the LD AUC
was assigned to the EOD category. The SDL and SDG AUCs
were similar to the LD AUC in that they were below stability
(T <0), but unlike the LD AUC, they were trending with or

outperforming the CC to which they were nested. For that
reason, EAD comprised AUCs for SDL, SDG, and SI.

Step 3: We developed a method that would identify,
based on LOR values, whether leks were declining slowly or
precipitously (a finding used to alert possible management
attention) by using an iterative process in program R (and is
described in the following paragraph). Specifically, we created
two identical 100-element long vectors of threshold values that
spanned —4.595 to 4.595 on the LOR scale. These values are
equivalent to a 100-element long vector that spans 0.01-0.99
on the probability (here, probability of decrease) scale. We
referred to these vectors as the slow-signal and fast-signal
threshold vectors, where the first element in both vectors
corresponded to the minimum slow and fast threshold values,
respectively. Likewise, the hundredth element from each
vector corresponded to the maximum slow and fast threshold
values, respectively.

We iterated through every possible combination
(n=10,000 iterations) of slow and fast-signal threshold values
(Tsand Tj) and compared the LOR value (calculated in step 2)
for every lek (or NC) and year combination to the Tgand
T; values selected during iteration i. For example, during
iteration i=1, we compared the LOR for all leks, across all
years, against the T and T; combination of —4.595 and —4.595
(that is, 0.01 and 0.01 on the probability of decrease scale),
and during iteration i=2, we compared the LOR for all leks,
across all years, against the T and T; combination of —4.595
and —3.892 (that is, 0.01 and 0.02 on the probability of
decrease scale). Instances where the LOR value for a given
lek (or NC) in agiven year were greater than or equal to Tg
that lek would receive an indicator value (I) of 1, otherwise
it received a value of 0. Likewise, if the LOR value for that
lek in that year was greater than or equal to Ty it received an
indicator value (ly) of 1, otherwiseiit received avalue of 0. The
binary indicators for I and I; were kept separate, so that alek
in agiven year could possess four distinct I and I; codes (0
and 0, 1 and 0, 0 and 1, or 1 and 1). These binary indicators
were equivalent to signals for warnings. For example, when a
lek had an I binary indicator of one in 3 out of 4 consecutive
years (for example, 1995-1998 was 0-1-1-1; 1-0-1-1;
1-1-0-1; or 1-1-1-0), regardless of |; values over the same
time frame, that lek would be ‘marked’ to receive simulated
management action. When alek had an I binary indicator of
onein 2 out of 3 consecutive years, regardless of | values
over the same time frame, we would similarly mark it to
receive simulated management action. Very briefly, simulated
management action consisted of improving the I values
of marked leks (or NC) for al years following the marking
event. For amore detailed explanation of the steps taken
to simulate management action, please see the “Simulated
Management” section.
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At the end of each iteration (i), an evaluation process
took place, using an optimization index (O;), which took the
form:

‘Llﬁn'proved i ‘

max( Hy,

improved,l:n

1- (5.2)

)

where n represents the total number of iterations run for

the simulation, and Hs,,...; representsthe weighted

average (based on lek size) of T, calculated across all leks
and years, during iteration (i). Within agiven iteration, values
of  for each year consisted of a combination of leks that
were never marked (that is, the original modeled values), leks
that were marked, but before marking took place (that is, the
original modeled values), and leks that were 1 or more years
beyond a marking event (that is, sampled values). Leks that
were 1 or more years beyond a marking event represented the
only instance where f values could be updated, and, therefore
the only potential source for improvement over the observed
(that is, modeled) parameter estimates. Iterations that resulted
in :ur"mmd =1.1 (that is, 10-percent mean annual growth) and
0.9 (that is, 10-percent mean annual decline) would be ranked
equally in terms of their optimization index. The rationale
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for thistype of index was that a management scenario that

did not result in population stability was inadequate, whereas
a management scenario that went beyond stability was too
aggressive. In addition to the optimization index, we also kept
track of the number of leks that signaled during every iteration
of the simulation, and the percent improvement (o )
over the observed (that is, modeled) weighted average rate of
change in abundance. Multiple iterations produced .ufimmd
values=1. However, the number of warnings activated across
scenarios that produced M, ., values=1 varied. In other
words, some iterations that resulted in population stability
required a greater number of leks to achieve that objective.
With the goal of balancing type I and type II errors (see
"Omission and Commission Error for Targeted Annual
Warning System" section), we chose the iteration (that is,
Tsand T; combination) that resulted in an average number

of warnings. We refer to the Tgand T; pair with the highest

Mi o oes value and average number of warnings as the optimal
combinatorial threshold pair (fig. 5.1A). The same process
was applied to NCsfor determining the optimal T, and T; pair
at that scale with one important distinction. When a NC was
marked for simulated management, all leks that fell within its
boundaries would receive updated F and abundance values.
The optimal Tg and T; pair for leks and NCs were used to
determine the location and timing of signals, watches, and
warnings across the range from 1990 to 2019.
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Figure 5.1. A, Percent change in population rate of change for leks (percent change=3.768); B, percent change in population rate
of change for neighborhood clusters (percent change=3.726); C, mean number of annual signals for leks (mean=69.8); D, mean
number of annual signals for neighborhood clusters (mean=60.3); E, optimization index for leks (index=1); and F, optimization index
for neighborhood clusters (index=1), given optimized values for slow-fast signal combination (blue circle) for leks (slow=1.059 and
fast=2.452) and neighborhood clusters (slow=1.462 and fast=2.324), respectively. Optimized values for slow-fast signal combinations
determined signals used for watches and warnings within a targeted annual warning system.
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Simulated Management

Simulated management consisted of replacing the
observed I for marked lekswithan ' value sampled from
a distribution of values formed from the entire population
(range-wide) of [ values during the same year. To simulate
a non-linear relationship between management action and
population performance through time, the percentile of
the distribution that was sampled would increase every
year (fig. 5.2). Recovery rates were assigned to each lek,
based on the underlying index of resilience and resistance
(R&R; Maestas and others, 2016) and whether the decline
was probabilistically associated with sagebrush loss or an
unmeasured disturbance. Additionally, we evaluated sagebrush
trends (1985-2018; 33 years, because 2012 imagery was
unavailable) at each lek based on back in time estimates
(Shi and others, 2018; Rigge and others, 2019, 2020). This
assessment of sagebrush trends coincided with the duration
of the lek count data used in the population analysis. We
categorized the percent change in sagebrush for each lek as
either decreasing or having experienced no change/increase.
Similarly, we categorized the long-term (for example, 30 year)
rate of change in abundance for each lek as either decreasing
(T <0) or stable/increasing (T >0). The combination of
categorical sagebrush change and categorical rate of change
in abundance were summarized across the three R&R classes.
The proportion of leks that landed within the combinatorial
category of losing sagebrush and experiencing declining rate
of change served as our probability of assignment to a slow
recovery rate. Those probabilities were 0.51 (low R&R), 0.41
(moderate R& R), and 0.36 (high R&R). In other words, 51
percent of marked leks in low R&R would be assigned to slow
recovery, 41 percent of marked leks in moderate R& R to slow
recovery, and 36 percent of marked leksin high R&R to slow
recovery.

The complimentary percentages for each R& R class
were used to assign leks to afast recovery rate. Fast recovery
rates were assumed to coincide with remedial measures (for
example, sound/light abatement and road closures during
lekking season) that would lead to full recovery potential
in 3 years. Slow recovery rates, on the other hand, were
associated with sagebrush loss and remedial actions that would
take longer to positively influence sage-grouse populations.
Based on a meta-analysis of average recovery rates for
the three dominant sagebrush communities (Wyoming big
sagebrush Artemisia tridentata wyomingensis, mountain big
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sagebrush A. tridentata vaseyana; and low sagebrush A. nova,
A. arbuscular) across sage-grouse range, we determined

full recovery potentials of 117 years for marked leksin low
R&R (Watts and Wambolt, 1996; Wambolt and others, 2001;
Baker, 2006; Lesica and others, 2007; Cooper and others,
2011; Miller and others, 2013), 59 years for marked leks in
moderate R& R (Miller and others, 2013), and 27 years for
marked leks in high R&R (Baker, 2006; Lesica and others,
2007; Ziegenhagen and Miller, 2009; Miller and others,
2013). All recovery rates (that is, slow and fast) took on

a sigmoidal curve based on the assumption of relatively

slow recovery in the beginning of the corresponding time
frame, rapid recovery in the middle, and a slow tapering to a
recovery ceiling (that is, full recovery potential) toward the
later years. As an example, a lek that received a warning in
1995 was located in high R&R and was assigned to the slow
recovery rate, would haveits I value replaced in 1996 (that
is, 1-year later) with the approximately 30th percentile of

the population level f from 1996. In 2012 (that is, 17-years
|later), its I value would be replaced with the approximately
56th percentile of the population level T from 2012, and in
2019 (27-years later) it’s T value would be replaced with
the approximately 70th percentile of the population level T
from 2019. Once a lek activated a warning, it would remain
in the warning state and continue to receive management
induced improvements to rate of change in abundance for

the remainder of the time series. As such, a lek that signaled
in 2007 would receive management induced improvements
to rate of change in abundance from 2008 to 2019 (that is,

12 years). This does not imply that active management occur
every year of that time frame. It is possible that management
action taking place in 2008 could perpetuate through to 2019;
a one-time management action with carry-over effects. By
sampling ' from a distribution formed from all leks and
within the same year, we improved the accuracy in estimating
management induced rate of change in abundance over
choosing an arbitrary value (for example, [ =0; stability),
which could underperform or outperform model estimates
over the same time frame. That said, the percentile of the
distribution sampled is a subjective choice and changing those
values could change the results of the simulation (that is,
optimal T and T¢ value combination chosen). For that reason,
we decided to pick a conservative range of values (that is,
30-70th percentile), so that when implemented annually,
simulated improvements in rate of change in abundance would
be much less likely to overestimate management efficacy.
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Figure 5.2. Recovery curves for leks that weed for simulated

management intervention. Black circles represent fast recovery
following management actions such as predator removal and
noise abatement. Yellow, orange, and red circles represent slow
recovery for leks occupying areas of high, moderate, and low
resilience and resistance. Slow recovery scenarios are based on
management actions that reverse sagebrush related impacts to
sage-grouse populations (for example, fire).

Omission and Commission Error for
Targeted Annual Warning System

We assessed type I and type II error rates for the TAWS
using a subset of leks identified as best (commission dataset)
and worst (omission dataset) performers. The commission
dataset was used to evaluate type | errors (false positives), and
the omission dataset was used to evaluate type Il errors (false
negatives). Leks chosen for the commission dataset needed
to demonstrate better performance during the latter portion
of the time series (2010-2019; after period) compared to the
carly portion of the time series (1990-2009; before period),
which we assessed using summary statistics of abundance (

N ) and population growth ( f ). Because a lek selected for
the commission dataset was expected to perform better in the
after period than before, we should not expect warnings to

occur during the after period. Any warnings that occurred at
commission leks were scored as false positives. Leks selected
for the omission dataset were expected to perform poorly
during the before or after period. Any leks within the omission
dataset that did not receive awarning were scored as false
negatives based on a clear pattern of decreasing trend with
strong evidence of local extirpation.

To create our commission dataset, we developed five
rules. First, we retained leks that had a stable or positive
average [ during the after period (Rule 1; stable or growing
after). We imposed this rule to eliminate leks that were
experiencing long-term declines. Second, we chose leks with
aminimum of two or more males counted in 2 or more years
during the before period (Rule 2; active before), which was to
ensure that leks were active and monitored during the before
period when warnings were assessed. Third, the averaged_

N in the after period was required to exceed averaged N
during the before period (Rule 3; greater N after), which was
intended to guard against an anomalous spikein N during
the after period. Fourth, the N in the final year of the time
series (that is, 2019) was required to exceed the average N in
the before period (Rule 4; greater 2019 N ), which eliminated
leks that experienced a sudden and precipitous drop at the
end of the time series. Last, we ensured that average N in
the after period was greater than five males (Rule 5; greater
than five after), allowing large enough leks to be used to draw
conclusions of long-term averages of .

Similarly, we created five rules for the omission dataset,
which follow. First we retained leks that had a negative
average I during the after period (Rule 1; declining after)
to insure that leks did not show signs of recovery during
this period, which might imply alack of need for active
management. Second, leks must have met a minimum of
two or more males counted in 2 or more years during the
before period (Rule 2; active before) and therefore could be
considered for awarning. Third, leks were required to have an
average N in the after period that was less than the average

N in the before period (Rule 3; lower N after). Thisrule
was intended to guard against a precipitousincreasein N
at the end of the before period/beginning of the after period,
which could mask/misinterpret Rule 1 as a relaxation in i
andareturnof N to a stable state during the after period.
Fourth, we required the average | in the before period to
be greater than five males (Rule 4; greater than five before)
which we determined large enough to warrant attention. Last,
the lek experienced an extirpation event that lasted a minimum
of 10 years (Rule 5; extirpation) to reflect a clear sign of
sustained loss of activity at that lek.
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To calculate type | and type Il error rates, we compared
the list of leks within the omission and commission datasets
to thelist of leks that received warnings through the targeted
annual warning system. Because leks could receive warnings
one of two ways, either at the lek level or at the neighborhood
cluster (NC) level, we evaluated type | and type Il errors
by creating lists of leks that received warnings at each level
independently (lek warning versus NC warning) and under
an either or scenario (either a lek or NC warning). Error rates
were calculated as the proportion of leks misidentified within
the omission or commission dataset divided by the total
number of leks within the respective dataset. Misidentification
of a lek within the commission dataset was defined as any lek
within that dataset that also existed in the warning dataset.
Misidentification of a lek within the omission dataset was
defined as any lek within that dataset that did not exist in the
warning dataset.

Omission (type II; 0.36) and commission (type I; 0.19)
error rates were highest using warnings identified at the NC
level, and nearly five (0.08) and four (0.05) times greater
than those calculated at the lek level. The lowest error rate
observed was the omission error using warnings at both levels
combined (table 5.1). However, commission error rates were
considerably higher under the scenario that considered both
lek and NC level warnings. Warnings that are activated at
the NC level arelikely to occur in response to large scale
impacts such as wildfire. When wildfires, or other landscape

level disturbances, occur within NCs they are likely to affect

a proportion of the leks within it, but not all. Therefore, it is
reasonable to have higher rates of commission errors based

on warnings activated at the NC level, because not every

lek that is within the NC will be affected by the disturbance
event. Interestingly, omission error rates were considerably
higher than commission error rates when considering warnings
activated at the NC level. This might suggest that a larger
proportion of disturbance events that exist on the landscape
are the result of point sources as opposed to impacts that
possess larger footprints. This is further supported by the
relatively similar rates among omission and commission errors
observed at the lek level.

Table 5.1. Omission and commission errors of warnings at

leks and neighborhood clusters (NC) for greater sage-grouse
(Centrocercus urophasianus) targeted annual warning system
using estimates from state-space models of annual rate of change
in population abundance across their range from 1990 to 2019 in
western United States.

Spatial Omission  Commission  Average
scale error rate error rate error rate
Lek 0.080 0.047 0.064
NC 0.360 0.185 0.272
Both 0.070 0.205 0.138
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Appendix 6. Case Comparison of a State-Space Model and N-Mixture Estimates

During 2020, the state of Montana carried out an
N-mixture modeling approach to estimate abundance (N )
and population growth ( } ) at the state-wide scale from 2002
to 2020 using within-season repeated measurements at leks.
For comparative purposes, we constrained the Montana state
N-mixture model estimates from 2002 to 2019, which resulted
inan average annual A of 0.966. This estimate was identical
to the state-space model (SSM) average annual estimate
(A =0.966) generated from our models over the same time
frame (fig. 6.1). Thus, we conclude that the SSM based on
maximum counts provides very similar estimates as those
from an N-mixture model, which rely heavily on repeated
counts. These similarities in trends should be expected under
the assumption of constant or random error in detection
through time (Monroe and others, 2019). One advantage
to N-mixture models is explicit adjustment for imperfect
detection to more reliably estimate true N rather than an
apparent N that is likely biased low. Nevertheless, if the goal
of land and wildlife resource managersisto estimate A and
not necessarily N , then extratime and expense associated
with repeated counts may not be necessary.
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Figure 6.1. Comparison between N-mixture model estimates of

estimated number of sage-grouse and state-space model (SSM)
estimates of abundance index between years 2002 and 2019 for
the state of Montana. The SSM estimates were developed using
maximum lek count data ranging from 1960 to 2019. N-mixture
models rely on repeated counts within the year and ranged from
2002 to 2020.
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Appendix 7. Example of Targeted Annual Warning System at Pueblo Fire in

Southeast Oregon

To demonstrate the utility of the targeted annual warning
system (TAWS) as a tool for managers to identify when and
where populations (that is, leks and neighborhood clusters;
NCs) are declining below trends at the climate cluster (CC)
scale, we provide a real-world example using the Pueblo Fire,
which ignited on August 21, 2006, (fig. 7.1B) and burned

approximately 27,500 hectares (ha) in southeast Oregon

(Eidenshink and others, 2007). The Pueblo Fire was entirely

contained within a single NC (E-115) located along the

border of southeast Oregon and northwest Nevada. Based on
data compiled from state lek count databases, there were a
total of 29 known leks located within NC E-115. Due to data
limitations at individual leks over the period of inference
(1990-2019), only 11 leks were modeled and subsequently
used within the TAWS. Ten leks were located within the state
of Oregon and one within the state of California. Of the 10
leks located in Oregon, 6 were located inside the fire perimeter
and 4 outside the fire perimeter. The average distance for leks
located outside the fire perimeter and within the Oregon side
of NC E-115 was 6.8 kilometers (km; SD=2.5). The single

lek located in California was approximately 41 km from

LIPS LA 11T

the nearest edge of the fire perimeter. In 2007, 1 year after
the Pueblo Fire, six leks (three outside the fire perimeter,
three inside the fire perimeter) received a watch (moderate
evidence for declining below the CC) and two leks (inside
the fire perimeter) received a warning (strong evidence for
declining below the CC; fig. 7.1C). In 2008, 2 years after

the Pueblo Fire, two leks inside the fire perimeter which had
received awatch the previous year were upgraded to warnings
(fig. 7.1D). Due to the overwhelming evidence that occurred
at the lek level, the NC received its first warning in 2007, and
again in 2008.
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Eidenshink, J., Schwind, B., Brewer, K., Zhu, Z., Quayle, B.,
and Howard, S., 2007, A project for monitoring trends
in burn severity: Fire ecology, v. 3, no. 1, p. 3-21,
https://doi.org/10.4996/fireecology.0301003.

4 & B LE: W
tl.r'lﬂl"lﬂ'lﬂ:l['l B i W ¥ B e
& Lek
B Warndng (lek
CHEh & Sac ol likes
2 W Clekp

== = i heee
B oarving (neighbosheod chisier)

I8 Puckla fire
D heighborhaod cluster

B spe-prous mege

Coowilinaie Sysio Alhors
P : dil hers.

D WioS 108

Felse casting: (OG0

Thl=e porifving: 000D
conleal recrichan: W I000
maralsrd pars el §: RS
s whard pasi b 3 25 SHAO
taimls nd orgrn: D5 1RKKR
Linig: Meter

Servica Laver Lrevkin
Bawroes: Esrl VRGE, HhA

Figure 7.1. Example of Targeted Annual Warning System in southeast Oregon during A, 2005 (pre-wildfire); B, 2006 (wildfire occurs);
C, 2007; and D, 2008, which illustrates activation of watches and warnings at the lek and NC level immediately following the Pueblo
Fire. Map images are the intellectual property of Esri and are used herein under license. Copyright © 2020 Esri and its licensors. All

rights reserved.
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Appendix 8. Development of Targeted Annual Warning System for Climate

Cluster Stability

We carried out similar steps as described in appendix 5
to determine optimal threshold values from slow-fast signal
combinations that identified declining populations performing
below the climate cluster (CC) scale. This example analysis
differed from the appendix 5 simulations such that threshold
values were allowed to vary by CC. Different slow-fast signal
combinations for each CC focused stability on the CC scale
as opposed to the range-wide scale. Activation of warnings
from independent thresholds at each CC likely provides
more support than a single threshold across the species
range for fundamental conservation biology principles of
resiliency, redundancy, and representation. However, range-
wide thresholds still likely serve a broader goal of optimizing
population level stability across the species’ range within the
western United States.

Table 8.1. Optimized values for slow-fast signal combinations
used for watches and warnings evaluated at the lek and
neighborhood cluster scales within a targeted annual warning
system.

[Separate slow-fast threshold combinations were developed for each climate
cluster (A—F) using state-space model estimates for greater sage-grouse
(Centrocercus urophasianus) across their range in the western United States
during 1990-2019. Abbreviations: CC, climate cluster; NC, neighborhood
cluster; A, Bi-state area; B, Washington area; C, Jackson Hole, Wyoming,
area; D, eastern area; E, Great Basin area; F, Wyoming]

cC lek (slow) lek(fast)  NC (slow) NC (fast)
A -0.219 3.483 -0.591 2.596
B 0.299 0.634 -0.678 0.02
C -0.179 0.814 —1.398 -0.634
D 1.528 2.324 2.761 3.186
E 1.059 2.207 0.634 3.483
F 1.059 2.452 1.278 3.483
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Table 8.2. Watches and warnings identified at greater sage-grouse (Centrocercus

urophasianus) leks and neighborhood clusters (NC) across climate clusters (A—F) using

state-space model estimates within a targeted annual warning system developed for
climate cluster stability in the western United States during 1990-2019 (all years) and

2019 alone (most recent year).

[Number of watches and warnings that include repeat (r), only first time (f), and proportion of leks

(p) are reported for different spatial (lek, NC) and temporal (all years, most recent year) scales.

Abbreviations: CC, climate cluster; NC, neighborhood cluster; A, Bi-state area; B, Washington area;

C, Jackson Hole, Wyoming, area; D, eastern area; E, Great Basin area; F, Wyoming]

cc r.watch f.watch p.watch rwarning fwarning p.warning Levels
lek
All years

A 179 41 0.854 143 31 0.646 48

B 63 22 0.440 86 21 0.420 50

C 32 8 0.571 27 6 0.429 14

D 1,475 789 0.504 1,748 659 0.421 1,566

E 2,834 1,163 0.610 2,851 859 0.450 1,908

F 706 415 0.465 886 351 0.393 892
Total 5,289 2,438 0.544 5,741 1,927 0.430 4,478

Most recent year

A 11 0 0 15 3 0.063 48

B 0 0 0 1 0 0 50

C 1 0 0 0 0 0 14

D 135 32 0.020 134 52 0.033 1,566

E 115 36 0.019 139 32 0.017 1,908

F 51 18 0.020 71 33 0.037 892
Total 313 86 0.019 360 120 0.027 4,478

NC
All years

A 37 9 1.000 22 0.556 9

B 3 2 0.667 2 0.333 3

C 5 0.500 3 0.500 2

D 30 26 0.187 52 27 0.194 139

E 383 145 0.687 263 88 0.417 211

F 47 31 0.596 23 13 0.250 52
Total 505 214 0.514 365 135 0.325 416

Most recent year

A 0 0 0 1 0 0

B 1 0 0 1 0 0

C 0 0 0 0 0 0

D 3 1 0.007 7 4 0.029 139

E 21 3 0.014 26 11 0.052 211

F 5 2 0.038 4 3 0.058 52
Total 30 6 0.014 39 18 0.043 416

2|
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Figure 8.1. Spatial and temporal depiction of range-wide watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the lek scale using a targeted annual warning system that was developed for climate cluster stability

within the western United States from 1990 to 2019. Map image is the intellectual property of Esri and is used herein under license.
Copyright © 2020 Esri and its licensors. All rights reserved.
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Spatial and temporal depiction of range-wide watches and warnings of greater sage-grouse (Centrocercus urophasianus)
population declines at the neighborhood cluster scale using a targeted annual warning system that was developed for climate cluster
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