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The greater sage-grouse (Centrocercus urophasianus; hereafter, sage-grouse) is a ground
nesting gallinaceous bird that requires large contiguous patches of sagebrush. Sage-grouse
populations have declined, especially in the Great Basin where changes in wildfire regimes and
the invasion of annual grasses have contributed to habitat loss and fragmentation. During the last
35 years, wildfire activity has increased in the Great Basin and this shift has been linked to
decreased populations in sage-grouse. The effect of fire on sage-grouse populations is strongly
linked to the reduction of sagebrush cover within their seasonal ranges that occurs after fire.
Even at low intensities, fire kills most sagebrush species. Furthermore, the response of vegetation
after fire is highly variable both spatially and temporally, and strongly influenced by
environmental characteristics as well as pre- and post-fire land management practices. However,
high elevation mountain big sagebrush communities are more resilient and recover more quickly
than low elevation Wyoming big sagebrush communities. In cases where invasive annual grasses
become dominant, the loss of vegetation structural complexity can increase predation risks and
reduce thermal heterogeneity for sage-grouse. Thermal variation allows animals to select areas
with temperatures that efficiently regulate physiological process. In addition to contributing to

general space use patterns, seeking thermal refuge can increase an animal’s nest success and
annual survival. There is limited knowledge regarding the short-term (<6 yrs) effects of fire on
sage-grouse demographics and their thermal environments. My research builds on a study that
began in March 2013 after the Holloway fire burned ~187,000 ha during the summer of 2012 in
the Trout Creek Mountains of southeastern Oregon and northwest Nevada.
In chapter 2, I established baseline values and characterized the spatial and temporal
thermal variation in 3 dominant sagebrush (Artemisia spp.) communities using a black bulb
technique (Tbb), which integrates ambient temperature (Tair), solar radiation, and convective heat
transfer. I collected 56,446 Tbb estimates from 144 random points within the breeding range of
sage-grouse from 15 April – 23 July in 2017 and 2018. Then, I used linear mixed-effects models
where Tbb is a function of Tair to describe differences between unburned and burned sagebrush
communities. My findings indicated 1) unburned and burned sagebrush communities exhibited
high thermal heterogeneity in Tbb relative to Tair. For example, Tbb varied by 47° C in both
unburned and burned communities when Tair was 20° C. 2) Fire altered the thermal environment
and reduced the thermal refuge in Wyoming big sagebrush communities (A. tridentata
wyomingensis) during low and high Tair more than low sagebrush (A. arbuscula) and mountain
big sagebrush communities (A. t. vaseyana). Notably, when Tair was 0° C, unburned Wyoming
big sagebrush communities (-12° C) were 7° C warmer than burned communities (-19° C) and
when Tair was 35° C, unburned Wyoming big sagebrush communities (55° C) were 9° C cooler
than burned communities (64° C). 3) Shrub cover and height were associated with thermal refuge
in unburned and burned sagebrush communities. These results elucidate the thermal environment
of the sagebrush and associated changes from fire, and illustrate the importance of shrub

structure, which can provide thermal refuge for organisms in unburned and burned communities
during extreme low and high Tair.
In Chapter 3, I examined sage-grouse nest site selection and nest success with respect to
thermal and vegetation characteristics at 77 unburned and 18 burned nest sites as well as 31
unburned and 33 burned random landscape locations. I found that 1) Nest bowls (x̅ = 15.2°C, SD
= 9.6, burned and unburned combined) were cooler and had less thermal variation than both
nearby microsites (x̅ = 17.5°C, SD = 13.4) and the broader landscape (x̅ = 22.3°C, SD = 14.4). 2)
Nest bowls in burned and unburned sagebrush communities more effectively moderated the
thermal environment compared to the microsite and landscape. Specifically, nest bowls (burned
and unburned combined) remained warmer than the microsite when Tair was <9°C, and cooler
than the microsite when Tair was >9°C. Similarly, nest bowls were warmer than the landscape
when Tair was <16°C, and cooler than the landscape when Tair was >16°C. 3) Nest bowls from
successful nests (burned and unburned nests combined) buffered Tbb more effectively (𝛽̂ = 1.28,
95% CI: 1.25 to 1.30) than nest bowls from failed nests (𝛽̂ = 1.34, 95% CI: 1.32 to 1.36) at
higher Tair. For example, Tbb at successful nest bowls was 2°C and 3°C cooler than Tbb at failed
nest bowls when Tair was 25°C and 35°C, respectively. 4) Visual obstruction at nest sites has a
strong, positive effect on daily nest survival. These findings provide some insight into how the
thermal environment influences nest site selection and nest success and identifies the importance
of vegetation that remains or reestablishes after fire for sage-grouse during nesting.
In Chapter 4, my objective was to quantify the population response of sage-grouse
following the Holloway fire and examine sensitivity in the population growth rate, with respect
to vital rates. I developed a stochastic 2-age female population matrix model for yearlings and
adults during each year (2013 – 2018) of the study using vital rate estimates developed for each

year. I found that 1) Nest survival (1st nests: yearlings: x̅ = 0.54, SD = 0.04; adults: x̅ = 0.31, SD
= 0.09; renests: x̅ = 0.39, SD = 0.22) was comparable to nest survival values reported for sagegrouse across their distribution, despite extreme reduction in sagebrush cover at nesting sites. In
contrast, chick survival (x̅ = 0.27, SD = 0.07) and female survival (yearlings: x̅ = 0.41, SD =
0.16; adults: 0.48 SD = 0.16) was low compared to other values reported for sage-grouse. 2)
Annual estimates of λ indicated that the sage-grouse population on my study area was declining
during 5 of 6 years. 3) Variation in λ was driven by female survival and chick survival. Moreover,
sensitivity in λ with respect to female survival and chick survival, decreased and increased,
respectively, during the 6-years post-fire. These results suggest strong negative effects of fire on
important vital rates for sage-grouse population growth and illustrate the potential trade-offs among
life histories for the species following fire.
My research examined some of the unknown responses of sagebrush communities and sagegrouse following a large wildfire. These findings illustrate how fire effects the thermal environment of
sagebrush communities and sage-grouse nest site selection and nest success. Furthermore, my results
provide an initial examination into the demographic, population, and life history response of sagegrouse following a large wildfire.
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CHAPTER 1: INTRODUCTION
The greater sage-grouse (Centrocercus urophasianus) (hereafter, sage-grouse) is a
sagebrush obligate species that requires large contiguous patches of sagebrush (Artemisia spp.)
(Connelly et al. 2011, Wisdom et al. 2011). Historically, sagebrush communities often occurred
in large contiguous patches across the western United States and Canada; however, many of
these sagebrush patches have been degraded, fragmented, or eliminated (Knick and Connelly
2011, Leu and Hanser 2011) causing a 56% contraction in sage-grouse distribution since the
arrival of Europeans (Schroeder et al. 2004). Sage-grouse currently occupy ~670,000 km²
including 11 U.S states and two Canadian provinces (Connelly and Braun 1997, Schroeder et al.
2004, Knick and Connelly 2011).
Sage-grouse abundance has declined in association with the reduction in distribution
during the last half century (Schroeder et al. 2004, Garton et al. 2011). In the Great Basin, sagegrouse experienced declines in the average annual rate of change (λ) in males at leks during eight
analysis periods (5-years each) from 1965 to 2007 (Garton et al. 2011). Average annual rates of
change were <1.0 from 1970-1974, 1980-1984, and 1990-1994 within the ecoregion (Garton et
al. 2011), in large part due to habitat loss from changes in wildfire regimes facilitated by the
invasion of exotic annual grass species (Coates et al. 2016).
Sage-grouse have co-evolved in the sagebrush landscape where wildfire is dynamic,
albeit somewhat predictable at broad spatial and temporal scales (Baker 2011, Miller et al. 2011).
Yet, the spatial and temporal scale at which fire begins to negatively influence sage-grouse
populations is not well understood because of multiple, interacting biotic and abiotic factors.
These include fire severity and frequency, pre-fire ecological site conditions, habitat patchiness
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and connectivity, and pre-fire sage-grouse population size. All of these factors can influence how
vegetation communities (e.g., succession) and sage-grouse populations respond to fire (Morrison
et al. 2006, McKelvey 2015). Furthermore, our understanding of fire and sage-grouse
relationships has been complicated due to anthropogenic alterations of rangeland and subsequent
spread of invasive grasses, which occurred primarily during the early 19th century (Knick 2011).
Change in wildfire regimes is considered a primary threat to sage-grouse populations,
particularly in the Great Basin Ecoregion (Manier et al. 2013, Coates et al. 2015, 2016). Fire
regimes have been dramatically altered from pre-Euro-American settlement due to changes in
land use and management, and the spread of cheatgrass (Bromus tectorum) and other exotic
annual grasses throughout the region (Miller et al 2011). Warm-dry Wyoming big sagebrush
communities are highly vulnerable to cheatgrass invasion which creates a positive feedback loop
with fire (Chambers et al 2014a). Consequently, the frequency of large wildfires has increased in
these communities from 1984–2013 (Brooks et al. 2015).
Wildfire likely has several negative impacts on sage-grouse populations, one of which is
decreased sagebrush cover. Fire, even at low intensities, causes mortality in many sagebrush
species in the Great Basin (Burkhardt and Tisdale 1976, Baker 2006). Therfore, recruitment from
seed dispersal can result in long recovery times over broad spatial extents (Baker 2011). The
reduction in sagebrush cover dramatically changes the landscape suitability for sage-grouse,
decreasing their ability to hide from predators, reducing winter food resources, and potentially
altering their thermal environment. Like other galliformes, sage-grouse are suspected to balance
costs related to predation risks and thermoregulation when making decisions (Wiebe and Martin
1998, Patten et al. 2005, Coates and Delehanty 2010, Conover et al. 2010, Grisham et al. 2016).
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All organisms continuously exchange heat with their environments through conduction,
convection, evaporation, and radiation. As environmental temperature changes through time,
animals balance heat gains and losses through these four physical processes, and in the case of
endotherms, metabolic heat production, to achieve temperatures within their thermal neutral
zone. Environmental temperatures above and below an animals’s thermal neutral zone requires
them to use some behavioral or physiological mechanism to function within optimal internal
body temperatures. Therefore, thermal variation provides options for animals to balance
thermoregulation efficiently (Angilletta and Sears, 2011; Goller et al., 2014; Sartorius et al.,
2002; Smith and Ballinger, 2001).
My primary goal was to better understand sage-grouse and their response to broad-scale
wildfire. Even though sage-grouse are one of the most studied species in North America, this
particular area of sage-grouse ecology is not well understood. I studied the Trout Creek sagegrouse population in southeastern Oregon and northwestern Nevada to achieve the following
objectives (Fig. 1). 1) Characterize the spatial and temporal thermal variation of sagebrush
communities during the sage-grouse nesting and early brood-rearing season (29 March – 30
June). 2) Examine nest site selection and nest survival of sage-grouse from a thermal perspective
to understand the mechanisms behind nest site selection and nest survival. 3) Synthesize the
population response of sage-grouse for 6 years (2013 – 2018) following wildfire and identify
which vital rates have the greatest influence on the population rate of change.
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Fig. 1.1. Trout Creek Mountains greater sage-grouse (Centrocercus urophasianus) study area in
Oregon and Nevada, USA.
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CHAPTER 2: THE EFFECTS OF FIRE ON THE THERMAL ENVIRONMENT OF
SAGEBRUSH COMMUNITIES
Abstract
Thermal heterogeneity provides options for organisms during extreme temperatures that
can contribute to their fitness. Sagebrush (Artemisia spp.) communities exhibit vegetation
heterogeneity that creates thermal variation at fine spatial scales. However, fire can change
vegetation and thereby variation within the thermal environment of sagebrush communities. To
describe spatial and temporal thermal variation of sagebrush communities following wildfire, we
measured black bulb temperature (Tbb) at 144 random points dispersed within unburned and
burned communities, for 24-hours at each random point. We observed a wide thermal gradient in
unburned (-7.3° to 63.3° C) and burned (-4.6° to 64.8° C) sagebrush communities. Moreover,
unburned and burned sagebrush communities displayed high thermal heterogeneity relative to
ambient temperature (Tair). Notably, Tbb varied by 47° C in both unburned and burned
communities when Tair was 20° C. However, fire greatly reduced the buffering capacity and
thermal refuge of Wyoming big sagebrush (A. tridentata wyomingensis) communities during low
and high Tair. Furthermore, fire increased Tbb in Wyoming big sagebrush and mountain big
sagebrush (A. t. vaseyana) during the mid-day hours. These results demonstrate how fire changes
the thermal environment of big sagebrush communities and the importance of shrub structure
which can provide thermal refuge for organisms in burned communities during extreme low and
high Tair.
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Introduction
Landscapes are inherently heterogeneous, forming a matrix of patches that vary spatially
and temporally. Consequently, habitat heterogeneity creates a finite distribution of resources for
organisms (Pigeon et al., 2016; Tanner et al., 2016). The temporal and spatial scale of this
heterogeneity is important to consider when examining ecological processes (Levin, 1992;
McGill, 2010). Factors such as vegetation communities and climate patterns are considered
strong predictors of species distribution at broad spatial scales and are valuable in determining
generalizations between species and their associated habitat (Wiens, 1989). Processes that occur
at fine spatial scales (e.g. home range) often dictate individual fitness and can be more
meaningful in understanding biological interactions (Cattarino et al., 2016; Hovick et al., 2014;
Wiens, 1989). Understanding these complex interactions between species and their environments
is critical for predicting responses under increasing environmental change (Angilletta and Sears,
2011).
Heterogeneous landscapes create thermal variation which then provides thermal options
for organisms that can contribute to their fitness (Elmore et al., 2017). Sagebrush (Artemisia
spp.) communities are characterized by vegetation that is spatially heterogeneous (Milling et al.,
2018; Mundt et al., 2006), likely creating thermal variation within these communities, and thus a
broad thermal niche for species at fine spatial scales (Elmore et al., 2017). Environmental
features such as individual plant cover and microtopography at fine spatial scales moderate local
weather conditions and provide thermal refuge for organisms (Carroll et al., 2015a, 2015b;
Hovick et al., 2014). Thermal variation in an individual’s home range allows them to select areas
with temperatures that efficiently regulate physiological processes (Haroldson et al., 1998;
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Sartorius et al., 2002). Furthermore, thermal gradients offer choices for individuals which can
influence their habitat selection (Allred et al., 2013; Attum et al., 2013; Pigeon et al., 2016;
Wiemers et al., 2014) and space use (Forrester et al., 1998; Rakowski et al., 2019; Tanner et al.,
2016). In instances of thermal stress, individuals may avoid open canopy areas (which may
provide greater forage resources) to seek thermal refuge in higher density vegetation (Pigeon et
al., 2016; van Beest et al., 2012). In addition to dictating general space use patterns, seeking
thermal refuge (Attum et al., 2013) can increase an animal’s reproductive success (i.e., nest
success or chick survival; Carroll et al., 2015a; Hovick et al., 2014) and survival (Tanner et al.,
2016) .
Fine-scale thermal conditions are a function of spatiotemporal interactions of abiotic and
biotic variables including solar radiation, air temperature (Porter and Gates, 1969; Rosenberg et
al., 1983), topography (Bennie et al., 2008; Lawson et al., 2014), and vegetation (Jenerette et al.,
2007; Milling et al., 2018; Saunders et al., 1998). Perturbations such as fire can subsequently
reshape plant communities and their associated thermal environments (Elzer et al., 2013;
Hossack et al., 2009; Hovick et al., 2014). Fire kills most sagebrush species, resulting in less
structural diversity (especially in the presence of an invasive species) until the community
returns to some threshold. These changes could then alter thermal environments, resulting in
changes in fitness for species (Gilchrist, 1995).
Wildfire is an integral part of the sagebrush ecosystem that has shaped vegetation
communities through dynamic processes (Baker, 2013, 2006; Knick and Rotenberry, 1997;
Miller and Heyerdahl, 2008). Information from the last few centuries depicts wildfire in
sagebrush communities as highly heterogeneous both spatially and temporally (Miller and
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Heyerdahl, 2008). However, current fire regimes are dramatically altered compared to pre-EuroAmerican settlement due to changes in land use and the spread of invasive species (Brooks et al.,
2015; Miller et al., 2011). Large areas in the Great Basin of western North America that were
once occupied by sagebrush are now invaded by an exotic annual grass, cheatgrass (Bromus
tectorum), which is more flammable than the native grasses it replaces, creating a positive
feedback loop with wildfire due to more continuous fuel loads and increased fire frequency
(Chambers et al., 2014b). Consequently, large wildfires are increasingly common throughout the
Great Basin (Brooks et al., 2015). These changes in fire behavior potentially have long lasting
implications for species by reducing the resiliency of sagebrush communities in terms of
resistance to annual grass invasion (Chambers et al., 2014a). Habitat loss and fragmentation due
to wildfire and invasive species are now primary threats for many species that are associated
with or dependent upon sagebrush (Coates et al., 2016, 2015; Davies et al., 2011; Humple and
Holmes, 2006; Knick et al., 2003). Notably, many species use sagebrush plants for forage, cover
from predators, nesting, and thermal refuge during high and low temperature extremes which are
frequent in semi-arid environments (Vander Haegen et al., 2001).
Currently, there is a paucity of information regarding the thermal environment of
sagebrush communities and the effects of wildfire on the thermal patterns of these communities.
My objective was to establish baseline values and characterize the spatial and temporal thermal
variation of sagebrush communities that were affected by wildfire. Additionally, I described the
differences in thermal buffering between sagebrush communities that were burned and sagebrush
communities that were unburned, and I attempted to explain the factors which influence the
thermal environment of sagebrush communities following wildfire. I predicted that sagebrush
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communities would exhibit high thermal heterogeneity and burned communities would be
warmer during high ambient temperatures and moderate thermal conditions less than unburned
communities during the mid-day hours (Hovick et al., 2014). Lastly, I predicted that after
accounting for abiotic factors such as ambient temperature and solar radiation, shrub cover and
height would strongly influence the thermal environment (Carroll et al., 2016).
Methods
Study area
My study was conducted in the semi-arid (annual precipitation 200 – 600 mm), high
elevation (1372 m – 2593 m) mountainous region of southeast Oregon and northwest Nevada,
which is part of the Great Basin of North America. The region included 4 mountain ranges
(Trout Creek, Bilk Creek, Oregon Canyon, and Montana) across ~424,555 ha and was
characterized by a suite of topographic features including low elevation basins, high mesas, buttes,
and ridges divided by deep canyons. The dominant sagebrush communities included Wyoming
big sagebrush (Artemisia tridentata wyomingensis) at lower elevations, mountain big sagebrush
(A. t. vaseyana) at higher elevations, and low sagebrush (A. arbuscula) in shallow soils at both
low and high elevations.
The Holloway wildfire burned 186,499 ha across all 4 mountain ranges over an 18-day
period during the summer of 2012. Nearly 75% of the landscape was burned within the fire
perimeter in a mosaic of burned and unburned patches of vegetation (largest intact ~4,100 ha)
that varied in compositional and structural complexity (Foster et al., 2019). In patches that were
burned, vegetation response was typical of those in the Great Basin where cool-moist mountain
big sagebrush communities recover more rapidly (i.e., more resilient) and are less susceptible to
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cheatgrass invasion (i.e., more resistant) than warm-dry Wyoming big sagebrush communities
(Chambers et al., 2014b; Miller et al., 2013).
Data collection
Thermal and vegetation data were collected during 15 April – 23 July of 2017–2018 at
random points within 6 sampling stratum that were delineated within unburned and burned
patches, and 3 sagebrush communities: low sagebrush, mountain big sagebrush, and Wyoming
big sagebrush. I used ArcGIS (Environmental Systems Research Institute, Redlands, California,
USA) to generate 500 simple random points within the study area. Because I was primarily
interested in the effects of vegetation on the thermal environment and wanted to measure
landscapes that did not vary in the amount of solar radiation received due to position on a slope, I
limited random points to areas of <10% slopes. I used a burn severity map to delineate burned
and unburned patches (Donnelly 2016 in Foster 2016) and a 2012–2013 southeast Oregon
vegetation composition map to delineate presence of big sagebrush and low sagebrush
communities (Henderson 2016, Henderson et al., 2019). I overlaid these maps with the random
points to stratify my sampling effort and then verified the burn status (burned or unburned) and
sagebrush species at each random point location in the field.
To determine spatial and temporal thermal heterogeneity of sagebrush communities I
measured black bulb temperature (Tbb) at each random point. I used Tbb as a proxy for operative
temperature, which characterizes the temperature of organisms in their environment
independently of thermoregulation by integrating ambient temperature, solar radiation and wind
(Bakken, 1976). Physical models that are used to measure Tbb (i.e., steel or copper spheres,
Dzialowski, 2005) do not produce exact estimates of what organisms experience because they do
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not exactly mimic the physical structure and appearance of organisms (i.e., surface area/volume
ratio, subcutaneous fat deposits, feathers, fur, or scales, etc.). Such models rather provide a
relative estimate of temperature that is a closer approximation to what organisms experience
compared to ambient temperature (Bakken and Angilletta, 2014; Helmuth et al., 2010) and can
be useful in describing thermal variation at fine spatial scales (i.e., for spheres) across the
landscape (Carroll et al., 2016; Elmore et al., 2017).
I measured Tbb by inserting a temperature sensor (Onset Corporation, Bourn,
Massachusetts, USA) in the center of a stainless steel sphere (15.24 cm-diameter, 20-gauge, 304
alloy) painted matte black (i.e., black bulb). An array consisting of four black bulbs (i.e., thermal
array) attached to a HOBO 12U (Onset Corporation, Bourn, Massachusetts, USA) data logger
was deployed at each sampling point during sunny to mostly sunny days. One black bulb was
placed at the point and the other three black bulbs were positioned at 2 m, 4 m, and 6 m from the
point in a random direction. For each thermal array, I measured Tbb at 15-minute intervals over a
24-hour period to capture the full suite of solar angles at each site. This approach allowed me to
replicate my sampling across a large area and provide a baseline of the spatial variation in
sagebrush communities. Further, these methods allowed me to compare my results to previous
studies that examined thermal variation in different vegetation communities (Carroll et al., 2016,
Hovick et al., 2014). Because ambient temperature (Tair) and solar radiation (Srad) have a strong,
positive relationship with Tbb (Carroll et al., 2016), I measured these variables at 15-minute
intervals from two portable WeatherHawk 232 weather stations (WeatherHawk Logan, Utah,
USA) in the study area. I positioned the weather stations at elevations of 1,625 m and 2,165 m on
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<10% slopes and paired each random point to the weather station that was nearest in elevation
for analysis.
To assess the influence of vegetation structure on thermal variation at fine spatial scales, I
placed a Daubenmire frame (20- x 50-cm) at each black blub location and estimated canopy
cover of shrubs, native herbaceous plants, cheatgrass, litter, and bare ground (Daubenmire,
1959). I defined canopy cover as the estimated area of influence by each category within 1%
(e.g., shrub cover, litter cover) within a Daubenmire frame, thus total canopy cover (i.e., sum of
all categories) could be >100%. Further, I estimated the effective height (Musil, 2011) of the
tallest shrub and tallest native herbaceous plants within each frame. Effective height was
estimated as the tallest vegetation that concealed 50% of a 2.5-cm-wide meter pole (Musil,
2011).
Data analysis
I used linear mixed-effects models where Tbb was a function of Tair to model the thermal
environment of unburned and burned areas within 3 sagebrush communities: low, Wyoming big,
and mountain big. Because I used a nested-repeated measures sampling design to estimate Tbb
(Appendix A), I incorporated a random effect, where black bulb was nested within each
sampling point. Next, I used the parametric bootstrap method to calculate 85% confidence
intervals around fitted values (200 iterations) which allowed me to handle the hierarchal data
structure by accounting for between-group variability and residual variability (Thai et al., 2013).
Finally, I examined the estimated slope coefficients and 85% confidence intervals for each
unburned and burned sagebrush community and considered 85% confidence intervals that did
not overlap zero as evidence for an effect (Steidl et al., 1997).
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To evaluate the influence of vegetation structure on Tbb within unburned and burned areas
for each of the 3 sagebrush communities, I used the same multi-step process above, but with a
few extra steps. First, I calculated variance inflation factors (VIF) to assess collinearity among
the fixed effects and removed vegetation covariates with VIF values >3 (Appendix B, Zuur et al.,
2009, 2010). Litter cover (VIF = 4.1) was removed by this process leaving 6 vegetation
covariates: shrub cover (Sh_cov), shrub height (Sh_ht), native herbaceous cover (Herb_cov),
native herbaceous height (Herb_ht), cheatgrass cover (CHEAT_cov), and bare ground (BG).
Second, I used an information theoretic approach and Akaike Information Criteria with a small
sample size correction (∆AICc, Burnham and Anderson, 2002) to evaluate the relative
importance of 6 single-factor vegetation models. I included Tair and Srad in each vegetation model
because these abiotic variables are important for explaining variation in Tbb at fine-spatial scales
(Carroll et al., 2016; Guthery et al., 2005; Hovick et al., 2014). I considered models competitive
if they included a ∆AICc < 2 (Burnham et al., 2011; Burnham and Anderson, 2002). Third, for
competitive models, I calculated 85% confidence intervals for the vegetation coefficients (β) to
assess the strength of evidence for each parameter and considered parameters with 85%
confidence intervals that overlapped 0 as uninformative (Arnold, 2010; Dugger et al., 2016).
Next, I used deviance partitioning to assess the relative importance of fixed and random effects
in explaining variation in Tbb for each competitive model. Fifth, I calculated the variance
explained in Tbb by the fixed effect (i.e., marginal R2) and the fixed and random effects
(Nakagawa and Schielzeth, 2013) to evaluate model fit. Lastly, I examined plots of residuals
versus fitted values, residuals versus the explanatory variable, and a histogram of residuals, to
assess assumptions of the homogeneity or linearity (Appendix C, Zuur et al., 2009, 2010). I
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performed my analyses using the functions lmer, bootMer, model.sel, R2, and calcVarPart in the
lme4, MuMIn, sjstats, and variancePartition packages in R version 3.5.1 (R Core Team, 2018).
To characterize temporal thermal variation and buffering across the study area, I
calculated differences between each Tbb estimate and a simultaneously recorded estimate of Tair
during each 15-mintue interval. Then, I calculated means and 85% confidence intervals for each
hour during a 24-hr period to examine thermal heterogeneity among sagebrush communities
throughout diurnal periods. This calculation (Tbb – Tair) provided an estimate of the degree for
which burned and unburned sagebrush communities moderated Tbb relative to Tair (Carroll et al.,
2016). Thus, values closer to zero indicated greater thermal buffering of Tair compared to those
values further from zero.
Lastly, I calculated mean Tbb and 85% confidence intervals during the hottest time of day
(1100–1600 hrs) in burned and unburned sagebrush communities to describe thermal
heterogeneity and buffering across a fire-affected landscape. I examined 85% confidence
intervals for each burned and unburned sagebrush community and determined non-overlapping
85% confidence intervals as measurable effect sizes (Steidl et al., 1997).
Results
I collected 56,446 Tbb estimates from 144 random points and observed a wide thermal
gradient with a range of Tbb from -7.3° to 64.8° C (Fig. 2.1). Unburned (-7.3° to 63.3° C) and
burned (-4.6° to 64.8° C) sagebrush communities exhibited a similar thermal gradient. My results
illustrated that both unburned and burned sagebrush communities have high Tbb heterogeneity
relative to Tair. For example, when Tair was 20° C, Tbb varied by 47° C in both unburned and
burned communities (unburned: 9° to 56° C, burned: 8° to 55° C).
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The relationship between Tbb and Tair generally differed across all sagebrush communities
combined, between unburned and burned locations (unburned slope ‘linear relationship’ = 2.06,
85% CI = 2.05–2.07; burned slope = 2.21, 85% CI = 2.20–2.23, Fig. 2.2a). Specifically, the
thermal environment of unburned and burned low sagebrush communities were similar
(unburned slope = 2.07, 85% CI = 2.06–2.09; burned slope = 2.06, 85% CI = 2.05–2.08, Fig.
2.2b). Mountain big sagebrush communities differed slightly (unburned slope = 2.21, 85% CI =
2.18–2.23; burned slope = 2.29, 85% CI = 2.26–2.32, Fig. 2.2d) and Wyoming big sagebrush
communities exhibited the greatest variation after the fire (unburned slope = 1.93, 85% CI =
1.91–1.94; burned slope = 2.37, 85% CI = 2.34–2.39, Fig. 2.2c) with burned communities having
a higher rate of increase (i.e., slope) in Tbb with increases in Tair. Thus, burned Wyoming big
sagebrush communities were cooler than unburned communities during low Tair and warmer than
unburned communities during high Tair (Fig. 2.2c). For example, when Tair was 0° C, unburned
Wyoming big sagebrush communities (-12° C) were 7° C warmer than burned communities (19° C) and when Tair was 35° C, unburned Wyoming big sagebrush communities (55° C) were 9°
C cooler than burned communities (64° C, Fig. 2.2c).
The thermal buffering capacity of unburned and burned sagebrush communities
demonstrated a unimodal distribution during the diurnal period and the degree to which
communities moderated Tbb relative to Tair was the lowest during the mid-day hours (Fig. 2.3a).
Temporally, unburned sagebrush communities better moderated Tair than burned communities
and this effect was most apparent in the Wyoming big sagebrush community (Fig. 2.3c).
However, there was overlap in the 85% confidence intervals during the 24-hour period,
especially in the low and mountain sagebrush communities (Fig. 2.3b, d). Unburned sagebrush
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communities generally buffered Tair more than burned communities during the early morning
hours (0100–0500 hrs) and mid-day hours (1000–1600 hrs, Fig. 2.3a).
During the hottest time of day (1100–1600 hrs), mean Tbb differed among unburned and
burned mountain big sagebrush (unburned: x̅ = 37.0°C, 85% CI = 36.8–37.2; burned: x̅ = 39.7°C,
85% CI = 39.4–39.9) and Wyoming big sagebrush communities (unburned: x̅ = 41.2°C, 85% CI
= 40.8–41.6; burned: x̅ = 43.5°C, 85% CI = 43.1–43.8). In contrast, unburned (x̅ = 38.8°C, 85%
CI = 38.6–39.1) and burned (x̅ = 38.5°C, 85% CI = 38.2–38.8) low sagebrush communities
exhibited similar buffering capacity (Fig. 2.4).
Burned sagebrush communities had lower shrub cover than unburned communities
(Table 2.1). Burned Wyoming big sagebrush (8%) and low sagebrush communities had higher
herbaceous cover than their respective unburned communities (Table 2.1). In Wyoming big
sagebrush, cheatgrass was 12% higher and bare ground was 32% lower in burned communities
when compared to unburned communities (Table 2.1).
The best vegetation models for explaining variation in Tbb differed among sagebrush
communities that were affected by fire. Importantly, those vegetation characteristics that best
described Tbb for unburned communities differed from their respective burned communities
(Table 2.2). For unburned communities, shrub structure (Sh_cov and Sh_ht) was important for
determining variation in Tbb for only 1 community, but for burned communities, shrub structure
was a key driver of Tbb in all three burned communities (Table 2.2). SH_cov, Sh_ht, and
Herb_cov were negatively associated with Tbb whereas, BG and CHEAT_cov were positively
associated with Tbb (Table 2.2). The top ranked and competing models for each community
explained >89% of the variation (conditional R2) in Tbb with a large portion of the variation
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explained by the fixed effects (marginal R2). Of the fixed effects, Tair and Srad explained >86% of
the variation in Tbb across the study area whereas vegetation type explained no greater than 1%
(Table 2.3).
Discussion
I observed high thermal heterogeneity relative to ambient temperature at fine spatial
scales in both unburned and burned sagebrush communities that were affected by wildfire. Black
bulb temperature varied by 71° C over a 24-hour period across all plots in the study area. For
sagebrush communities, modeled results (Tbb ~ Tair) demonstrated that wildfire altered the
thermal environment of sagebrush communities in general (across all 3 evaluated), but the
magnitude of this effect was greatest in the Wyoming big sagebrush community, and minimal in
the mountain big sagebrush community. For Wyoming big sagebrush, unburned communities
were warmer than burned communities when ambient temperature was below 14° C, and cooler
than burned communities when ambient temperature was above 14° C, indicating that fire
reduced the thermal buffering capacity of the Wyoming big sagebrush communities. This effect
was magnified the farther Tair moved away from 14° C, resulting in large temperature differences
between unburned and burned Wyoming big sagebrush communities at both low and high Tair.
Changes to the thermal environment can alter species’ patterns of space use because all
organisms have some range of temperature that promotes function and beyond the bounds of the
range (high and low), the function is impaired (i.e., thermal sensitivity), which ultimately
influences their fitness. Organisms can tolerate temperatures outside their thermal sensitivity
range, but with reduced performance (i.e., growth, fecundity; Angilletta Jr., 2009; Clarke, 2017).
For example, some avian species have been demonstrated to experience heat stress at 30° C,
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hyperthermia at 39° C, and death when Tair reaches 40° C for 1 hour (Guthery et al., 2005;
Johnson, 1968). Furthermore, periods of extreme temperatures can be especially critical to
newborns and young individuals, many of which lack the ability to thermoregulate for long
durations (Myhre and Steen, 1979; Pedersen and Steen, 1979). In this study, fire appeared to
reduce potential thermal refuge availability when lower and upper temperature extremes occur in
Wyoming big sagebrush communities and to a lesser extent in mountain big sagebrush
communities, which might have consequences for individual fitness for some species (Hovick et
al., 2014).
Organisms experience thermal variation in many temporal scales, one of which is during
a diurnal cycle. The cost of thermoregulation fluctuates over the diurnal cycle, largely due to
shifts in ambient temperature and solar radiation from the day time hours to the night time hours.
Microhabitats that are thermally stable can moderate temperature extremes and provide high
quality thermal environments for many organisms (Chappell and Bartholomew, 1981; Scheffers
et al., 2014; Suggitt et al., 2011), which allow them to efficiently thermoregulate (Blouin-Demers
and Nadeau, 2005). Disturbances such as fire, however, can create fine-scale thermal
environments that are beneficial to some ectotherms (Hossack et al., 2009).
In many terrestrial environments, thermal heterogeneity at fine spatial scales is driven by
a suite of environmental factors (Bennie et al., 2008; Carroll et al., 2016; Saunders et al., 1998).
Accordingly, we observed several abiotic and biotic variables that best predicted Tbb in sagebrush
communities. While several studies have described the influence of abiotic (e.g., Tair, Srad) and
biotic (e.g., vegetation cover and structure) variables on Tbb separately, rarely have abiotic and
biotic variables been included together in a model to explain variation in Tbb (Carroll et al.,
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2016). My study shows that there is an association between Tbb and plant composition,
vegetation structure, and fire, although Tair and Srad were associated with most of the variation in
operative temperature in these vegetation communities.
As predicted, within the suite of vegetation characteristics we evaluated, vegetation
structure, particularly shrub cover (Sh_cov) and shrub height (Sh_ht) reduced Tbb in both
unburned and burned sagebrush communities. Vegetation height and cover and bare ground were
reported to have similar associations with soil temperatures in mixed-grass prairies (Limb et al.,
2009). These findings support others who have shown that vegetation structure, specifically
shrub cover provides thermal variation for organisms in sagebrush communities (Milling et al.,
2018; Pierson and Wright, 1991). Importantly, patches with taller shrubs and higher shrub cover
moderate extreme environmental conditions and provide a more stable thermal environment than
those areas with shorter shrubs and less cover (Attum et al., 2013; Milling et al., 2018).
Furthermore, sagebrush structure can provide these thermal benefits seasonally, buffering
extreme cold temperatures during winter and moderating high temperatures during summer
(Milling et al., 2018).
Most sagebrush species lack fire tolerant traits, which can result in long recovery times
following wildfire (Baker, 2006; Miller and Heyerdahl, 2008). Sagebrush communities where
sagebrush is removed by fire would be expected to have less thermal heterogeneity and buffering
capacity than unburned communities until sagebrush reaches some critical threshold of shrub
cover. Fire slightly modified the thermal buffering capacity of mountain big sagebrush
communities and this effect was magnified during the mid-day hours. However, the thermal
environments of unburned and burned low sagebrush communities were similar, despite burned
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communities having less shrub cover than unburned communities. Where shrubs occurred in
both burned low and mountain sagebrush communities, increases in shrub height decreased Tbb
and provided potential thermal refuge for organisms.
Differences between unburned and burned sagebrush communities are likely linked to the
ecological potential of each sagebrush community. Mountain big sagebrush communities have
high productivity and the structural complexity of these communities recovers more rapidly
relative to Wyoming big sagebrush and low sagebrush communities (Miller et al., 2013). In
burned communities, mountain big sagebrush had higher shrub and herbaceous cover and taller
shrubs and herbaceous plants than Wyoming big sagebrush and low sagebrush communities.
Furthermore, vegetation structure for unburned and burned mountain big sagebrush communities
was more similar than for unburned and burned communities of both Wyoming big sagebrush
and low sagebrush, which would explain why I observed a slight effect on the thermal
environment in mountain big sagebrush communities. For low sagebrush, the likely reason I
observed similar patterns between unburned and burned communities could be the overall height
of the plants. Mean shrub and herbaceous height in both unburned and burned low sagebrush
communities were lower than the spheres we deployed to estimate Tbb.
Cheatgrass is a primary concern, as italters the composition, structure, and ecological
processes of sagebrush communities, particularly drier Wyoming big sagebrush because of its
invasive qualities (e.g., high phenotypic plasticity in life history characteristics, prodigious seed
producer (Chambers et al., 2014a; Meyer and Leger, 2010). Interestingly, cheatgrass
(CHEAT_cov) was positively associated with Tbb in burned Wyoming big sagebrush
communities presumably because this annual grass lacks the structure to provide shade from
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shortwave radiation. This relationship could result in a landscape-level effect on the thermal
environments in Wyoming big sagebrush communities degraded by cheatgrass. Furthermore,
cheatgrass occupies available niches where there is lack of dominant native grass species, and it
exploits space after disturbance. Thus, a positive feedback loop is created with fire from fine fuel
continuity which can then transform dynamic native plant communities into non-native
alternative stable communities (Chambers et al., 2014b; D’Antonio and Vitousek, 1992; Pilliod
et al., 2017). These shifts to non-native alternative stable communities can degrade or cause
habitat loss for many species that depend on the structural characteristics of native plant
communities. Areas dominated by cheatgrass likely have less thermal heterogeneity and a
reduced thermal buffering capacity due to a more homogenous structure than native plant
communities which decreases thermal options for organisms (Elmore et al., 2017).
Thermal heterogeneity has been described at fine spatial scales for several marine
(Helmuth and Hofmann, 2001), aquatic (Ebersole et al., 2003), and terrestrial environments
(Carroll et al., 2016; Sartorius et al., 2002), including sagebrush communities (Milling et al.,
2018). Understanding the thermal relationships between organisms and their environments is
important because temperature has been linked to patterns in growth, reproduction, survival,
distribution, movement, and space use, and is considered part of the habitat for a wildlife species
(Angilletta Jr., 2009; Bestion et al., 2015; Elmore et al., 2017; Forrester et al., 1998; Grisham et
al., 2016; Tanner et al., 2016). Further, I found that the thermal environments of Wyoming big
sagebrush communities might be modified by fire more than either low or mountain big
sagebrush communities due to the degree of structural homogenization that occurs in Wyoming
big sagebrush communities following fire. It is important to emphasize that our data were
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collected 5–6 growing seasons following the Holloway fire, and likely did not capture the
variability that occurred immediately post fire. Moreover, the Holloway wildfire was fairly
extreme in continuity and extent and probably represents the worst-case scenario of burn effects.
As time progresses and structural complexity increases, I would expect the thermal environment
of burned sagebrush communities to be more similar to unburned communities, except for those
communities that transition to a non-native alternative stable community.
Wildfire frequency and size has increased over that past several decades in Wyoming big
sagebrush communities resulting in changes to the composition and structure of these
communities (Brooks et al., 2015). Vegetation structure is a key driver of thermal variation at
fine-spatial scales and one that is within management control. Specifically, shrub cover and
shrub height moderates the thermal environment and buffers against low and high Tair, whereas
homogeneous vegetation, e.g. cheatgrass, would not be expected to provide as much thermal
variation which could limit species diversity across the landscape. The magnitude of the effect of
these factors is apparent in Wyoming big sagebrush communities following fire, where the
combination of the loss of sagebrush cover and an increase in cheatgrass cover altered the
thermal environment compared to unburned areas. Wyoming big sagebrush communities are a
priority for conservation due to their high risk of displacement by cheatgrass (Rowland et al.,
2010). Moreover, the transformation from structurally diverse native plant communities to
cheatgrass monocultures is expected to impact at least 33 terrestrial organisms including
amphibians, birds, mammals, and reptiles (Rowland et al., 2010). Also, climate models project
annual grasses will increase fire activity in the Great Basin during this century (Creutzburg et al.,
2015). In parts of the Great Basin cheatgrass cover is projected to increase 18% by 2070 (Boyte
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et al., 2016). Such outcomes will likely homogenize landscapes and thus the thermal
environments for many organisms associated with Wyoming big sagebrush. Understanding
organisms and their habitats from a thermal perspective will provide better informed
conservation in the face of climate change. My findings elucidate the thermal environment of the
sagebrush ecosystem which has implications to many species that occur within these vegetation
types.
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Table 2.1. Mean and lower (LCI) and upper (UCI) 85% confidence intervals for vegetation attributes: shrub cover (%, Sh_cov), herbaceous
cover (%, Herb_cov), Cheatgrass cover (%, CHEAT_cov), bare ground (%, BG), shrub height (cm, Sh_ht), and herbaceous height (cm,
Herb_ht) within unburned and burned sagebrush communities in the Trout Creek Mountains, Harney and Malheur counties, Oregon, USA,
2017–2018.
Vegetation
attribute

Wyoming
unburned

Wyoming
burned

LCI
UCI
LCI UCI
𝑋̅
𝑋̅
Sh_cov
0.13 0.09 0.16 0.02 0.01 0.04
Herb_cov
0.04 0.02 0.07 0.12 0.08 0.17
CHEAT_cov <0.00 <0.00 <0.00 0.12 0.05 0.18
BG
0.67 0.60 0.73 0.35 0.29 0.42
Sh_ht
35.6 30.4 40.9 25.3 17.4 33.2
Herb_ht
10.5
6.7 14.3 15.7 7.8 23.6

Mountain
unburned
𝑋̅
0.26
0.29
0.01
0.30
35.0
13.4

LCI
0.21
0.24
0.00
0.23
29.6
11.4

UCI
0.32
0.34
0.02
0.36
40.4
15.3

Mountain
burned
𝑋̅
0.05
0.34
0.04
0.40
19.8
16.9

LCI
0.02
0.28
0.01
0.33
13.7
12.9

Low
unburned
UCI
LCI
UCI
𝑋̅
𝑋̅
0.08 0.20 0.16 0.24 0.04
0.39 0.09 0.07 0.12 0.23
0.08 <0.00 <0.00 <0.00 0.02
0.47 0.64 0.60 0.69 0.51
25.8 15.6 13.8 17.5 11.4
20.9
5.7
4.7
6.8 8.9

Low
burned
LCI
0.01
0.18
0.00
0.45
7.5
7.5

UCI
0.06
0.28
0.03
0.57
15.3
10.3
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Table 2.2. Model selection results for linear mixed-effects models which assessed the
influence of abiotic and biotic factors on black bulb temperature (Tbb) within unburned and
burned sagebrush communities in the Trout Creek Mountains, Harney and Malheur counties,
Oregon, USA, 2017–2018. Models were ranked according to Akaike’s Information Criterion
with a bias correction term for small sample size (AICc) and we report ∆AICc, Akaike
weight (wᵢ), number of parameters (K), and model deviance for all models. I also report
coefficient estimates (β), and lower (LCI) and upper (UCI) 85% confidence intervals for
vegetation parameters.
β
Covariate
K ∆AICc
wᵢ
–2loglikelihood
LCL
UCL
Wyoming Unburned
1.73
0.93
2.53
Tair¹+Srad²+BG³
7
0.00 0.82
-15941.86
-2.93
-0.52
Tair+Srad+Sh_cov⁴
7
4.70 0.08
-15944.21 -1.73
-0.02
0.00
Tair+Srad+Sh_ht⁵
7
6.11 0.04
-15944.91 -0.01
–
–
–
Tair+Srad
6
6.84 0.03
-15946.28
8.01 -12.58 28.60
Tair+Srad+CHEAT_cov⁶ 7
8.52 0.01
-15946.12
0.56
-3.83
4.96
Tair+Srad+Herb_cov⁷
7
8.64 0.01
-15946.18
0.01
-0.03
0.05
Tair+Srad+Herb_ht⁸
7
8.81 0.01
-15946.26
–
–
–
intercept
4 14688.41 0.00
-23289.07
Wyoming Burned
-5.21
-1.45
Tair+Srad+Sh_cov
7
0.00 0.51
-25199.21 -3.33
2.41
0.83
4.00
Tair+Srad+CHEAT_cov
7
1.54 0.24
-25199.98
-0.04
0.00
Tair+Srad+Sh_ht
7
3.19 0.10
-25200.81 -0.02
–
–
–
Tair+Srad
6
4.29 0.06
-25202.36
-1.51
0.11
Tair+Srad+BG
7
4.76 0.05
-25201.59 -0.71
-1.76
1.16
Tair+Srad+Herb_cov
7
6.18 0.02
-25202.30 -0.30
1.16
0.02
Tair+Srad+Herb_ht
7
6.21 0.02
-25202.31 -0.01
–
–
–
intercept
4 19767.19 0.00
-35085.81
Mountain Unburned
-2.99
-1.57
Tair+Srad+Sh_cov
7
0.00 0.82
-24665.75 -2.29
1.88
1.20
2.56
Tair+Srad+BG
7
3.21 0.17
-24667.36
-0.04
-0.01
Tair+Srad+Sh_ht
7
8.62 0.01
-24670.06 -0.03
0.05
0.02
0.08
Tair+Srad+Herb_ht
7
11.69 0.00
-24671.60
-2.19
-0.17
Tair+Srad+Herb_cov
7
15.27 0.00
-24673.39 -1.16
–
–
–
Tair+Srad
6
16.12 0.00
-24674.81
2.76
-4.20
9.68
Tair+Srad+CHEAT_cov
7
17.79 0.00
-24674.65
–
–
–
intercept
4 19201.40 0.00
-34269.46
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Table 2.2. Continued.
Tair+Srad+Sh_ht
Tair+Srad+Herb_cov
Tair+Srad+BG
Tair+Srad+Sh_cov
Tair+Srad+CHEAT_cov
Tair+Srad
Tair+Srad+Herb_ht
intercept

7
0.00
7
6.59
7
9.80
7
13.96
7
20.14
6
24.39
7
25.60
4 15173.10

0.96
0.04
0.01
0.00
0.00
0.00
0.00
0.00

Tair+Srad+CHEAT_cov
Tair+Srad
Tair+Srad+BG
Tair+Srad+Sh_cov
Tair+Srad+Sh_ht
Tair+Srad+Herb_ht
Tair+Srad+Herb_cov
intercept

7
0.00
6
1.03
7
1.19
7
2.91
7
2.92
7
2.97
7
3.03
4 21642.54

0.33
0.20
0.18
0.08
0.08
0.07
0.07
0.00

Tair+Srad+Sh_ht
Tair+Srad+Herb_cov
Tair+Srad
Tair+Srad+BG
Tair+Srad+Herb_ht
Tair+Srad+Sh_cov
Tair+Srad+CHEAT_cov
intercept

7
0.00
7
1.92
6
2.06
7
2.24
7
3.57
7
3.67
7
4.02
4 25961.30

0.40
0.15
0.14
0.13
0.07
0.06
0.05
0.00

¹Ambient temperature (°C)
²Solar radiation (watts/m²)
³Bare ground (%)
⁴Shrub cover (%)
⁵Shrub height (cm)
⁶Cheatgrass cover (%)
⁷Herbaceous cover (%)
⁸Herbaceous height (cm)

Mountain Burned
-21110.28 -0.08
-21113.58 -3.96
1.94
-21115.19
-21117.27 -4.82
3.44
-21120.35
–
-21123.48
-21123.08 -0.02
–
-28699.84
Low Unburned
-25917.11 23.01
–
-25918.62
0.59
-25917.70
-25918.56 -0.17
0.00
-25918.57
-25918.59 -0.01
-25918.62 -0.10
–
-36741.38
Low Burned
-31173.73 -0.03
-31174.69 -0.85
–
-31175.77
0.55
-31174.85
-0.01
-31175.52
-31175.57 -0.54
0.60
-31175.74
–
-44157.39

-0.10
-5.24
1.25
-6.79
1.51
–
-0.06
–

-0.06
-2.69
2.64
-2.87
5.36
–
0.02
–

4.070 41.788
–
–
-0.036 1.222
-0.910 0.558
-0.025 0.015
-0.049 0.034
-1.956 1.742
–
–
-0.05
-1.68
–
-0.04
-0.04
-1.82
-3.57
–

-0.01
-0.01
–
1.15
0.01
0.70
4.77
–
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Table 2.3. Variance partitioning for top ranked models ranked according to Akaike’s Information Criterion with a bias correction
term for small sample size (AICc) which assessed the influence of abiotic and biotic factors on black bulb temperature (Tbb) within
unburned and burned sagebrush communities in the Trout Creek Mountains, Harney and Malheur counties, Oregon, USA, 2017–
2018.
Random Effects
Fixed Effects
Community /
Vegetation Covariate
Wyoming unburn /
Bareground
Wyoming burn /
Shrub cover
Wyoming burn /
Cheatgrass cover
Mountain unburn /
Shrub cover
Mountain burn /
Shrub height
Low unburn /
Cheatgrass cover
Low burn /
Shrub height
Low burn /
Herbaceous cover
¹Ambient temperature (°C)
²Solar radiation (watts/m²)

Random Black Tair¹ Srad² Shrub Shrub Herbaceous Bare Cheatgrass Residuals
cover height
cover
ground
cover
point
bulb
0.02 <0.01

0.63

0.30

—

—

—

<0.01

—

0.06

0.01 <0.01

0.46

0.45 <0.01

—

—

—

—

0.07

0.01 <0.01

0.46

0.45

—

—

—

—

<0.01

0.07

0.01

0.01

0.22

0.67 <0.01

—

—

—

0.10

0.02

0.01

0.19

0.68

0.01

—

—

—

0.11

0.03 <0.01

0.57

0.33

—

—

—

—

<0.01

0.07

0.01 <0.01

0.53

0.39

—

<0.01

—

—

—

0.07

0.01 <0.01

0.53

0.39

—

—

<0.01

—

—

0.07
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Figure 2.1. Thermal environment of sagebrush communities based on the relationship between
black bulb temperature (Tbb) and ambient temperature (Tair) in the Trout Creek Mountains,
Harney and Malheur counties, Oregon, 2017–2018. Data points below the 1:1 red line are
thermal refuge for organisms that need cooler conditions (nTbb = 56,446; nrandom points = 144).
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Figure 2.2. Thermal environment based on the relationship of black bulb temperature (Tbb)
relative to ambient temperature (Tair) for all burned and unburned sagebrush communities (a) and
burned and unburned low sagebrush (b), Wyoming sagebrush (c), and mountain sagebrush (d)
communities in the Trout Creek Mountains, Harney and Malheur counties, Oregon, 2017–2018,
(nTbb = 56,446; nrandom points = 144). Colored bands surrounding fitted lines represent 85%
confidence intervals.
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Figure 2.3. Daily thermal variation and buffering of all burned and unburned sagebrush
communities (a), and burned and unburned low sagebrush (b), Wyoming sagebrush (c), and
mountain sagebrush (d) communities in the Trout Creek Mountains, Harney and Malheur
counties, Oregon, 2017–2018, based on standardized differences between black bulb temperature
and ambient temperature (Tbb – Tair) and 85% confidence intervals, (nTbb = 56,446; nrandom points =
144).
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Figure 2.4. Mean black bulb temperature (Tbb) and 85% confidence
intervals for low burned (LB) and unburned (LUB), mountain
burned (MB) and unburned (MUB), and Wyoming burned (WB)
and unburned (WUB) sagebrush communities during
1100–1600 hours in the Trout Creek Mountains, Harney and
Malheur counties, Oregon, 2017–2018, (nTbb = 13,955;
nrandom points = 144).
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CHAPTER 3: THE INFLUENCE OF THERMAL VARIATION ON GREATER SAGEGROUSE NEST SITE SELECTION AND SURVIVAL
Abstract
Fine scale temperature has been shown to be an important driver of resource selection for
many avian species during the breeding season and can influence nest success. Sagebrush
communities have high vegetation and thermal heterogeneity; however, fire removes vegetation
that provides protection from predators and extreme low and high ambient temperatures. To
examine patterns in greater sage-grouse (Centrocercus urophasianus) nest site selection and nest
success in a fire affected landscape, we measured black bulb temperature (Tbb) and vegetation
attributes at 77 unburned and 18 burned nest sites as well as 31 unburned and 33 burned
landscape locations. Nest bowls (x̅ = 15.2°C, SD = 9.6) were cooler, exhibited less thermal
variation, and greater buffering of ambient temperature (Tair) than both nearby microsites (x̅ =
17.5°C, SD = 13.4) and the broader landscape (x̅ = 22.3°C, SD = 14.4). Combined, unburned and
burned nest bowls were 8°C and 14°C warmer than the microsite and landscape during extreme
low Tair (-5°C), and 16°C and 12°C cooler than the microsite and landscape during extreme high
Tair (35°C). Unburned nest bowls and unburned microsites were >2°C warmer when Tair was
-5°C and <2°C cooler when Tair was 35°C than burned nest bowls and burned microsites. Visual
obstruction was positively associated with daily nest survival during the entire study period and
both minimum and mean black bulb temperature (Tbb) were positively related to nest survival
during 2 of the 3 years. My findings demonstrate that features (e.g., sagebrush plants) which
provide thermal refuge and visual obstruction, influence greater sage-grouse nest site selection
and nest success. These features could be especially critical to greater sage-grouse given the time
it takes many sagebrush communities to recover following fire.
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Introduction
At spatial scales such as a seasonal home range, vegetation composition and structure are
important drivers of resource selection and resulting abundance and diversity for many avian
species (Hagen et al., 2007; Lemaître et al., 2012). Studies linking vegetation composition and
structure to resource selection provide insight for management of avian species, but often lack
information about the mechanisms driving these ecological relationships. Investigating resource
selection based solely on biotic (i.e., vegetation) components within seasonal home ranges might
unintentionally limit our understanding of avian-habitat relationships. For example, recent
research suggests that the influence of temperature and thermal environments on resource
selection of birds within their seasonal home range may exceed that of vegetation characteristics
(Frey et al., 2016).
Temperature affects the physiology and behavior of wildlife (Angilletta Jr., 2009). Avian
species continuously exchange heat with their environment through metabolic processes and the
absorption of shortwave solar radiation and balance these processes to maintain thermal
neutrality. Landscapes contain thermal gradients which provide niches for individuals to
conserve energy through efficient thermoregulation which can be especially critical when
extreme ambient temperatures occur (Carroll et al., 2015a, 2018; Hovick et al., 2014; McGraw et
al., 2012; Rakowski et al., 2019).
Sagebrush (Artemisia spp.) communities are characterized by vegetation that is spatially
heterogeneous, creating thermal niches for animals at fine spatial scales (e.g., shrub scale;
Anthony et al. submitted, Milling et al., 2018). However, fire can alter thermal environments by
reducing vegetation structure, which can then influence the selection processes and reproductive
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success of nesting birds (Anthony et al. submitted, Hovick et al., 2014a). Thermal niches are
particularly important to ground nesting birds, which select nests sites with specific
microclimates to maintain optimal incubation temperatures. Consequently, this selection may
reduce their own thermal stress during incubation and chick rearing (Calder, 1973; Howell and
Dawson, 1954; Schaefer, 1980; Vleck, 1981). Nest temperatures influence incubation patterns
such as the number of off-bouts and nest attentiveness (Carroll et al., 2018). For many avian
species, microclimates that decrease incubation attentiveness can lower egg temperatures and
reduce growth, reproduction, and survival of their offspring (DuRant et al., 2012; Hepp and
Kennamer, 2012; Martin et al., 2007). Moreover, this selection may reduce the thermal stress of
hens during incubation and chick rearing (Calder, 1973; Howell and Dawson, 1954; Schaefer,
1980; Vleck, 1981).
Greater sage-grouse (Centrocercus urophasianus; hereafter, sage-grouse) are perhaps one
of the most thoroughly studied ground nesting birds in North America, thus their behavioral and
reproductive biology are well documented (Connelly et al., 2011a, 2011b). However, little is
known about the thermal selection of sage-grouse, despite the potential influence of local
ambient temperature on key population demographic rates (e.g., adult survival, brood success)
that can effect population growth (Anthony and Willis, 2009; Blomberg et al., 2014; Guttery et
al., 2013; Schreiber et al., 2016). It has been hypothesized that sage-grouse and other ground
nesting species select vegetation features at nest sites to balance the costs associated with
thermoregulation while reducing predation risks (Coates and Delehanty, 2010; Conover et al.,
2010; Grisham et al., 2016; Patten et al., 2005; Wiebe and Martin, 1998). While several studies
have reported the importance of vegetation features on nest site selection and survival, the actual
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mechanisms driving these patterns are less clear for nest survival than for nest site selection
(Baxter et al., 2009; Hansen et al., 2016; Lockyer et al., 2015). For example, sage-grouse are
presumed to select nest sites with greater sagebrush cover compared to random sites to reduce
predation risk or improve thermoregulatory properties (Coates and Delehanty, 2010; Conover et
al., 2010; Gregg et al., 1994; Hagen et al., 2007). However, greater sagebrush cover does not
always correlate with higher nest survival (Holloran et al., 2005; Kirol et al., 2015). There is a
need to increase our understanding of the mechanisms driving nest survival for sage-grouse.
My primary objective was to quantify the characteristics of sage-grouse nest sites (i.e.,
nest bowl and nest microsite) from a thermal perspective within sagebrush communities and to
determine how wildfire influences this thermal environment and nest site selection. Further, I
investigated whether the thermal environment of nest sites influenced daily nest survival (DNS).
Sage-grouse exhibit a strong philopatric behavior to seasonal ranges and despite potentially
extreme reductions to vegetation cover and concealment (e.g., via wildfire) they continue to
return to these traditional sites (Foster et al., 2019; Holloran et al., 2005). Even though sagegrouse have high fidelity to breeding areas, they still have to make decisions at fine spatial scales
regarding nest site selection within those general areas selected for nesting. While sage-grouse
are assumed to select nest sites which reduce predation risks (Coates and Delehanty, 2010;
Conover et al., 2010), some individuals within landscapes that are affected by wildfire make
choices that may negatively affect their fitness by selecting nest sites in burned areas with little
canopy cover (Foster et al., 2019; Lockyer et al., 2015). Beyond the obvious increased risk to
predation in these disturbed sites, associated changes in thermal properties may also adversely
affect nest survival (Carroll et al., 2015a, 2018; Grisham et al., 2016; Hovick et al., 2014). I
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expected sage-grouse nests to more effectively moderate the thermal environment as compared
to nearby microsites and the broader landscape (Carroll et al., 2015a; Hovick et al., 2014). Also,
I suspected nests and microsites in unburned locations would have a greater thermal buffering
capacity than nests and microsites within a recently burned landscape (Hovick et al., 2014a).
Lastly, I hypothesized that the additive effects of thermal and vegetation covariates at nest sites
would better explain variation in daily nest survival than either temperature or vegetation
individually (Carroll et al., 2015a; Grisham et al., 2016).
Study area
My study area is the Trout Creek Mountains of southeastern Oregon and northwestern
Nevada within the Great Basin of the United States. My study was conducted within and
adjacent to the fire the Holloway fire which burned 186,972-ha during August of 2012. My study
area ranges in elevation from 1372 m – 2593 m. The majority of the annual precipitation (200 −
660 mm) falls as snow during the winter months and secondarily as rain during the spring and
fall. Mean daily air temperatures during the warmest (July) and coldest (December) months were
22°C and -1°C, respectively during our study period.
The Holloway fire moved across the landscape leaving a mosaic of burned and unburned
(largest intact > 4,100 ha) patches of vegetation that varied in composition and structural
complexity (Foster et al., 2019). In patches that were unburned, the vegetation community was
representative of the Great Basin where the shrub component is dominated by Wyoming big
sagebrush (Artemisia tridentata wyomingensis) and low sagebrush (A. arbuscula) at lower
elevations, and a mosaic of a mountain big sagebrush (A. t. vaseyana) and low sagebrush at
higher elevations. Smaller and less common patches of snowberry (Symphoricarpos albus),
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antelope bitterbrush (Purshia tridentata), mountain mahogany (Cercocarpus spp.), and quaking
aspen (Populus tremuloides) occurred at higher elevations (Freeborn, 2006). The dominant
herbaceous vegetation in unburned communities included several native perennial bunch grasses
and forbs such as Idaho fescue (Festuca idahoensis), needlegrass (Achnatherum spp.), bluebunch
wheatgrass (Pseudoroegneria spicata), Sandburg’s bluegrass (Poa secunda), lupine (Lupinus
spp.), Phlox spp., buckwheat (Eriogonum spp.), fleabane and daisy (Erigeron spp.), and
pussytoes (Antennaria spp.). In patches that were burned, the vegetation was highly variable
depending on fire severity, pre-fire vegetation, soil moisture and temperature, elevation, and
topography (Chambers et al., 2014; Miller et al., 2013). Generally, in burned Wyoming big
sagebrush communities, sagebrush was rare, tumble mustard (Sisymbrium altissimim) was
locally common, and cheatgrass (Bromus tectorum) was ubiquitous. In burned low sagebrush
communities, sagebrush was rare and forbs were common. Lastly, in burned mountain big
sagebrush communities, sagebrush was common and native perennial bunch grasses and forbs
were ubiquitous.
Methods
Sage-grouse capture, handling, and monitoring
I used established spotlighting methods to capture female sage-grouse within or near (≤
2-km) the Holloway fire perimeter from January–April and August–September during 2015–
2018 (Wakkinen et al., 1992). I used wing characteristics to classify captured individuals into
age and sex categories (Braun and Schroeder, 2015). I classified adults as ≥ 2 yrs of age and
yearlings ~1 yr of age, and immediately released non-targeted individuals (males and hatch-year
females). I attached 22-g or 30-g ARGOS/GPS Solar PTTs (PTT-100, Microwave Telemetry
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Inc., Columbia, MD 21045 USA) to adult and yearling females using a rump-mount technique
(Rappole and Tipton, 1991). The capture and handling of all individuals was conducted under
protocols approved by the Institutional Animal Care and Use Committee at Oregon State
University.
GPS-PTT units were programmed to collect 4–6 locations per day for each individual during
the nesting season (1 April to 31 May). I identified nesting attempts and located and monitored nests
using previously established methods (Foster et al., 2019). I considered a female to be nesting if GPS
locations remained stationary for >18 hours during the nesting season. I used GPS location data to
locate and visually confirm that individuals were incubating a nest. I revisited nests after they were
terminated and considered nests ‘successful’ if a female incubated ≥26 days and ≥1 egg displays a
distinct egg cap and intact egg membrane, signifying a hatched egg, and ‘unsuccessful’ if these criteria
are not met.
Black bulb temperature and vegetation characteristics
I used stainless steel spheres (15.24 cm-diameter, 20-gauge, 304 alloy) painted matte
black (i.e., black bulb) with 1 temperature sensor (Onset Corporation, Bourn, Massachusetts,
USA) suspended in the center (“Black bulb”) to describe the thermal environment. I used the
temperature of black bulbs (Tbb) as a proxy for estimating operative temperature, which
integrates ambient temperature (Tair), solar radiation (Srad), and convective heat transfer in the
absence of thermoregulation (Bakken, 1976). Black bulb temperature is a more accurate estimate
of the body temperatures organisms experience in their environment and more effectively
describes thermal variation than ambient temperature at fine-spatial scales (Bakken, 1976;
Porter and Gates, 1969). However, black bulbs do not exactly mimic the physical structural and
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external characteristics (e.g., surface area/volume ratio, subcutaneous fat deposits, color and
feather arrangement) of sage-grouse, thus, they are an index of the relationship between sagegrouse body temperatures and their thermal environment (Dzialowski, 2005). Using a consistent
method to approximate operative temperature and to compare sites has been used in other habitat
selection studies of ground nesting birds (Carroll et al., 2015b, 2015a; Guthery et al., 2005;
Hovick et al., 2014a; Rakowski et al., 2019; Weathers et al., 2002).
I measured Tbb at 3 spatial scales: nest-bowl, nest microsite (6-m around nest), and the
surrounding landscape. For each nest site (i.e., nest bowl and nest microsite), I placed 1 black
bulb in the nest bowl and 3 black bulbs at 2-m, 4-m, and 6-m from the nest bowl in random
cardinal directions (nest microsite) and recorded Tbb at 15-minute intervals for a 24-hour period
at each nest site. For the landscape, I generated random points within the study area (i.e.,
landscape) using ArcGIS (Environmental Systems Research Institute, Redlands, California,
USA) and limited random points to areas of <10% slopes to control for the effect of aspect and
solar angle. I followed the same procedure (as described above) at landscape points where 1
black bulb was placed at the random point and 3 black bulbs at 2-m, 4-m, and 6-m from the
random point and recorded Tbb at 15-minute intervals for a 24-hour period. Further, I measured
Tair and Srad at 15-minute intervals from two portable WeatherHawk 232 weather stations
(WeatherHawk Logan, Utah, USA) that were positioned at 1,625 m and 2,165 m on <10% slopes
in the study area. I then paired each sample site to the weather station that was nearest in
elevation for analysis.
To characterize the vegetation at nest sites and landscape points, I measured vegetation
cover and height along two perpendicular 10-m transects centered on each nest bowl, microsite,
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or random landscape point using established protocols (Connelly et al., 2003). I estimated
percent cover for shrub, perennial grass, forb, cheatgrass, and bare ground at 0.5-m intervals
using the line-point intercept method (Canfield, 1941). I measured the effective height (i.e.,
tallest vegetation that concealed 50% of a 2.5-cm-wide meter pole) of the tallest shrub, perennial
grass, cheatgrass, and forb within a 30 cm cylinder centered on the transect at 1-m intervals
(Musil, 2011). I measured visual obstruction with a Robel pole at 0-m, 5-m, and 10-m along each
transect (Robel et al., 1970). I measured Tbb and vegetation attributes, regardless of nest fate, at 30days after initiation of incubation. This allowed broods to disperse from the nest site, but still attained
measurements as soon as possible after the nest fate date (Carroll et al., 2015a; Hovick et al.,
2014a). Additionally, this standardized data collection so that unsuccessful nests were not biased by
earlier collection dates which would have different plant phenology and solar angle (Gibson et al.,
2016b).
I measured Tbb and vegetation characteristics for nests that were established in 2017 and
2018 during the respective nesting seasons. Additionally, I measured Tbb and vegetation
characteristics of nests established in 2016, during the 2017 nesting season and assumed that
vegetation composition and structure was similar between the two years. As I were interested in
relative differences between sites and nest fate rather than actual temperatures a sage-grouse
experienced, this methodology was compatible.
Data analysis
I evaluated nest site selection from a thermal perspective by comparing model predictions
from linear mixed-effects models where Tbb was a function of Tair for the nest bowl, nest
microsite, and the landscape. First, I fit a nested random effects structure to our linear models,
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where repeated measures from each black bulb were grouped (i.e., nested) by individual nest, to
account for the spatial and temporal variation that was inherent between repeated measures on
black bulbs from the same nests, and differences between nest sites (Zuur et al., 2009). Next, I
calculated 95% confidence intervals around fitted regression lines (200 iterations) using the
parametric bootstrap method, which allowed me to integrate the random effects and residual
variability to estimate precision of model estimates (Thai et al., 2013). Lastly, I examined beta
estimates and 95% confidence intervals for each spatial scale and determined non-overlapping
95% confidence intervals as strong evidence for an effect (Steidl et al., 1997). Additionally, I
applied this modeling approach to Tbb as a function of Tair for unburned versus burned nest sites
and successful versus failed nest sites.
To describe temporal thermal variation over the diurnal period at nest sites, I calculated
differences between each Tbb estimate and its simultaneously recorded Tair estimate during each
15-minute interval. For each hour during a 24-hr period, I calculated means and 95% confidence
intervals to examine thermal variation among unburned vs. burned and successful vs. failed
nests. This calculation (Tbb – Tair) provided an estimate of thermal buffering at nest sites (Carroll
et al., 2015b) . Therefore, values closer to zero indicate greater thermal buffering of Tair
compared to those values further from zero.
I examined the relationship between daily nest survival (DNS) and several abiotic and
biotic covariates over a 27-day incubation period using known-fate models in Program Mark
(Pollock et al., 1989; White and Burnham, 1999). I used an information theoretic approach and
developed models using a hierarchical approach to investigate whether vegetation structure,
thermal properties, or both types of covariates better explained variation in DNS (Table 3.1). I
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used Akaike Information Criteria with a bias correction term for small sample size (AICc) to
evaluate models based on the difference in AICc value between each candidate model and the top
ranked model (∆AICc), and AICc weights (wᵢ = weight of evidence supporting model i as the best
model in the model set). I considered models competitive if ∆AICc < 2 and I examined model
deviance and 95% confidence intervals to identify uninformative parameters in competitive
models (Arnold, 2010). Because biological (e.g., female age) and temporal (e.g., nest year)
components are known to influence DNS (Moynahan et al., 2007; Taylor et al., 2012), I
evaluated single-factor models containing these covariates before assessing the effects of
vegetation structure and thermal characteristics (Table 3.1). Next, I fit several linear and nonlinear (i.e., pseudo-threshold) vegetation covariates to the model with the best biological and
temporal structure (Table 3.1). I then retained competitive models with informative parameters
and added 5 thermal covariates to these models with the best combination of biological and
vegetative covariates (Table 3.1). I used the top model to derived annual nest survival estimates
by taking the product of each survival estimate during the 27-day period.
Results
I collected thermal and vegetation data from 77 unburned and 18 burned nest sites (nest
bowl and microsite) and 31 unburned and 33 burned landscape sites (Appendix D). I observed
high thermal heterogeneity at sage-grouse nest sites with black bulb temperatures ranging from 5.9–62.0°C (Fig. 3.1a). Nest bowls (x̅ = 15.2°C, SD = 9.6) had lower mean Tbb and less thermal
variation than microsites (x̅ = 17.5°C, SD = 13.4) and the landscape (x̅ = 22.3°C, SD = 14.4).
Nest bowls had high thermal variability in Tbb relative to Tair. For example, when Tair was 20°C,
Tbb at the nest bowl varied 23°C (range: 14–37°C, Fig. 3.1b). Yet, the thermal variation at the
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nest bowl was much lower than the thermal variation at the microsite and the landscape (Fig 1a).
Notably, when Tair was 20°C, Tbb at microsites and the landscape varied 35°C and 42°C,
respectively (Fig. 3.1b).
Unburned and burned nests combined
Based on my models of the thermal environment of sage-grouse nests (burned and
unburned combined) where Tbb was a function of Tair (Tbb ~ Tair), nest bowls (𝛽̂ = 1.31, 95% CI:
1.30 to 1.33, Fig. 3.1b) more effectively moderated the thermal environment compared to the
microsite (𝛽̂ = 1.93, 95% CI: 1.91 to 1.94, Fig. 3.1b) and landscape (𝛽̂ = 1.98, 95% CI: 1.96 to
1.99, Fig. 3.1b). Specifically, Tbb in nest bowls had a lower rate of increase (i.e., slope) relative to
increased Tair, and exhibited greater buffering by remaining warmer than the microsite when Tair
was <9°C, and cooler than the microsite when Tair was >9°C (Fig. 3.1b). Similarly, nest bowls
were warmer than the landscape when Tair was <16°C, and cooler than the landscape when Tair
was >16°C (Fig. 3.1b). These trends were greatest during the lowest and highest Tair conditions.
For example, when Tair was -5°C, nest bowls were 8°C warmer than the microsite and 14°C
warmer than the landscape, and when Tair was 35°C, nest bowls were 16°C and 12°C cooler than
the microsite and landscape, respectively.
Unburned vs burned nests
Unburned nest bowls (𝛽̂ = 1.30, 95% CI: 1.28 to 1.31) and unburned microsites (𝛽̂ =
1.90, 95% CI: 1.88 to 1.91) exhibited a greater buffering capacity of Tair than burned nest bowls
(𝛽̂ = 1.39, 95% CI: 1.34 to 1.43) and burned microsites (𝛽̂ = 2.07, 95% CI: 2.02 to 2.11).
Unburned nest bowls and unburned microsites were >2°C warmer when Tair was -5°C and <2°C
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cooler when Tair was 35°C than burned nest bowls and burned microsites (Fig 3.2). Within both
unburned and burned areas, the rate of Tbb increase was lower for nest bowls compared to both
microsites and the landscape, indicating nests bowls moderated thermal conditions more than the
microsite and the landscape (Fig. 3.2). Notably, the locations that sage-grouse selected for nest
bowls in burned areas were 9°C and 12°C warmer than the burned microsite and landscape
during extreme low Tair (-5°C), and 19°C and 13°C cooler than the burned microsite and
landscape during extreme high Tair (35°C, Fig. 3.2b).
Standardized difference
The degree to which nest sites moderated thermal conditions, based on my calculations of
Tbb – Tair, varied considerably during the diurnal period. The thermal buffering capacity of nest
bowls and microsites diminished during the day-time hours compared to the night-time hours
(Fig. 3.3). The greatest disparity in thermal buffering between nest bowls and microsites
occurred during the day-time hours. For example, nest bowls more effectively moderated Tbb
relative to Tair 2.1 times more than microsites between 1000–1400 hours (Fig 3.3). Additionally,
unburned microsites exhibited greater thermal buffering than burned microsites during the daytime hours, whereas the thermal moderation between unburned and burned nest bowls was
comparable during this time (Fig. 3.3).
Vegetation and nest fate
Shrub height, visual obstruction, cheatgrass cover, and mean Tbb at the nest bowl
influenced nest fate (Table 3.2). Shrub height and visual obstruction were both greater for
successful nests (Sh_ht: x̅ = 49.1, 95% CI: 41.5 to 56.6; VO: x̅ = 37.6, 95% CI: 30.8 to 44.5) than
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failed nests (Sh_ht: x̅ = 36.6, 95% CI: 32.0 to 41.2; VO: x̅ = 25.8, 95% CI: 21.5 to 30.1) in
unburned communities. Successful nests had greater cheatgrass cover and higher mean Tbb at the
nest bowl (Cheat_cov: x̅ = 0.68, 95% CI: 0.42 to 0.94; Tmean: x̅ = 19.2, 95% CI: 18.0 to 20.5)
compared to failed nests (Cheat_cov: x̅ = 0.24, 95% CI: 0.10 to 0.37; Tmean: x̅ = 11.5, 95% CI: 8.8
to 14.1) in burned communities. The effects of Tmin and Tmean on nest success were weak for
burned and unburned nests combined, as 95% confidence intervals included zero and varied by
year. Notably, in 2016, successful nests (Tmin: x̅ = 1.4, 95% CI: -1.0 to 3.9; Tmean: x̅ = 11.5, 95%
CI: 8.3 to 14.8) were cooler than failed nests (Tmin: x̅ = 3.5, 95% CI: 1.3 to 5.7; Tmean: x̅ = 13.5,
95% CI: 10.4 to 16.5). However, during 2017 successful nests (Tmin: x̅ = 8.2, 95% CI: 6.1 to 10.3;
Tmean: x̅ = 18.6, 95% CI: 16.4 to 20.9) were warmer than failed nests (Tmin: x̅ = 6.1, 95% CI: 3.9
to 8.3; Tmean: x̅ = 15.9, 95% CI: 13.0 to 18.7). Similarly, successful nests (Tmin: x̅ = 8.2, 95% CI:
5.3 to 11.0; Tmean: x̅ = 16.1, 95% CI: 11.8 to 20.4) were warmer than failed nests (Tmin: x̅ = 5.4,
95% CI: 4.2 to 6.6; Tmean: x̅ = 16.2, 95% CI: 14.0 to 18.4) during 2018.
Successful vs failed nests
Nest bowls from successful nests (burned and unburned nests combined) buffered Tbb
more effectively (𝛽̂ = 1.28, 95% CI: 1.25 to 1.30) than nest bowls from failed nests (𝛽̂ = 1.34,
95% CI: 1.32 to 1.36). This effect was magnified with increasing Tair and more apparent when
Tair was >15°C (Fig. 3.4). Specifically, Tbb at successful nest bowls was 2°C and 3°C cooler than
Tbb at failed nest bowls when Tair was 25°C and 35°C, respectively. I observed a similar pattern
in unburned communities (successful nest bowls: 𝛽̂ = 1.24, 95% CI: 1.21 to 1.27; failed nest
bowls: 𝛽̂ = 1.33, 95% CI: 1.31 to 1.36), but not in burned communities (successful nest bowls: 𝛽̂
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= 1.42, 95% CI: 1.36 to 1.49; failed nest bowls: 𝛽̂ = 1.35, 95% CI: 1.29 to 1.41). Buffering
capacity from microsites associated with successful nests (β = 1.91, 95% CI: 1.88 to 1.93) vs.
failed nests (𝛽̂ = 1.93, 95% CI: 1.91 to 1.96) did not differ, as 95% CI’s on slope coefficients
were broadly overlapping, but point estimates for model coefficients suggested that successful
microsites were slightly cooler than failed microsites (Fig. 3.4). Temporally, I observed similar
thermal patterns for successful and failed nest bowls and microsites as I did for unburned and
burned nest bowls and microsites where thermal buffering decreased during the day-time hours
and nest bowls moderated the thermal environment more than microsites (Fig. 3.5). Furthermore,
successful nest bowls generally moderated Tbb relative to Tair more than failed nest bowls during
the day-time hours (Fig. 3.5).
Nest survival
The temporal, biological, and vegetation covariates that were most strongly associated
with variation in DNS were the additive effects of year and a non-linear form (i.e., pseudothreshold) of visual obstruction (Table 3.3). Models that included nest attempt (1st vs. 2nd; 𝛽̂ =
0.16, 95% CI: -0.58 to 0.91) and the pseudo-threshold form of bare ground (𝛽̂ = -0.002, 95% CI:
-0.005 to 0.001) received some support, but 95% confidence limits on these coefficients
overlapped zero, so they were uninformative (Table 3.3). The top 2 models (∆AICc < 2) in the
final model set received ~56% of AICc weight. These models included the additive effect of
visual obstruction and either an interaction between year and Tmin (year x Tmin + VO_pt; wᵢ =
0.40) or year and Tmean (Year x Tmean + VO_pt; wᵢ = 0.16, Table 3.3). The year x Tmin + VO_pt
and year x Tmean + VO_pt models received 7.6 and 3.1 times more support that the year + VO_pt
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model, respectively. However, the pseudo-threshold form of visual obstruction exhibited a
strong, positive effect on DNS in all years for the top 2 models (Fig. 3.6, Table 3.4). Moreover,
the year + VO_pt model explained variation in DNS better than any additive or interactive model
of year and a thermal covariate (Table 3). In contrast, both Tmin (𝛽̂ = 0.14, 95% CI: -0.03 to 0.31)
and Tmean (𝛽̂ = 0.16, 95% CI: -0.03 to 0.29) showed positive, weaker effects on DNS as
individual covariates across all years combined in the top 2 models (Table 3.4). Furthermore, the
direction of the effects of both Tmin and Tmean differed annually (Fig. 3.7). Specifically, I observed
a positive relationship between temperature and DNS during 2017 and 2018 and a negative
association during 2016 (Fig. 3.7). Nest survival during the 27-period for nests with mean values
of visual obstruction and Tmin was higher in 2017 (NS = 0.55, 95% CI: 0.36 to 0.73) compared to
2016 (NS = 0.31, 95% CI: 0.15 to 0.54) and 2018 (NS = 0.40, 95% CI: 0.22 to 0.61).
Discussion
This study provides some of the first insight of the thermal environment of sage-grouse
nest sites and describes how the thermal environment influences nest site selection and nest
success following wildfire. I observed a high level of thermal complexity within the nesting
landscape of sage-grouse and demonstrated a potential mechanism driving nest site selection and
to a lesser extent nest success. Fire created a less thermally stable environment at nest sites,
although despite the reduction in shrub cover, nest sites in burned areas still moderated thermal
conditions more effectively when compared to nearby microsites and the broader landscape. This
thermal buffering highlights the importance of vegetation remnants or regeneration of new
vegetation that provides thermal refuge for animals that remain in a fire-affected landscape.
Furthermore, these findings supported previous studies that reported an association between
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vegetation structure at fine scales (i.e., nest sites) that provided visual obstruction (≥25 cm), and
increased DNS of ground nesting species (Grisham et al., 2016; Popham and Gutiérrez, 2003).
Black bulb temperatures at nest bowls exhibited a wide thermal gradient and high thermal
variation relative to Tair. These results are consistent with other studies where Tbb ranged from
23°C to 40°C when Tair were >30°C and >35°C, respectively (Carroll et al., 2015a; Hovick et al.,
2014). Although characterized as having high thermal heterogeneity relative to Tair, Tbb at the
nest bowl was less variable than the microsite and the landscape. This pattern suggested sagegrouse might have a narrower thermal niche for nesting than what was available at the microsite
and landscape scales. Furthermore, nest bowls more effectively moderated Tair and were 2.3°C
and 7.1°C cooler than the microsite and landscape, respectively. Similar selection patterns and
the thermal environment at nest sites were observed in both northern bobwhite and greater
prairie-chicken where nest bowls exhibited less thermal variation, greater buffering capacity, and
cooler Tbb than the microsite and landscape (Carroll et al., 2015a; Hovick et al., 2014). Our
findings highlight the importance of fine-scale thermal heterogeneity on the landscape and
further support the need to consider thermal niches of species and how that might affect habitat
selection (Elmore et al., 2017).
Fire alters the composition, structure, and consequently the thermal environment of
vegetation communities (Hossack et al., 2009; Hovick et al., 2014b). For animals that remain
within a fire-affected landscape, some make choices that are atypical until the community
recovers its vegetation structure (Foster et al., 2019). The most rapid recovery may require
approximately 20 to 50 years for mountain big sagebrush communities, but for Wyoming big
sagebrush communities the recovery process is much slower or the site may transition into an
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alternate state (Beck et al., 2009; Miller et al., 2013; Miller and Heyerdahl, 2008; Rhodes et al.,
2010; West and Yorks, 2002). Accordingly, sage-grouse nest sites in unburned sagebrush
communities buffered extreme Tair more than those in burned sagebrush communities 4 to 6
years after the fire. Still, nest bowls that were established in unburned and burned sagebrush
communities exhibited a greater buffering capacity than nearby microsites and the broader
landscape. These results suggest fine-scale selection of nest bowls by sage-grouse and that these
decisions provided hens with more moderate thermal conditions that buffered against extreme
low and high Tair than those observed at the microsite and landscape scale in unburned and
burned sagebrush communities (Fig. 2). Thus, those birds that decide to nest in burned
communities appear to make similar choices to those that nest in unburned communities.
During the diurnal period, the extent to which nest bowls and microsites buffered thermal
conditions greatly differed. Nest bowls provided a less variable thermal environment compared
to microsites over the diurnal period and this effect was magnified when Tair and Srad were
highest. Thermal consistency at fine-spatial scales is necessary for many demographic processes
and population growth (Bozinovic et al., 2011; Vasseur et al., 2014). For ectotherms, thermal
variation at high temperatures reduces reproductive success, development, survival, and
population growth (Bozinovic et al., 2011; Clavijo-Baquet et al., 2015; Ji et al., 2007; Paaijmans
et al., 2013). Furthermore, thermal consistency during high temperatures increases growth and
reproductive traits in ectotherms (Zeh et al., 2015). Even though ectotherms and endotherms
differ in their primary mechanisms for maintaining thermal neutrality, I would expect similar
patterns between thermal consistency and animal performance because both ectotherms and
endotherms have physiological components (e.g., proteins and lipids) that function within a
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limited temperature range (Hazel, 1995; Pörtner, 2002). For example, in a captive study
involving zebra finches (Taeniopygia guttata), survival decreased two-fold per 1°C increase in
daily temperature range (a proxy for thermal consistency) and this relationship was stronger for
individuals that experienced greater foraging costs during high temperatures (Briga and Verhulst,
2015).
Thermal environments can contribute to patterns of nest success for a number of ground
nesting species that occur in a variety of vegetation communities (Carroll et al., 2015a, 2018;
Hovick et al., 2014). For northern bobwhite and greater prairie-chicken, thermal environments
(Tbb ~ Tair) of successful nests more effectively moderated extreme Tair and remained cooler than
those nests that failed (Carroll et al., 2015a, 2018; Hovick et al., 2014). Conversely, the thermal
environments of successful nests of scaled quail had less buffering capacity and were warmer
than failed nests (Carroll et al., 2018b). My results for sage-grouse are similar to those reported
for northern bobwhite and greater prairie-chicken where successful nest bowls provided greater
thermal buffering and remained slightly cooler at high temperatures than failed nests in unburned
sagebrush communities. Avian eggs exhibit phenotypic variation such that some eggs can
tolerate temperatures of 0–41°C for several hours without any negative effects (Huggins, 1941;
Lennerstedt, 1966; Webb, 1987). However, a few degrees above or below optimal egg
temperatures or temperatures near the tolerance extremes for longer periods of time can result in
longer incubation periods which reduce body conditions of incubating females and increase the
risk of predation (Hepp et al., 2006; Martin, 2002; Martin et al., 2007; Tombre and Erikstad,
1996; White and Kinney, 1974). Therefore, females have many decisions to make during nest
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site selection and incubation (e.g., recess frequency and duration) that can influence nest success
(Carroll et al., 2018a).
I observed a strong, positive relationship between DNS and visual obstruction, as has
been reported for sage-grouse and other ground nesting species (Grisham et al., 2016; Popham
and Gutiérrez, 2003). I also observed weaker interactive effects between black bulb temperature
(i.e., Tmin and Tmean) and year on DNS. Interestingly, DNS had a positive relationship with Tmin
and Tmean during 2017 and 2018, but a negative relationship during 2016. The explanation for
this relationship is not clear, but suggests that temperature had little to no effect on DNS.
Additionally, the model that included only year and visual obstruction explained variation in
DNS better than any additive or interactive model of year and a thermal covariate. Furthermore,
a similar pattern was observed when I examined the influence Tmin and Tmean on annual nest
success where, successful nests were warmer than failed nests during 2017 and 2018, but then
successful nests were cooler than failed nests in 2016. However similarly to the relationship
between DNS and both temperature metrics, 95% CI’s overlapped, suggesting no effect of Tmin
and Tmean on nest success.
This study illustrates how temperature influences nest site selection by sage-grouse in
both unburned and burned sagebrush communities. However, temperature had little to no effect
on nest success (maybe at high ambient temperatures). Habitat selection theory predicts that
individuals select features within their habitat that improves their fitness (Morrison et al 2006).
However, the factors that influence selection (e.g., predation, temperature) are often interacting
and might not always benefit individual fitness, especially where low quality habitat is prevalent
(Aldridge and Boyce, 2007). Moreover, the spatial scale for which selection and habitat
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characteristics are linked, might not be related to fitness (Gibson et al., 2016a, Smith et al, 2020).
Oftentimes, sage-grouse select specific habitat characteristics that do not equate to higher fitness
and in some circumstances lowers fitness (Aldridge and Boyce, 2008, 2007; Foster, 2016; Kirol
et al., 2015; Lockyer et al., 2015). In many situations, this relationship occurs after some type of
disturbance (e.g., fire, oil wells) that reduces high quality habitat (Aldridge and Boyce, 2008,
2007; Foster, 2016; Kirol et al., 2015; Lockyer et al., 2015). The loss of vegetation structure due
to frequent broad-scale fire and cheatgrass conversion threaten many sage-grouse populations in
the Great Basin (Coates et al., 2016). Life history constrains individuals to remain in a post-fire
landscape even with the loss of sagebrush cover (Foster et al. 2019). Individuals within a fire
affected environment have choices in regards to nest site selection. These decisions play an
important part in the many factors that contribute to their fitness. Notably, the costs incurred
during reproduction can have lasting effects on other life history phases during the year
(Blomberg et al., 2013; Davis et al., 2014). Thus, in a post-fire landscape, vegetation structure at
the fine-scale that remains or reestablishes after the fire is an important component of sagegrouse nest sites and likely their population persistence (Steenvoorden et al., 2019).
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Table 3.1. Temporal, biological, vegetation, and thermal covariates used to assess daily
nest survival of Greater Sage-grouse in the Trout Creek Mountains, Harney and Malheur
counties, Oregon, USA, 2017–2018.
Covariate
Description
Forms evaluated
Year
Year nest was established (2016-2018)
NA
Nesting attempt
First of second nesting attempt
NA
Incubation date
Start of incubation
NA
Female age
Yearling or adult
NA
Burned
Nest located in unburned or burned community NA
Sh_cov
Mean shrub cover (%)
L², PT³
PG_cov
Mean perennial grass cover (%)
L, PT
F_cov
Mean forb cover (%)
L
Cheat_cov
Mean cheat grass cover (%)
L
BG
Mean bare ground (%)
L, PT
Sh_ht
Mean shrub height (cm)
L
PG_ht
Mean perennial grass height (cm)
L
F_ ht
Mean forb height (cm)
L
VO
Mean visual obstruction (cm)
L, PT
Tmean
Mean black bulb temperature (°C )
NA
Tmin
Mean minimum black bulb temperature (°C )
NA
Tmax
Mean maximum black bulb temperature (°C )
NA
TSD
Standard deviation black bulb temperature (°C ) NA
Tbuff
Thermal buffering (Tbb – Tair¹)
NA
¹Ambient temperature (°C)
²Linear form
³Non-linear form (pseudo-threshold)
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Table 3.2 Means, lower confidence intervals (LCI), and upper confidence intervals (UCI)
for thermal and vegetation covariates at successful and failed greater sage-grouse nest sites
in the Trout Creek Mountains Harney and Malheur counties, Oregon, USA, 2017–2018.
Burned
Unburned
Success
Failed
Success
Failed
Variable
LCI UCI
LCI UCI
LCI UCI
LCI UCI
x̅
x̅
x̅
x̅
Tmin
6.3 3.1 9.4 2.3 -0.3 4.8 6.7 5.0 8.4 4.8 3.6 6.0
Tmax
34.0 27.7 40.3 26.1 21.7 30.6 30.0 27.4 32.5 29.4 26.6 32.1
Tbuff
0.6 -1.3 2.5 2.7 1.1 4.2 2.6 1.8 3.5 3.0 2.3 3.6
TSD
9.4 6.5 12.3 7.2 5.7 8.8 7.3 6.5 8.0 7.5 6.7 8.3
Tmean
19.2 18.0 20.5 11.5 8.8 14.1 16.4 14.4 18.4 15.0 13.3 16.6
Sh_cov
0.2 0.1 0.2 0.2 0.1 0.2 0.4 0.3 0.4 0.3 0.3 0.4
Pg_cov
0.3 0.1 0.4 0.3 0.2 0.4 0.2 0.2 0.3 0.2 0.2 0.3
F_cov
0.3 -0.1 0.6 0.3 0.2 0.3 0.1 0.1 0.2 0.2 0.1 0.2
Cheat_cov
0.7 0.4 0.9 0.2 0.1 0.4 0.1 0.1 0.2 0.1 0.0 0.1
Bg_cov
0.1 0.0 0.3 0.2 0.1 0.3 0.2 0.2 0.3 0.3 0.3 0.3
Sh_ht
22.7 12.5 32.9 30.2 23.0 37.5 49.1 41.5 56.6 36.6 32.0 41.2
Pg_ht
19.2 9.2 29.2 16.1 8.8 23.5 10.4 8.3 12.5 9.0 7.4 10.5
F_ht
8.8 4.6 12.9 9.0 7.2 10.9 7.9 5.8 10.0 6.3 5.2 7.3
VO
32.0 25.2 38.8 24.3 18.3 30.3 37.6 30.8 44.5 25.8 21.5 30.1
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Table 3.3. Model selection results which assessed the influence of temporal, biological,
vegetation, and thermal covariates on daily nest survival of Greater Sage-grouse in the Trout
Creek Mountains, Harney and Malheur counties, Oregon, USA, 2017–2018. Models were
ranked according to Akaike’s Information Criterion with a bias correction term for small
sample size (AICc). We report ∆AICc, Akaike weight (wᵢ), number of parameters (K), and
model deviance for all models. The intercept-only model is included in each model subset
for comparison.
Model
K
∆AICc
wᵢ
Deviance
Temporal
3
0.00
0.84
474.79
Year
1
3.28
0.16
482.07
Intercept
29
15.87
0.00
437.60
Year + day
27
19.30
0.00
445.17
Day
55
51.32
0.00
418.25
Year x Day
Temporal + Biological
Year
Year + nest attempt
Year + incubation date
Year + female age
Intercept

3
4
4
4
1

0.00
1.83
2.00
2.01
3.28

0.43
0.17
0.16
0.16
0.08

474.79
474.60
474.78
474.79
482.07

Year + Vegetation
VO_pt¹
VO
BG_cov_pt
Sh_ht
Sh_cov_pt
Sh_cov
Unburned vs burned
BG_cov
Cheat_cov
F_cov
F_ht
PG_ht
PG_cov_pt
PG_cov
Intercept

4
4
4
4
4
4
4
4
4
4
4
4
4
4
1

0.00
0.11
1.60
2.05
2.17
2.62
2.78
3.96
5.19
5.61
5.78
5.79
5.80
5.85
7.12

0.24
0.23
0.11
0.09
0.08
0.07
0.06
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.01

468.93
469.05
470.53
470.99
471.10
471.55
471.71
472.90
474.12
474.55
474.71
474.73
474.74
474.78
482.07

74

Year + Vegetation + Thermal
Year x Tmin + VO_pt
Year x Tmean + VO_pt
Year x Tmax + VO_pt
Year x TSD + VO_pt
Year + VO_pt
Year x TSD
Year + TSD + VO_pt
Year + Tmax + VO_pt
Year + Tmin + VO_pt
Year x Tmin
Year + Tmean + VO_pt
Year + Tbuff + VO_pt
Year x Tmax
Intercept
Year + TSD
Year x Tmean
Year + Tmin
Year + Tmax
Year + Tmean
Year + Tbuff
Year x Tbuff + VO_pt
Year x Tbuff
¹Pseudo-threshold

7
7
7
7
4
6
5
5
5
6
5
5
6
1
4
6
4
4
4
4
7
6

0.00
1.79
2.51
3.91
4.04
5.63
5.74
5.79
5.84
5.98
5.99
6.03
6.69
7.79
8.10
8.32
8.54
8.63
8.93
8.97
9.50
12.29

0.40
0.16
0.11
0.06
0.05
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00

355.68
357.47
358.19
359.59
365.78
363.34
365.46
365.51
365.56
363.69
365.71
365.75
364.39
375.55
369.83
366.03
370.27
370.37
370.67
370.71
365.18
369.99
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Table 3.4. Coefficient estimates (β), standard errors (SE), and
lower (LCI) and upper (UCI) 95% confidence intervals from
the top ranked models (<∆AICc) of greater sage-grouse nest
survival in the Trout Creek Mountains, Harney and Malheur
counties, Oregon, USA, 2017–2018.
β
Model
Parameter
SE
LCI
UCI
Year x Tmin + VO_pt¹
2016
0.77 0.73 -0.66 2.21
2017 (Intercept)
0.21 1.21 -2.16 2.57
2018
-0.80 0.91 -2.59 0.98
Tmin
0.14 0.09 -0.03 0.31
2017 x Tmin
-0.26 0.11 -0.48 -0.05
2018 x Tmin
0.06 0.14 -0.21 0.34
VO_pt
0.82 0.29 0.26 1.39
Year x Tmean + VO_pt
2016
2017 (Intercept)
2018
Tmean
2017 x Tmean
2018 x Tmean
VO_pt
¹Pseudo-threshold

3.30
-1.64
2.07
0.16
-0.24
-0.15
0.84

1.35
1.61
1.58
0.07
0.08
0.09
0.28

0.65
-4.80
-1.03
0.03
-0.41
-0.33
0.29

5.95
1.51
5.16
0.29
-0.08
0.04
1.40
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Figure 3.1. Raw data (a) and linear mixed-effects models (b) of the thermal environment where
black bulb temperature (Tbb) is a function of ambient temperature (Tair) for nest bowls (nTbb =
9,166), microsites (nTbb = 27,498), and landscape (nTbb = 24,694) of greater sage-grouse in the
Trout Creek Mountains, Harney and Malheur counties, Oregon, 2017–2018. Colored bands
surrounding fitted lines (b) represent 95% confidence intervals.
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Figure 3.2. Thermal environment based on linear mixed-effects models where black bulb
temperature (Tbb) is a function of ambient temperature (Tair) for unburned (a) nest bowls,
microsites, and landscape (nTbb = 41,414) and burned (b) nest bowls, microsites, and landscape
(nTbb = 19,752) of greater sage-grouse in the Trout Creek Mountains, Harney and Malheur
counties, Oregon, 2017–2018. Colored bands surrounding fitted lines represent 95% confidence
intervals.
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Figure 3.3. Daily thermal variation and buffering based on standardized differences between
black bulb temperature and ambient temperature (Tbb – Tair) and 95% confidence intervals for
unburned nest bowls and microsites (nTbb = 7,136) and burned nest bowls and microsites (nTbb =
1,741) of greater sage-grouse in the Trout Creek Mountains, Harney and Malheur counties,
Oregon, 2017–2018.
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Figure 3.4. Thermal environment based on linear mixed-effects models where black bulb
temperature (Tbb) is a function of ambient temperature (Tair) for successful nests and microsites
(nTbb = 13,916), and failed nests and microsites (nTbb = 21,881) of greater sage-grouse in the
Trout Creek Mountains, Harney and Malheur counties, Oregon, 2017–2018. Colored bands
surrounding fitted lines represent 95% confidence intervals.
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Figure 3.5. Daily thermal variation and buffering based on standardized differences between
black bulb temperature and ambient temperature (Tbb – Tair) and 95% confidence intervals for
successful nest bowls and microsites (nTbb = 3,384) and failed nest bowls and microsites (nTbb =
5,590) of greater sage-grouse in the Trout Creek Mountains, Harney and Malheur counties,
Oregon, 2017–2018.
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Figure 3.6. The influence of visual obstruction (while holding minimum
temperature at 5.6°C) on 27-day nest survival of greater sage-grouse in the
Trout Creek Mountains, Harney and Malheur counties, Oregon, 2017–2018.
Dotted lines are 95% confidence intervals.
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Figure 3.7. The influence of minimum temperature (a) and mean temperature (b) with mean
visual obstruction (30.7 cm) on 27-day nest survival of greater sage-grouse for nest that were
established during 2016–2018 in the Trout Creek Mountains, Harney and Malheur counties,
Oregon.
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CHAPTER 4: POPULATION GROWTH AND SENSITIVITY OF VITAL RATES FOR
GREATER SAGE-GROUSE FOLLOWING A LARGE WILDFIRE
Abstract
Life history strategies can be useful for evaluating how species respond to disturbance.
Greater sage-grouse (Centrocercus urophasianus; hereafter, sage-grouse) are characterized as
having low fecundity and high annual survival relative to other galliformes, but their life history
strategy is likely somewhere in the middle of the slow-fast life history continuum for birds.
Recent evidence illustrates how the loss of sagebrush (Artemisia spp.), due to wildfire, can cause
long-term declines in sage-grouse populations. I examined the demographic and population response
of a sage-grouse population over a period of 6 years following a large wildfire by developing a
stochastic 2-age female population matrix model for yearlings and adults during each year (2013
– 2018) of the study using vital rate estimates developed for each year. My findings illustrate acute
negative effects to several important vital rates and the population growth rate. Notably, chick
survival (x̅ = 0.27, SD = 0.07) and female survival (yearlings: x̅ = 0.41, SD = 0.16; adults: 0.48
SD = 0.16) was low compared to values reported for sage-grouse in other parts of their
distribution. These 2 vital rates explained most of the variation in the population growth rate (λ),
which was declining in 5 of 6 years following the fire. These results support others that reported
negative effects to sage-grouse demographics from large-scale fire and provide a baseline for
understating how this species responds to loss of sagebrush cover based on their life history strategies.
Introduction
Accurately assessing and predicting the demographic vital rates that regulate and limit
populations is fundamental for the conservation of wildlife (Williams et al. 2002). The ‘slow-fast
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continuum’ is a useful framework for guiding management of wildlife populations with varying
life-history strategies (Pianka 1970, Jones 1976, Stearns 1976, Salguero-Gómez et al. 2016).
Species on the slow end of the continuum can afford to delay reproduction, or reproduce at
relatively low rates when they do breed because they are long-lived, with many opportunities to
produce offspring (k-selected; Saether 1988, Promislow and Harvey 1990). Conversely, species
on the fast end of the spectrum have shorter generation times and need to produce offspring early
in life to pass along their genes to the next generation (r-selected; Saether 1988, Promislow and
Harvey 1990). Most gallinaceous bird species have low adult survival and high reproductive
rates, which would place gallinaceous birds on the fast end of the continuum (Johnsgard 1983,
Gaillard et al. 1989). However, greater sage-grouse (Centrocercus urophasianus) (hereafter,
sage-grouse) are characterized as having relatively low reproductive output and high annual
survival rates compared to other galliformes (Schroeder et al. 1999), so their life history strategy
is likely somewhere in the middle of the slow-fast life history continuum for birds in general
(Koons et al. 2014).
Life history strategies reflect a species’ ability to respond to environmental variation
(Pianka 1970, Reznick et al. 2002). Most animal populations experience some level of
environmental stochasticity, that causes populations to fluctuate over time, but as long as the
stochasticity is within the natural range of variability, populations remain relatively stable near
an asymptotic growth rate (i.e., stable stage distribution; Mills 2013). In cases where
disturbances occur at frequencies or intensities outside the historical norm to which a species has
evolved, such as the recent changes in large-scale wildfire patterns in the Great Basin, wildlife
populations can fluctuate outside their normal range of variability (Mills 2013). In such
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instances, species on the fast end are expected to respond more favorably than species on the
slow end of the spectrum, due to their high reproductive output (Bohn et al. 2014).
The response of sage-grouse to the loss of sagebrush (Artemisia spp.) is overwhelmingly
negative as disturbances that remove or render sagebrush unusable have demographic
consequences (Aldridge and Boyce 2007, Dzialak et al. 2011, Foster et al. 2018, Hess and Beck
2012, Kirol et al. 2015; LeBeau et al. 2014). Large-scale, high severity wildfire that kills
sagebrush has negative consequences on lek attendance (Hess and Beck 2012, Coates et al. 2015,
2016, Steenvoorden et al. 2019) and key vital rates like nest survival (Lockyer et al. 2015, Foster
et al. 2018) and female adult survival (Foster et al. 2018). While the negative effect of wildfire
on some important sage-grouse vital rates are becoming apparent, the influence of these
outcomes to long-term population change is less understood (Coates et al. 2016).
Population matrix models are useful for estimating the finite rate of population change (λ)
as a function of life history parameters. Sensitivity analyses can assess which vital rates have the
greatest influence on λ, and provide insights to guide management of wildlife populations
(Heppell 1998). Sensitivity analyses evaluate the influence of changes in vital rates on
population growth, which is critical for understanding how species respond to disturbance
(Caswell 2000, Wisdom et al. 2000). Management based solely on variation in specific
individual vital rates while ignoring patterns in the rate of population change, and the
contribution of each vital rate on  (which can vary across the distribution of sage-grouse), could
mislead conservation efforts (Johnson and Braun 1999, Walker and Naugle 2011, Taylor et al.
2012, Dahlgren et al. 2016).
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For sage-grouse, several studies have reported λ to be most sensitive to changes in adult
female survival, juvenile (fledging to 1-year old) survival, and chick survival (Johnson and
Braun 1999, Taylor et al. 2012, Dahlgren et al. 2016). However, for declining populations nest
success was an important driver of population change (Walker and Naugle 2011). Moreover, nest
success explained most of the variation in λ across the current sage-grouse distribution (Taylor et
al. 2012). In general, adult survival in sage-grouse populations might have a greater effect on λ
compared to other grouse species because they are on the slower end of the life history
continuum compared to most galliformes (Koons et al. 2014). However, populations that are
located in fragmented landscapes or those which are less stable might be more sensitive to vital
rates associated with fecundity (Fefferman and Reed 2006).
Given the paucity of information linking interactions among life-history strategies and
wildfire, there is a need to better understand how these mechanisms influence λ in sage-grouse
populations affected by wildfire. My objective was to quantify the population response of sagegrouse over a 6-year period (2013 – 2018) following the Holloway wildfire. Furthermore, I
examined sensitivity in λ with respect to lower-level vital rates and assessed which of these
demographic parameters explained most of the variation in λ. I predicted that the Trout Creeks sagegrouse population would decline initially (lambda <1.0) for 2-3 years post-fire, and the population
would then begin to increase at the end of the 6-year period in the absence of any other major
perturbations (e.g., wildfire). I predicted that female survival would have the greatest effect on λ,
because sage-grouse demonstrate relatively k-selected life-history strategies.
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Study area
This study was conducted in the Trout Creek Mountains in southeast Oregon and
northwest Nevada, within the Great Basin. Annual precipitation and elevation ranged from 200 –
600 mm and 1372 m – 2593 m, respectively. The study area was delineated by the Holloway fire
perimeter that burned 186,972 ha during the summer of 2012. Within the fire perimeter, 75% of
the land area burned, leaving 25% unburned vegetation of various size patches (largest unburned
~4,000 ha; Foster et al. 2018). Unburned sagebrush communities were dominated by Wyoming
big sagebrush (Artemisia tridentata wyomingensis) and low sagebrush (A. arbuscula) at lower
elevations and a mosaic of a mountain big sagebrush (A. t. vaseyana) and low sagebrush at
higher elevations. Snowberry (Symphoricarpos albus), antelope bitterbrush (Purshia tridentata),
mountain mahogany (Cercocarpus spp.), and quaking aspen (Populus tremuloides) occurred at
higher elevations in smaller and less common patches (Freeborn 2006). Idaho fescue (Festuca
idahoensis), needlegrass (Achnatherum spp.), bluebunch wheatgrass (Pseudoroegneria spicata),
Sandburg’s bluegrass (Poa secunda), lupine (Lupinus spp.), Phlox spp., buckwheat (Eriogonum
spp.), fleabane and daisy (Erigeron spp.), and pussytoes (Antennaria spp.) were some of the
dominant native perennial bunch grasses and forbs that occurred with sagebrush. Burned
sagebrush communities varied in composition and structure and were representative of much of
the Great Basin following wildfire. Generally, warm-dry Wyoming big sagebrush communities
exhibited low species diversity, low sagebrush cover and high cheatgrass (Bromus tectorum)
cover. Whereas, the cool-moist mountain sagebrush communities had high species diversity,
moderate sagebrush cover, and low cheatgrass cover.
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Methods
Capture and handling
I captured female sage-grouse within or near (≤2-km) the Holloway fire perimeter from
2013–2018 using established spotlighting methods (Wakkinen et al. 1992). I used wing
characteristics to classify captured individuals into age categories (Braun and Schroeder 2015) I
attached 22-g or 30-g ARGOS/GPS Solar PTTs (PTT-100, Microwave Telemetry Inc.,
Columbia, MD 21045 USA) using a rump-mount technique (Rappole and Tipton 1991) to female
yearlings (~1 yr old; SY) and adults (≥2 yrs old; ASY). Capture and handling of all individuals
was conducted under protocols approved by the Institutional Animal Care and Use Committee
at Oregon State University.
Vital rate monitoring
GPS-PTT units were programmed to collect 4–10 locations per day for each female
during the nesting season (1 April to 31 May). I considered a female to have established a nest if
GPS locations remained stationary for >18 hours during the nesting season. Then, I used GPS
location data to locate and visually confirm that individuals were incubating nests. I revisited
nests after they were terminated and considered a nest ‘successful’ if a female incubated ≥26
days and ≥1 egg displayed a distinct egg cap and intact egg membrane, signifying a hatched egg,
and ‘unsuccessful’ if these criteria were not met.
I conducted brood counts every 10 days for 5 weeks (~54 days’ post-hatch), beginning 2weeks post-hatch, using either the single or double observer method to actively flush birds (Dahlgren
et al. 2010). I counted marked females and their chicks by locating females with UHF handheld
receivers and yagi antennas and walking a 50 m grid at 2–4 m transects around the location where the
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marked female was flushed. I conducted another brood count within 1–3 days if a marked female was
not detected or she did not have chicks. If no chicks were observed with the marked female after two
counts, then I considered the brood failed.
I used GPS location data to examine movement patterns by female sage-grouse and
identify potential mortalities. I considered potential mortality events to have occurred when GPS
locations remained stationary for >18 h for a hen. I confirmed mortality events in the field using
last known GPS locations and a UHF receiver and antenna. I considered events mortalities if the
GPS-PTT was located and there were ≥1 conclusive signs of mortality such as feathers, bone
fragments, or damage to the transmitter. I assigned the date of the mortality as the last known
movement by the hen.
Vital rate estimates
I estimated age-specific (SY, ASY) annual nest initiation rates (NI) for first nests as the
number of females that established a nest divided by the number of females that were monitored
and alive through the first nesting period (i.e., last individual to begin incubation for first nests).
Sample sizes for re-nests by age class were small each year therefore, I pooled SY and ASY
females and estimated annual nest initiation rate as the proportion of females that were
monitored through the second nesting period (i.e., last individual to begin incubation for re-nests)
and established a second nest, given the first nest failed. Therefore, I had a single annual renesting rate that I used to reflect re-nesting of both age classes. I estimated standard errors for
nest initiation rate based on the variance of the sample proportion (𝜎 ² = pq/n), where p = number
of females that nested, q = 1– p, and n = number of females that were monitored through the
entire nesting period.
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I estimated age-specific mean annual clutch size (CS) for first nests as the total number of
eggs counted after the nest was terminated or during nesting if the female was flushed during
monitoring, divided by the number of total nests for SY and ASY birds. For clutch size estimates
of re-nests I used results from a meta-analysis of clutch sizes across the range of sage-grouse
(Taylor et al. 2012) that reported the mean difference between mean clutch size for first nests
and re-nests (1.39 eggs for yearlings; 1.63 eggs for adults). Therefore, to estimate clutch size for
re-nests I subtracted 1.39 eggs (SY) and 1.63 eggs (ASY) from mean annual clutch size
estimates for first nests. I calculated standard deviation of clutch size for re-nests by age (SY, n =
8; ASY, n = 9) following Taylor et al. (2012).
I estimated egg hatch success rate (i.e., hatchability; H) for all years as the total number
of eggs hatched divided by the number of total eggs laid for all nests that were successful. I
estimated standard errors for hatchability based on the variance of the sample proportion.
I did not have data on the survival of juveniles (54-days post hatch to breeding; ~ April),
therefore, I derived estimates of juvenile survival (Sjuvenile) from annual adult survival estimates. I
used an adjustment rate based on a previous study that examined juvenile survival relative to
adults (Apa et al. 2017). This adjusted estimate was based on the ratio of Sadult (0.83) relative to
Sjuvenile (0.58) for 183 individuals over 7 months in Colorado from 2005–2008 (Apa et al. 2017).
Therefore, I scaled Sadult from the Trout Creeks to a 7-month time period comparable to the
juvenile survival period by raising annual Sadult to the 0.58th power (7/12 = 0.58). Then, I
multiplied the scaled 7-month Sadult by 0.7 (0.53/0.83).
For nest, chick, and female survival, I used an information theoretic approach to develop
model sets and model selection results to evaluate models (Burnham and Anderson 2002). I used
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the Akaike Information Criteria corrected for small sample size (AICc) to rank models, and
differences in AICc value between each candidate model and the top ranked model (∆AICc), and
AICc weights (wᵢ = weight of evidence supporting model i as the best model in the model set) to
evaluate model support. I model averaged my estimates of nest, chick, and female survival to
account for model selection uncertainty (Burnham and Anderson 2002) and produce the most
accurate estimates of survival.
I estimated nest survival (Snest) using the known fate model in Program MARK because
the exact dates of nest incubation and fate were known from GPS location data (White and
Burnham 1999). I estimated daily nest survival (DNS) for a 27-day period each year (2013–
2018) and classified year as a grouping variable. I estimated age-specific DNS for first nests, but
then pooled SY and ASY females to estimate DNS for renests. Within years, I developed
additive and interactive models to examine the influence of temporal covariates on DNS.
Temporal covariates included 1) day: general variation within the 27-day nesting period, 2). T:
increasing or decreasing linear trends within the 27-day nesting period, and 3) Julian date: start
of incubation according to 3 consecutive GPS locations. I derived estimates of nest success for
the 27-d incubation period (NS; probability that >1 chick hatched and left the nest) by taking the
product of DNS estimates over the 27-day nesting period for each year and estimated variance
using the delta method (Powell 2007).
I estimated chick survival (Schick) using the ‘young survival from marked adults’ model in
Program MARK which, provided estimates from counting young in a family group such as
marked females and their unmarked chicks (Lukacs et al. 2004). Encounter histories reflected the
number of chicks that were observed on 14-d post-hatch flush, four 10-d flush counts thereafter,
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and the initial count based on the number of eggs that were observed in the nest bowl after the
nest was terminated (Gibson et al. 2017). I used the Lukacs model for estimated apparent
survival of chicks () while accounting for imperfect detection (p) similar to the Cormack-JollySeber model (Lukacs et al. 2004). I categorized year as a grouping variable and pooled data
across age classes so that I had enough data to estimate CS for each year. I hypothesized that the
probability of detecting a brood varied temporally because chicks are capable of flight at
approximately 2 weeks post-hatch and have restricted movement thus, tend to hide in vegetation
and avoid detection (Wallestad 1975, Schroeder 1997, Aldridge and Brigham 2001).
Furthermore, detection could vary due to sampling error within and between years due to
different observers or changes in vegetation cover post-fire. I examined additive and interactions
of the following temporal covariates: 1) day: variation among brood counts, and 2) T: increasing
or decreasing linear trends during the brood year. In order to reduce the overall number of
models evaluated, I evaluated the best p structure first while allowing  to vary by year (e.g.,
(year) p(year*day); (year) p(T); n = 8). Then, I included the best p structure in the model set
to evaluate the best temporal structure on  based on additive and interaction combinations of
time covariates (n = 4). I derived estimates of chick survival for the brood-rearing period by
taking the product of interval survival estimates over the 54-day brood-rearing period for each
year.
I estimated age-specific monthly survival using known fate models with a staggered entry
design and Program MARK (Pollock et al. 1989, White and Burnham 1999). I estimated
monthly survival over a 12-month period (March – February) each year. I used the first and last
day of each calendar month to construct monthly encounter histories for each marked female
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during the study period. I coded monthly intervals as alive (10) if the individual survived from
time i to time i + 1 or dead (11) if the individual died during the interval. I censored (00)
individuals if their fate during a monthly interval was unknown, which only occurred if the
individual was not included in the sample population or the transmitter failed and locations were
not available to determine whether the female was alive or dead. I considered yearling sagegrouse to transition to adults if they were alive at the beginning of March following the year they
were captured and marked. I categorized 3 seasons into 4 month increments based on biological
periods and habitat characteristics: breeding (April – July), fall (August – November), and winter
(December – March; Connelly et al. 2011a, b). I developed a model set that included year and
age in each model to evaluate the influence of temporal covariates (i.e., season, month) on agespecific monthly survival. I defined temporal covariates as: 1) season: monthly survival was
grouped by seasons as outlined above, and 2) month: monthly variation within the 12-month
period. I derived seasonal age-specific estimates by multiplying model averaged monthly
survival (4 months) in each season (Sseason = Smonth1 x Smonth2 x Smonth3 x Smonth4) and calculated
estimates of standard error using the delta method (Powell 2007). I derived annual estimates as
the product of model averaged monthly survival from all 12 months (Sannual = Smonth1 x Smonth2….. x
Smonth12).
Population matrix model
I developed annual 2-age female stochastic population matrix models for yearlings (SY)
and adults (ASY) using yearly estimated vital rates (Table 4.1, Fig. 4.1, Caswell 2001). I
constructed annual 2 x 2 population matrix models using the pre-birth-pulse format, because I
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began monitoring annual female survival in March of each year, and I included fecundity (F) and
survival (S) for both SY and ASY (Caswell 2001):

𝐴= [

𝐹𝑆𝑌
𝑆𝑆𝑌

𝐹𝐴𝑆𝑌
]
𝑆𝐴𝑆𝑌

I developed age-specific fecundity (F) estimates using the following equation:
Fj = [{(NI1 * CS1 * Snest1) + ((1 – Snest1) * NI2 * CS2 * Snest2)} * H] * (0.5 * Schick * Sjuvenile)
where:
j = age
NI = nest initiation rate
CS = clutch size
Snest = nest survival
H = hatchability
Schick = chick survival
Sjuvenile = juvenile survival
0.5 = portion of offspring that are female (Atamian and Sedinger 2010)
1 = first nests
2 = re-nests

I parametrized annual matrices with bootstrapped fecundity and annual survival estimates
by resampling lower-level vital rates 10,000 times from beta distributions for probabilities (e.g.,
nest survival) and normal distributions for clutch size. I estimated λ and 95% confidence
intervals (CI’s) by taking 10,000 replicates from parameterized matrices (Meyer et al. 1986). I
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used bootstrap estimates of λ and 95% confidence intervals to assess whether the population was
increasing (λ ≥ 1.0), stable (λ = 1.0), or decreasing (λ ≤ 1.0) annually.

S SY
F SY

SY

ASY

S ASY

F ASY
Figure 4.1. Life history diagram showing the demographic components of a 2-age pre-breeding
population matrix model for female greater sage-grouse in the Trout Creeks Mountains of
Oregon and Nevada. Yearlings (SY), and adults (ASY); F, fecundity estimate; S, survival
estimate.

Sensitivity analysis
I conducted a life-stage simulation analysis (LSA) to better understand the influence of
individual vital rates (e.g., Sjuvenile) on λ. Traditional analytical methods such as sensitivity and
elasticity measure sensitivity in λ with respect to changes in vital rates and are based on mean point
estimates of vital rates. While these sensitivity approaches are useful they ignore variability in vital
rates which can inform management because vital rates that have low elasticity can have high
temporal variability that drives population dynamics over time (Gaillard et al. 1998, Gaillard and
Yoccoz 2003, Raithel et al. 2007). Life-stage simulation analysis based on simple linear regression
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of replicated λ’s and vital rates incorporates all the components of sensitivity and elasticity,
meanwhile accounting for variability in vital rates simultaneously thus, represents how much variation
in λ is attributed to the variation in each vital rate (Wisdom and Mills 1997, Wisdom et al. 2000). I
performed LSA by regressing λ over each vital rate for all 10,000 matrices produced from the
population model which is a stochastic approach to sensitivity. This simple linear regression calculates
a coefficient of determination (R2) for each vital rate and similar to sensitivity and elasticity, vital rates
with the highest R2), have the greatest effect on λ. To compare my LSA results to previous studies that
examined sensitivity with respect to individual vital rates through elasticity, I first log transformed
estimates of λ and each vital rate and then performed LSA (log-log transformation, Taylor et al.
2012).
Results
Vital rate estimates
Following the Holloway wildfire of 2012, mean nest initiation rates for first nests were
lower for yearlings (x̅ = 0.92, SD = 0.10) than for adults (x̅ = 0.97, SD = 0.05, Table 4.1).
Furthermore, mean nest initiation rates for first nests were higher compared to re-nests (Table
4.1). Mean clutch sizes were higher for first nests of adults, compared to re-nests of yearlings
(CS1SY: x̅ = 5.93, SD = 0.92, CS1ASY: x̅ = 6.64, SD = 0.48, CS2SY: x̅ = 4.14, SD = 0.66, CS2ASY: x̅
= 4.95, SD = 0.48, Table 4.1). Hatchability across all years was 0.95 (SD = 0.002, Table 4.1).
The intercept-only model was the top ranked nest survival model for first nests of both
age classes (Table 4.2). This model received 8.3 (SY) and 1.2 (ASY) times more support than the
second ranked model where nest survival varied by year for both SY and ASY females (Table
4.2). For renests of both age classes combined, the model that included variation by year and an
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additive linear time trend within the 27-day nesting period was the top ranked model, and was
1.6 times more likely than the second ranked model with no covariates (intercept-only; Table
4.2). Across all years, mean nest survival was higher for the first nests of yearlings (x̅ = 0.54, SD
= 0.04) and less variable (Table 4.1) compared to the first nests of adults (x̅ = 0.31, SD = 0.09)
and re-nests (x̅ = 0.39, SD = 0.22).
Detection (p) for chicks during brood-rearing was best described by an increasing linear
time trend (i.e., detection increased with brood age, p range: 0.29–0.93, Table 4.3). The best
model structure for chick survival included annual variation and an increasing linear time trend
on weekly survival within the brood-rearing period (Table 4.3). This model received 1.7 times
more support than the only other competitive model where chick survival varied between years
(Table 4.3). Chick survival to 54-d post-hatch was highest during 2015 and 2016 and averaged
0.27 (SD = 0.07) over the 6 year study period (Table 4.1).
Juvenile survival was highest during 2015 and 2016 and averaged 0.48 (SD = 0.15) over
the 6 years. Moreover, juvenile survival was nearly 2-fold lower during the first year after the
fire compared to the 6-year average and showed similar temporal variation as female survival
(Table 4.1). Survival of female sage-grouse varied by year, with an additive effect of age (ASY >
SY) and higher survival observed during the winter months (December – March; Fig. 4.1)
compared to the rest of the year (Table 4.4). This top ranked model was 2.7 times more likely
than the second ranked model in which survival varied across all 3 seasons (Table 4.4). Annual
survival across all years was 0.41 (SD = 0.16) for yearlings and 0.48 (SD = 0.16) for adults.
Survival increased each year after the fire until 2015, then declined slightly each year from 2016
– 2018 (Fig. 4.1).
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Finite rate of population change
Annual point estimates of λ indicated that the sage-grouse population declined (λ ≤ 1.0)
during all years except 2015 (Fig. 4.2). Notably, during the first 2-years after the fire, λ indicated
declines, but the percent change in λ increased from 2013 to 2014 (λ2013: 0.25, 95% CI: 0.13 to
0.39; λ2014: 0.55, 95% CI: 0.34 to 0.79). This positive trend in λ continued to 2015, when the
population growth rate exceeded 1.0 (λ2015: 1.02, 95% CI: 0.80 to 1.28). However, during 2016 –
2018 the population declined, except for potentially in 2018 when the upper 95% confidence
interval overlapped 1.0 (λ2016: 0.72, 95% CI: 0.54 to 0.92; λ2017: 0.73, 95% CI: 0.55 to 0.93; λ2018:
0.64, 95% CI: 0.37 to 1.03; Fig 4.2). The geometric mean λ over all 6 years was 0.60 (95% CI:
0.40 to 0.88).
Sensitivity analysis
Coefficients of determination (R2) for individual vital rates from the life-stage simulation
analysis indicated that adult survival and chick survival explained most of the variation in λ (Fig
4.3). Adult survival explained most of the variation in λ (i.e., highest R2) in 5 of 6 years. Sensitivity
in λ with respect to adult survival generally decreased as time progressed after the fire (Fig. 4.3).
Chick survival had the second highest R2 in 4 of 6 years (Fig. 4.3). Sensitivity in λ with respect to
chick survival generally increased as time progressed after the fire (Fig. 4.3). Furthermore, adult
survival and chick survival explained an average of 45% (range: 0.25 to 0.79) and 25% (range: 0.04 to
0.37) of the variation in λ across all years, respectively.
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Discussion
Life history strategies are influenced by a species’ environment, including its disturbance
regimes, and reflect the tradeoffs in reproduction, survival, and maintenance, that allow
individuals to maximize fitness. Sage-grouse have co-evolved in sagebrush communities where
wildfire is dynamic, albeit somewhat predictable at broad spatial and temporal scales (Baker
2006, Miller et al. 2011). Thus, their life history strategies reflect these infrequent fire regimes.
Within the western portion of the range of sage-grouse, large wildfires (>100,000 ac) have
occurred more frequently during the last 50 years, largely due to the relationship between
invasive annual grasses and fire (Brooks et al. 2015). My examination of the demographic and
population response of a sage-grouse population to a large wildfire illustrates the acute negative
effects large wildfires can have on the species. Specifically, I found that the Trout Creek sagegrouse population was declined (λ ≤ 1.0) annually except for 2 years. Life-stage simulation
analysis indicated that most of the variation in λ was attributed to female and chick survival.
Moreover, sensitivity in λ decreased with respect to adult female survival and increased with
chick survival during the study. Understanding the environmental factors that influence these key
vital rates for sage-grouse is critical for managing the species following a mega-fire.
Nest initiation for first nests was consistently high and ranged 0.78 to 1.00 for yearling
and adults. Contrary, nest initiation for second nests was much lower and more variable than first
nests and ranged 0.15 to 0.59. These patterns in nest initiation are consistent with other studies in
the Great Basin, including Oregon (Gregg 1991, Crawford et al. 2004, Coates et al. 2014, Olsen
2019). Likewise, our estimates of clutch size were comparable to other reports of clutch sizes in
the region and ranged 6.1 between 7.1 and 4.4 between 5.4 for first and second nests of adults,
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respectively (Gregg 1991, Crawford et al. 2004, Coates et al. 2014, Olsen 2019). Further,
hatchability was stable and similar to other research (Crawford et al. 2004, Taylor et al. 2012,
Coates et al. 2014, Olsen 2019).
Model averaged estimates of nest survival (yearlings and adults combined) were similar
to values reported for sage-grouse across their distribution (Taylor et al. 2012). Moreover, nest
survival estimates mostly paralleled a study that examined nest survival in another part of
Oregon (Table 4.5., Olsen 2019). We observed high variation in nest survival within each year
that could be related to the fragmented landscape or reduction in canopy cover following fire.
However, variation in annual nest survival among years was low relative to some other studies
(Chi 2004, Moynahan et al. 2007). The average point estimates and low temporal variation for
nest survival were surprising given that individuals primarily nest at lower elevations in the study
area which are slow to recover and contain less sagebrush cover and greater cheatgrass cover
(Chapter 2). However, in a concurrent study we observed that remnant patches of sagebrush or
other vegetation within the fire affected landscape provides visual obstruction from predators and
thermal refuge, both of which have a positive relationship with nest survival (Chapter 3). These
vegetation patches appear to be an important part of the post-fire landscape in regards to nest
survival.
However, modeled averaged estimates of chick survival were some of the lowest
estimates reported for sage-grouse (Taylor et al. 2012). Chick survival averaged 0.27 across all 6
years, only 5 other studies have reported lower average estimates (Gregg et al. 2007, Hennefer
2007, Apa 2010, Schreiber et al. 2016, Olsen 2019). Interestingly, chick survival was 10-15%
lower in another part of Oregon than the Trout Creek population from 2015–2017 (Table 4.5.,
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Olsen 2019). Variation in chick survival has been linked to numerous environmental factors
including food resources and vegetation cover (Gregg and Crawford 2009), nest locations
(Gibson et al. 2016), drought (Guttery et al. 2013, Gibson et al. 2017), temperature (Guttery et al.
2013, Schreiber et al. 2016), precipitation (Guttery et al. 2013), and predators. Chick survival did
increase during the brood-rearing period, but this was expected as a result of the increased forb
cover at higher elevations where hens and chicks spend the later part of their brood rearing
period. Poor environmental conditions during early brood rearing might be limiting chick
survival after the fire. Early brood rearing occurs mostly in low elevation Wyoming big
sagebrush communities, where adequate food sources, screening cover, and thermal cover could
be lacking for chicks.
Juvenile survival estimates were derived from female survival estimates, therefore they
exhibited the same temporal variation as female survival. Mean juvenile survival (0.48) was
lower than values reported for sage-grouse across their distribution (0.74, Taylor et al. 2012),
including Oregon (0.67, Table 4.5., Olsen 2019). However, mean juvenile survival was slightly
higher than estimates from 3 different study sites in Nevada from 2006-2012 (0.44, Blomberg et
al. 2014).
Female survival exhibited high temporal variation during the first 4 years after the fire,
then it leveled off after 2016. Modeled averaged estimates of female survival were low during
the entire study (0.45), compared to female survival values for sage-grouse across their
distribution (0.62, Taylor et al. 2012). Survival was low during the first 2 years after the fire
(0.27, 2013–2014), compared to the remaining 4 years (0.53, 2015–2018). Interestingly, female
survival in the Trout Creek Mountains was lower but showed a similar temporal pattern to
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female survival in another part of Oregon from 2013–2017 (Table 4.5., Olsen 2019). Winter
survival was higher than the rest of the year (i.e., breeding and fall) and was similar to sagegrouse populations across their distribution (Moynahan et al. 2006, Walker 2008, Blomberg et al.
2013b). These patterns suggest the breeding and fall months are nontrivial with respect to sagegrouse survival (Blomberg et al. 2013a, b).
Increased predation could limit female sage-grouse survival following wildfires that
remove a large portion of sagebrush (Dinkins et al. 2014). Sage-grouse have high fidelity to their
seasonal ranges even after fire, despite extreme reductions to vegetation cover and concealment
(Holloran et al. 2005, Foster et al. 2018). Within the study area (i.e., Holloway fire perimeter)
only 25% of the landscape was unburned, leaving substantially less cover for individuals postfire (Foster et al. 2018). Sage-grouse often move large distances between seasonal ranges in the
study area and across their distribution, which can lower their survival (Beck et al. 2006, Foster
2016). Predation is the primary cause of mortality in sage-grouse across their range (Connelly et
al. 2011a, Blomberg et al. 2013a). Predator dynamics following fire are highly variable for many
vegetation communities, including sagebrush communities (Holbrook et al. 2016, Geary et al.
2020). Most species that commonly prey on sage-grouse presumably do not disperse following
fire because they are generalists in regards to vegetation type (Hagen 2011). However, some
mammalian predators might avoid areas with high amounts of cheatgrass cover (Holbrook et al.
2016). Still, low vegetation structure following fire might expose sage-grouse to greater
encounters with predators, especially where topographic ruggedness is high (Dinkins et al.
2014).

103

Annual estimates of λ indicated a declining population in 4 of 6 years following the
Holloway fire. These findings support recent evidence of long-term declines in sage-grouse
populations in the Great Basin related to wildfire (Coates et al. 2015, 2016). Population growth
rate was much lower in the Trout Creek Mountains compared to a concurrent study in Oregon
from 2013–2017 that was not affect by fire (Table 4.5., Olsen 2019). Moreover, estimates of λ
were low compared to other studies that reported long-term trends in λ across the distribution of
sage-grouse (Johnson and Braun 1999, Garton et al. 2011, Dahlgren et al. 2016).
My estimates of λ might be biased low because of the methods I used to estimate chick
survival and female survival. The methods I used to estimate the other vital rates are not
expected to bias estimates of λ because either vital rate estimates were similar to values reported
for sage-grouse across their distribution (e.g., CS) or, vital rates had little influence on λ (e.g.
hatchability). Chick survival might be biased low because I used a walking flush count method
which has lower detection rates than other methods that are employed to count sage-grouse
chicks (Dahlgren et al. 2010). Detection increased over the brood period (1st count: 0.29, 5th
count: 0.93), and low detection during the early counts could have contributed to greater bias and
imprecision in the overall estimates (Keiter et al. 2017). Moreover, the Lukacs models that I
used to estimate chick survival might produce biased estimates because of convergence issues
using maximum likelihood estimation with small sample sizes (e.g. few counts per brood) and
large clutch sizes (>5 eggs; Lukacs et al. 2004). More than 58% of the clutch sizes had >5 eggs;
however, only 5% of the flush counts had >5 chicks. My estimates of female survival and
consequently juvenile survival might be biased low because of the GPS devices I used to monitor
sage-grouse. Recent evidence suggests potentially lower survival for sage-grouse wearing GPS
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devices compared to individuals wearing VHF units based on body mass to device mass ratios
(Foster et al. 2018, Severson et al. 2019). Moreover, this discrepancy in survival between devices
increased in females during the spring and fall months (Severson et al. 2019). In my study area
hens wearing GPS devices had 5% lower survival than hens wearing VHF units from 2012–2014
(Foster et al. 2018). However, the effects of fire likely had a greater influence on female survival,
at least during the first few years after the fire, than the GPS devices (Foster et al. 2018).
Nevertheless, for both chick survival and female survival, small bias could have a large effect on
λ given the sensitivity of λ with respect to these two vital rates (Fletcher et al. 2012).
Adult survival and chick survival explained most of the variation in λ. A general trend
among reproductive ground nesting birds is that fecundity life histories have the greatest
potential to influence λ, indicating a life-history strategy closer to the fast end of the continuum
(Wisdom and Mills 1997, Fefferman and Reed 2006, Hagen et al. 2009, Sullins et al. 2018).
Notably, declining greater prairie-chicken (Tympanuchus cupido) and lesser prairie-chicken (T.
pallidicintus) populations are most sensitive to changes in nest success, chick survival, and
juvenile survival (Wisdom and Mills 1997, Fefferman and Reed 2006, Hagen et al. 2009, Sullins
et al. 2018). In contrast, others have reported adult survival to have the most influence on λ for
greater prairie-chicken suggesting a life-history strategy closer to the slow end if the continuum
(Fefferman and Reed 2006, McNew et al. 2012, Sullins et al. 2018). It is important to note that
both fecundity (i.e., nest, chick, and juvenile survival) and survival life-histories often rank high
according to sensitivity analysis. Thus, there appears to be some variation in life-history
strategies within and between ground nesting birds (Wisdom and Mills 1997, Hagen et al. 2009,
McNew et al. 2012, Sullins et al. 2018).
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Similar variation in life-history strategies were observed in sage-grouse throughout their
distribution indicating an intermediate life-history strategy for the species (Johnson and Braun
1999, Walker and Naugle 2011, Taylor et al. 2012, Dahlgren et al. 2016, Olsen 2019). These
patterns likely reflect a number of factors related to life history strategy, weather variation,
disturbance regime, trends in population growth, and the type of sensitivity analysis used to
examine the effects of individual vital rates on λ. For example in 2 separate studies, stable or
slightly declining hunted sage-grouse populations in Colorado and Utah reported that λ was most
sensitive to per unit (sensitivity) and proportional (elasticity) changes in adult survival and
juvenile survival over a 23 and 12 year span, respectively (Johnson and Braun 1999, Dahlgren et
al. 2016). Whereas, results of LSA regression showed that nest survival and chick survival
explained most of the variation λ for a declining population that was affected by West Nile virus
(Flaviviridae, Flavivirus) in Wyoming (Walker and Naugle 2011). Furthermore in a metaanalysis of 50 studies of sage-grouse, female survival and chick survival had the greatest effect
on λ based on sensitivity and elasticity; however from their LSA regression, nest success and
chick survival explained most of the variation in λ across the distribution of sage-grouse (Taylor
et al. 2012).
My findings indicate adult survival generally had a decreasing effect on λ whereas, chick
survival had an increasing effect on λ during the first 6 years following a mega-fire. The
magnitude of this relationship was greatest during the first 2 years post-fire (2013 and 2014)
when R2 for female survival was 0.80 and 0.36 higher than the R2 for chick survival. Then during
the 6th year (2018), R2 for chick survival was 0.36 higher than the R2 for female survival. Identifying
the life histories or vital rates that have the greatest effect on population growth is important for
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understanding how organisms respond to disturbance. Environmental variation helps shape life history
patterns and regulate λ. Vital rates that have a large effect on λ and benefit long-term fitness, buffer
environmental variation and have low variance (Pfister 1998, Gaillard and Yoccoz 2003). Longlived organisms are less affected by increasing vital rate variability compared to short-lived organisms
(Morris et al. 2008). Therefore, it is generally expected that species on the slow end (e.g., long-lived)
of the continuum are be less vulnerable to the effects gradual and low severity, increasing
environmental change (e.g., climate change), compared to organisms on the fast-end (e.g., short-lived)
of the continuum (Lytle 2001, Morris et al. 2008, Dalgleish et al. 2010). However, in cases where
populations are suddenly reduced such as a hurricane or mega-fire, high reproductive output (i.e., fastend) is likely a more favorable life history strategy (Collen et al. 2011).
The negative demographic response in sage-grouse following fire might not be that surprising
given the extreme reductions in sagebrush cover and the propensity for individuals to remain in a fire
affected landscape (Foster et al. 2018). Habitat loss due to the annual grass-fire cycle is
recognized as one of the greatest threat to sage-grouse and has been linked to population declines
in the Great Basin (Coates et al. 2016). The spatial and temporal scale at which fire begins to
negatively influence sage-grouse populations is not well understood, but mega-fires that
encompass entire populations are likely to have a negative effect on population growth. The loss
of sagebrush due to fire has been linked to declines in lek attendance (Hess and Beck 2012,
Coates et al. 2015, 2016, Steenvoorden et al. 2019), nest survival (Lockyer et al. 2015, Foster et
al. 2018), and female survival (Foster et al. 2018). Given that 50% of the Great Basin is highly
susceptible to cheatgrass invasion, habitat loss is expected to double by 2044 if there are no
changes in current management strategies (Coates et al. 2016). These trends will ultimately have
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an influence on the life histories and population persistence of sage-grouse in the western portion
of their distribution.
Given the long and variable recovery periods of many sagebrush communities and the
negative response in chick survival and female survival following wildfire, the most effective
management might be to emphasize fire suppression in areas where sage-grouse occur during
these 2 life history phases. Fire suppression would likely benefit sage-grouse the most if focused
during the early brood-rearing phase because this period is critical for chick survival (Gregg et
al. 2007) and early brood-rearing is often located in Wyoming big sagebrush communities,
which have low resiliency to fire and resistance to annual grass invasion (Chambers et al. 2014).
Moreover, because I observed low female survival during the breeding and fall months,
strategies to protect or improve habitat conditions where adult females are located during these
time periods would likely benefit sage-grouse populations following fire.
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Table 4.1. Mean vital rate estimates and standard error (SE) of greater sage-grouse in the Trout Creek Mountains, Harney and
Malheur counties, Oregon, USA, 2013–2018. NI = nest initiation rate, CS = clutch size, H= hatchability, Snest = 27-day nest survival,
Schick = 54-day chick survival, Sjuvenile = juvenile survival, Sannual = annual survival, SY = yearlings, ASY = adults, 1 = first attempt, 2 =
renest.
2013
2014
2015
2016
2017
2018
n
Mean (SE)
n
Mean (SE)
n
Mean (SE)
n
Mean (SE)
n
Mean (SE)
n
Mean (SE)
Vital rate
NI1SY

6

1.00 (0.00)

9

1.00 (0.00)

11

0.82 (0.01)

3

1.00 (0.00)

10

0.90 (0.01)

9

0.78 (0.02)

NI1ASY

16

0.94 (0.003)

14

1.00 (0.00)

16

1.00 (0.00)

31

0.87 (0.004)

20

1.00 (0.00)

19

1.00 (0.00)

NI2

15

0.20 (0.01)

23

0.52 (0.01)

16

0.25 (0.01)

26

0.15 (0.01)

17

0.59 (0.01)

14

0.36 (0.02)

CS1SY

4

6.26 (0.75)

5

6.00 (0.84)

5

6.40 (0.51)

3

4.67 (0.66)

6

5.06 (0.79)

6

7.17 (0.40)

CS1ASY

7

6.33 (0.31)

8

7.00 (0.42)

8

7.13 (0.39)

20

6.05 (0.43)

15

6.23 (0.31)

15

7.07 (0.38)

CS2SY

0

1

4.61 (0.40)

0

3

3.67 (0.40)

0

CS2ASY
H

1

5

5.31 (0.30)

1

7

4.54 (0.30)

2

360

Snest1SY

6

0.55 (0.12)

8

0.49 (0.14)

9

0.57 (0.12)

3

0.50 (0.15)

8

0.53 (0.10)

5

0.58 (0.14)

Snest1ASY

15

0.19 (0.12)

12

0.23 (0.11)

15

0.37 (0.12)

27

0.29 (0.07)

19

0.42 (0.13)

18

0.36 (0.10)

Snest2

3

0.17 (0.21)

7

0.65 (0.19)

4

0.43 (0.25)

4

0.23 (0.21)

11

0.65 (0.17)

3

0.20 (0.21)

Schick

5

0.20 (0.08)

9

0.25 (0.10)

12

0.38 (0.06)

8

0.32 (0.08)

19

0.24 (0.06)

10

0.24 (0.21)

183

0.22 (0.07)

183

0.42 (0.07)

183

0.63 (0.07)

183

0.61 (0.07)

183

0.56 (0.07)

183

0.46 (0.07)

SbreedingSY

16

0.47 (0.09)

8

0.64 (0.09)

13

0.83 (0.06)

13

0.75 (0.07)

17

0.73 (0.07)

6

0.70 (0.06)

SbreedingASY

30

0.55 (0.07)

14

0.70 (0.08)

17

0.87 (0.05)

35

0.77 (0.05)

27

0.77 (0.05)

23

0.76 (0.06)

SfallSY

16

0.48 (0.09)

8

0.64 (0.09)

13

0.84 (0.06)

13

0.75 (0.06)

17

0.73 (0.07)

6

0.71 (0.08)

SfallASY

30

0.55 (0.07)

14

0.70 (0.08)

17

0.87 (0.05)

35

0.80 (0.05)

27

0.78 (0.05)

23

0.76 (0.06)

Sjuvenile

NA
4.64 (0.30)
0.95 (<0.001)

360

0.95 (<0.001)

360

NA
5.44 (0.30)
0.95 (<0.001)

0
2
360

NA
4.36 (0.30)
0.95 (<0.001)

360

0.95 (<0.001)

360

NA
5.38 (0.30)
0.95 (<0.001)
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SwinterSY

16

0.67 (0.09)

8

0.79 (0.08)

13

0.91 (0.04)

13

0.86 (0.05)

17

0.84 (0.05)

6

0.83 (0.07)

SwinterASY

30

0.72 (0.07)

14

0.83 (0.06)

17

0.93 (0.03)

35

0.89 (0.04)

27

0.87 (0.04)

23

0.86 (0.05)

SannualSY

16

0.15 (0.07)

8

0.32 (0.11)

13

0.63 (0.11)

13

0.48 (0.10)

17

0.45 (0.10)

6

0.41 (0.10)

SannualASY

30

0.22 (0.07)

14

0.40 (0.11)

17

0.70 (0.09)

35

0.56 (0.08)

27

0.53 (0.08)

23

0.49 (0.12)
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Table 4.2. Model selection results for nest survival
models which assessed the influence of temporal trends
on 27-day nest survival of greater sage-grouse in the
Trout Creek Mountains, Harney and Malheur counties,
Oregon, USA, 2013–2018. Models were ranked
according to Akaike’s Information Criterion with a bias
correction term for small sample size (AICc) and we
report ∆AICc, Akaike weight (wᵢ), number of parameters
(K), and model deviance for all models.
Model
K ∆AICc wᵢ
Deviance
SY First Nests
Intercept
1
0.00 0.83
161.95
Year
6
4.30 0.10
156.14
Year + Julian date
7
6.26 0.04
156.07
Year + T
7
6.33 0.04
156.14
Day
27 22.03 0.00
129.86
Year + day
32 27.18 0.00
124.15
Year x day
162 334.48 0.00
83.06
ASY First Nests
Intercept
1
0.00 0.42
564.66
Year
6
0.52 0.32
555.13
Year + Julian date
7
2.27 0.13
554.86
Year + T
7
2.40 0.13
554.99
Day
27 15.23 0.00
526.94
Year + day
32 16.39 0.00
517.73
Year x day
162 210.66 0.00
417.17
SY + ASY Renests
Year + T
7
0.00 0.40
134.33
Intercept
1
0.93 0.25
147.44
Year
6
0.94 0.25
137.31
Year + Julian date
7
2.82 0.10
137.15
Year + day
32 22.57 0.00
103.35
Day
27 23.99 0.00
115.85
Year x day
162 357.71 0.00
60.82
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Table 4.3. Model selection results for chick survival models which
assessed the influence of temporal trends on 54-day chick survival of
sage-grouse in the Trout Creek Mountains, Harney and Malheur
counties, Oregon, USA, 2013–2018. Models were ranked according
to Akaike’s Information Criterion with a bias correction term for
small sample size (AICc) and we report ∆AICc, Akaike weight (wᵢ),
number of parameters (K), and model deviance for all models.
Model
K ∆AICc wᵢ
Deviance
(year + T) p(T)
9
0.00 0.45
437.75
(year) p(T)
8
1.00 0.27
440.99
(year + day) p(T)
12
2.42 0.13
433.27
(year) p(year x T)
17
3.82 0.07
422.55
(year) p(day)
11
3.92 0.06
437.10
(year) p(year + T)
13
6.69 0.02
435.18
(year x T) p(T)
14
10.30 0.00
436.40
(year) p(year + day)
16
11.19 0.00
432.41
(year) p(year x day)
35
18.09 0.00
385.32
(year x day) p(T)
32
44.27 0.00
421.07
(year) p(year)
12
69.59 0.00
500.44
(int) p(int)
2
75.36 0.00
528.20
(year) p(int)
7
81.01 0.00
523.21
(year x day) p(year x day)
58
82.52 0.00
358.26
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Table 4.4. Model selection results for monthly survival models which assessed
the influence of temporal trends on monthly survival of sage-grouse in the Trout
Creek Mountains, Harney and Malheur counties, Oregon, USA, 2013–2018.
Models were ranked according to Akaike’s Information Criterion with a bias
correction term for small sample size (AICc) and we report ∆AICc, Akaike
weight (wᵢ), number of parameters (K), and model deviance for all models.
Model
K ∆AICc wᵢ Deviance
Year + age + winter (Dec-Mar)
8
0.00 0.61
150.33
Year + age + season
9
2.00 0.23
150.31
Year + age
7
5.49 0.04
157.85
Year + age + breeding (Apr-Jul)
8
5.52 0.04
155.86
Year + age + month + winter (Dec-Mar)
15
5.53 0.04
141.63
Year + age + fall (Aug-Nov)
8
6.59 0.02
156.93
Year + age + month + breeding (Apr-Jul)
15
7.61 0.01
143.71
Year+ age + month
18
9.43 0.01
139.40
Year x age
12 11.06 0.00
153.28
Intercept
1 13.81 0.00
178.24
Year x month + age
73 43.78 0.00
56.59
Year x age x month
144 152.57 0.00
0.00
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Table 4.5. Mean vital rates for greater sage-grouse in the
Warner Mountains, Lake County, Oregon, Modoc
County, California, and Washoe County, Nevada from
2013–2017 (Olsen 2019).
Vital Rate
2013 2014 2015 2016 2017
Snest
0.38
0.39
0.29
0.67
0.46
Schick
0.42
0.46
0.23
0.21
0.14
Sjuvenile
0.60
0.70
0.74
0.73
0.57
Sfemale
0.57
0.69
0.8
0.75
0.71
λ
0.91
1.06
0.99
1.07
0.77
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Figure 4.2. Means and 95% confidence interval for annual survival of yearling and adult female
greater sage-grouse in the Trout Creek Mountains, Harney and Malheur counties, Oregon, USA,
2013–2018.
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Figure 4.3. Mean finite rate of population change (λ) and 95% confidence intervals of greater
sage-grouse in the Trout Creek Mountains, Harney and Malheur counties, Oregon, USA, 2013–
2018. Line at 1.00 represents a stable population.
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Figure 4.4. Coefficients of determination (R2) for individual vital rates of female greater sagegrouse in the Trout Creek Mountains, Harney and Malheur counties, Oregon, USA, 2013–2018.
NI = nest initiation, CS = clutch size, NS = nest survival, EHS = egg hatch success rate, Chick =
chick survival, Juvenile = juvenile survival, 1 = first nest, 2 = renest, SY = yearling, ASY =
adult.
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CHAPTER 5: CONCLUSION
Sagebrush communities and many related wildlife species are threatened by the annual
grass-fire cycle. This study examined some of the lesser known aspects of sagebrush and sagegrouse ecology after a mega-fire. I observed changes to the thermal environment and key vital
rates that drive population growth in sage-grouse 6 years after large-scale wildfire in the Trout
Creek Mountains of southeastern Oregon.
In Chapter 2, I described unburned and burned sagebrush communities from a thermal
perspective. Fire altered the composition, structure, and consequently the thermal environment of
sagebrush communities. Nevertheless, my results show there are many thermal options for
organisms in both unburned and burned sagebrush communities. Fire altered the thermal
environment of big sagebrush communities more than low sagebrush communities. Of the big
sagebrush communities, fire altered Wyoming big sagebrush communities more than mountain
big sagebrush communities. Notably in Wyoming big sagebrush, burned communities buffered
low and high ambient temperatures (Tair) less effectively than unburned communities.
Furthermore, in Wyoming sagebrush, burned communities buffered Tair less effectively than
unburned communities during the mid-day hours (1100–1600 hrs). I found that the thermal
environments of Wyoming big sagebrush communities might be modified by fire more than
either low or mountain big sagebrush communities resulting from structural homogenization that
occurs in Wyoming big sagebrush communities following fire. Sagebrush cover was lower in
each of the 3 burned sagebrush communities (low, mountain, Wyoming) compared to their
respective unburned sagebrush communities. Mean sagebrush cover was <5% in each of the 3
sagebrush communities 4–5 years post-fire, yet shrub structure (cover and height) was a key
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driver of black bulb temperature (Tbb) in all three burned communities. These findings
demonstrate how fire changes the thermal environment of the sagebrush communities, and
illustrates the importance of shrub structure which can provide thermal refuge for organisms in
unburned and burned communities during extreme low and high Tair.
In Chapter 3, I examined sage-grouse nest site selection and nest success in unburned and
burned sagebrush communities in relation to thermal and vegetation characteristics. Similar to
the broader communities, fire altered the composition, structure, and consequently the thermal
environment of sage-grouse nest sites. My findings indicate that nest bowls were cooler and had
less thermal variation than nearby microsites and the broader landscape in sagebrush
communities. These findings suggest sage-grouse have a narrower thermal niche for nesting than
what was available at microsite and landscape scales. Fire created less thermally stable
environments at nest sites; however, nest bowls modified low and high Tair more effectively than
microsites and the landscape in unburned and burned communities. I observed some indication
that thermal environments influence nest success as successful nests were cooler than failed nests
when Tair was >15°C. In burned sagebrush communities, successful nests had higher mean Tbb
than failed nests, however, visual obstruction influenced daily nest survival more than any
thermal covariate. This study provides some baseline knowledge of sage-grouse nest site thermal
environments and describes how the thermal environment influences nest site selection and to a
lesser degree nest success following wildfire. My findings illustrate the importance of fine-scale
thermal heterogeneity on the landscape and further support the need to consider thermal niches
when managing nesting cover for ground nesting species. Importantly, my results illustrate the
importance of vegetation remnants or regeneration of new vegetation that provides visual
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obstruction and thermal refuge for sage-grouse following a mega-fire, and potential linkages to
female vital rates.
In Chapter 4, I evaluated the influence of fire on the population dynamics of sage-grouse.
For vital rates that had little influence on λ (e.g., hatchability), I observed similar estimates after
the Holloway fire as compared to values for sage-grouse across their distribution, including
Oregon. Nest survival estimates were similar to values reported for other sage-grouse, despite
cover for sagebrush being low in the study area. Remnant patches of sagebrush presumably
reduce the impacts of fire on sage-grouse nest survival. Estimates of chick and female survival
immediately after fire were some of the lowest estimates reported for sage-grouse. Low
sagebrush cover resulting in increased predation may have contributed to low estimates of
survival for chicks and females. In addition, factors such as lack of high quality food sources and
thermal cover during the reproductive period may have also contributed to low chick and female
survival. These 2 vital rates had the strongest effect on variation in the annual population growth
rate (λ). Annual estimates of λ indicated a declining population in 5 of 6 years. Furthermore,
sensitivity in λ generally increased with respect to chick survival and decreased with female
survival during the study. My findings illustrate the negative influence of fire on sage-grouse
demographics and provide initial insight for understating how this species responds to fire based
on their life history strategies.
This study illustrates how fire altered the thermal environment of sagebrush communities,
especially Wyoming big sagebrush communities. The thermal environment is likely indirectly
linked to demographic processes such as nest success and female survival, but might be directly
related to chick survival. For instance, temperature probably does not cause embryonic death (if
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hens consistently incubate eggs) or kill hens directly whereas, cold temperatures can cause
mortality in young chicks. More likely, temperature influences habitat selection or causes greater
physiological costs, which are then intertwined with other factors (e.g., predation) that contribute
to their fitness. My results suggest sage-grouse select nest bowls that differ in temperature from
nearby microsites and the broader landscape. However, temperature is just 1 of many factors that
influence nest site selection by sage-grouse. In regards to nest fate, successful nests were 2.5°C
cooler than failed nests when ambient temperature was 30°C; however, only 2 nests and <1% of
the total black bulb estimates were recorded during ambient temperatures >30°C. Moreover,
visual obstruction had a greater influence on nest survival than temperature. Given that nest
survival only explained an average of 6% of the variation in λ in 5 of 6 years, and chick survival
and adult survival explained and average of 65% of the variation in λ, I suspect the thermal
environment at nest sites had little effect on λ.
The Great Basin is highly susceptible to cheatgrass invasion and habitat loss is expected
to double by 2044 if there are no changes in current management strategies (Coates et al. 2016).
The sage-grouse wildfire relationship is an area of research that will have lasting implications for
conservation and management of sage-grouse over the next several generations. With increases
in mega-fires over the last several decades and associated reduction in habitat amount and
connectivity, managers face a daunting challenge to conserve this sagebrush obligate species.
This study contributes to our understanding on the thermal environment of sagebrush
communities and has implications to anyone studying these plant communities, regardless of the
species of interests. Moreover, this research provides a better understanding for how sage-grouse
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and their habitat respond to intense, broad-scale disturbance and fills some of the information
gaps that are necessary to manage the species.
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APPENDICES
Appendix A. Thermal landscape repeated measures design
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Appendix B. Variance inflation factor

Table A.2.1. Covariates and variance inflation factor
scores (VIF 1: first analysis; VIF 2: second analysis)
for Trout Creek Mountains greater sage-grouse
(Centrocercus urophasianus) study area, Oregon and
Nevada.
VIF VIF
Covariate
1
2
Elevation
1.46 1.40
Tair
1.57 1.53
Srad
1.43 1.42
Sh_cov
1.56 1.52
Herb_cov
1.72 1.58
AG_cov
1.07 1.03
BG_cov
3.65 1.18
Lit_cov
4.09
na
Sh_ht
1.59 1.40
Herb_ht
1.48 1.47
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Appendix C. Model validation

Figure C.3.1. Residuals vs fitted values for the thermal landscape model where black bulb
temperature is a function of ambient temperature for Trout Creek Mountains greater sage-grouse
(Centrocercus urophasianus) study area, Oregon and Nevada.
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Figure C.3.2. Residuals vs ambient temperature for the thermal landscape model where black
bulb temperature is a function of ambient temperature for Trout Creek Mountains greater sagegrouse (Centrocercus urophasianus) study area, Oregon and Nevada.
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Figure C.3.3. Histogram of the residuals for the thermal landscape model where black bulb
temperature is a function of ambient temperature for Trout Creek Mountains greater sage-grouse
(Centrocercus urophasianus) study area, Oregon and Nevada.
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Figure C.3.4. Boxplots of the residuals for the thermal landscape model where black bulb
temperature is a function of ambient temperature for Trout Creek Mountains greater sage-grouse
(Centrocercus urophasianus) study area, Oregon and Nevada.
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Appendix D. Nest photos
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