Linking Habitat Selection and
Brood Success in Greater Sage-Grouse

Abstract.  Examining links between the fitness of
individual organisms and their habitat-based deci-
sions is useful to identify key resources for conser-
vation and management of a species, especially at
multiple spatial scales because selection of habitat
attributes may vary with spatial scale. Decisions of
habitat use by brood-rearing Greater Sage-Grouse
(Centrocercus urophasianus) may influence the sur-
vival of chicks. We conducted radiotelemetry on 38
sagegrousebroodswithin Mono County, California,
during 2003-2005. At relocation and random
sites, we measured habitat characteristics at three
spatial scales using field procedures (scale, 0.03 ha)
and Geographical Information System tools
(scales, 7.9 ha and 226.8 ha). We then conducted
three data analyses using an information-theoretic
modeling approach. The purpose of these analyses
was to: (1) identify habitat factors that were selected
(defined as use disproportionate to availability)
by sage grouse broods; (2) identify habitat fac-
tors associated with brood success (defined as =1
live chick at 50 days post-hatch; 24 were suc-
cessful, 14 unsuccessful); and (3) evaluate brood

success as a function of habitat selection indices
for brood-rearing sage grouse. At the smallest spa-
tial scale (0.03 ha), grouse with broods selected
areas with greater perennial forbs and higher rich-
ness of plant species. At larger scales (7.9 ha and
226.8 ha), areas with Utah juniper (Juniperus oste-
osperma) and singleleaf pinyon pine (Pinus mono-
phylla) encroachment were avoided by grouse.
Most importantly, the probability of fledging a
brood increased as sage grouse females selected
habitats with greater densities of perennial forbs
(0.03 ha) and higher meadow edge (perimeter to
edge ratio; 7.9 ha), perhaps because these areas
provided a balance of food and protective cover
for chicks. These results suggest that managers
should discourage tree encroachment and pre-
serve and enhance sagebrush stands interspersed
with perennial forbs and a mixture of small upland
meadows.

Key Words: brood success, Centrocercus uropha-
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atterns in habitat selection—the dispropor-

tionate use to availability of resources or con-

ditions by organisms—are complex, and the
study of these patterns has become a priority in con-
serving wildlife species (Morrison 2001, Brotons
etal. 2004). Organisms are thought to use resources
and occupy areas that optimize their fitness (i.e.,
survival and reproduction; Wiens 1989, Rosenz-
weig 1991). Beneficial management practices are
those that preserve and improve environmental
factors that are selected by an individual organism
for the purpose of increasing survival and repro-
duction (Aldridge and Boyce 2008). However, to
identify these environmental factors, it is challeng-
ing and often necessary to identify links between
an organism’s fitness and its habitat-based deci-
sions (Morris et al. 2008).

Greater Sage-Grouse (Centrocercus uropha-
sianus; hereafter sage grouse) populations are
declining throughout their range (Schroeder
et al. 1999, Connelly et al. 2004), and this decline is
attributed in part to low survival of broods as well
as other vital rates (Schroeder et al. 1999, Aldridge
and Brigham 2001). Despite the importance of
this life stage, factors influencing the survival of
chicks and broods are not well understood (Gregg
2006; Aldridge and Boyce 2007, 2008). Numerous
studies have described habitat use and selection
by female sage grouse with broods (Klebenow
1969, Wallestad 1971, Drut et al. 1994a, Sveum
et al. 1998), and these studies have played impor-
tant roles in management guidelines (Braun et al.
1977, Connelly et al. 2000). Although these types of
studies have been largely informative they did not
link habitat use or selection to an aspect of grouse
fitness, such as relationships between the success
of fledging chicks and habitat-related decisions by
females. It is generally assumed that selection of
habitat attributes is related to an aspect of fitness,
but these links had not been quantified and under-
stood for many sage grouse populations. Some
recent research that explored relationships between
environmental attributes that were selected by
grouse and their fitness indicated that understand-
ing these relationships further will inform grouse
management decisions (Chi 2004; Aldridge and
Boyce 2007, 2008).

Habitat selection and fitness research on sage
grouse have been largely conducted at a single spa-
tial scale; data analyses at multiple spatial scales are
more informative. Relationships between habitat
and fitness are inherently scale-sensitive (Mayor
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et al. 2009). Detecting informative temporal and
spatial scales is essential to consider in ecological
and conservation research (Allen and Hoekstra
1992), because scale can influence the strength of
associations between independent and depend-
ent variables (Boyce 2006). At relatively small
spatial scales, habitat factors that are selected by
brood-rearing sage grouse include forb abun-
dance (Klebenow and Gray 1968, Drut et al. 1994a,
Sveum et al. 1998), sagebrush cover (Aldridge
and Brigham 2002, Thompson et al. 2006), grass
cover (Thompson et al. 2006), and insect abun-
dance (Klebenow and Gray 1968, Drut et al. 1994a,
Thompson et al. 2006). Less studied are character-
istics at larger spatial scales, but some authors have
reported meadows and lake bottoms as important
(Oakleaf 1971, Drut et al. 1994a, Aldridge and
Boyce 2008). Additionally, pinyon (Pinus spp.) and
juniper (Juniperus spp.) encroachment into sage-
brush-steppe ecosystems is thought to negatively
influence sage grouse populations (Connelly et al.
2004). However, empirical findings of large-scale
effects related to this encroachment are lacking.
Additionally, knowledge of specific links between
habitat decisions by brood-rearing sage grouse
and the success of broods at different spatial scales
would benefit our understanding of sage grouse
ecology and refine management strategies (Garton
et al. 2005, Aldridge and Boyce 2008).

During the research design phase, the choice of
scale may not be intuitive (Bowyer and Kie 2006),
and a decision to choose a single scale may pro-
duce misleading conclusions (Mayor et al. 2009).
For example, habitat attributes that are identified
as influential to the response of an organism at
one spatial scale may not be influential at another
scale, or these attributes may have the reverse effect
(Wiens 1989, Schneider 1994, Mahon et al. 2008).
We chose to evaluate habitat attributes at multiple
spatial scales to provide a more complete repre-
sentation of potential habitat-related fitness associa-
tions for brood-rearing sage grouse. We employed
this multiscale approach in the southwestern
portion of sage grouse range because information
on these geographically isolated and genetically dis-
tinct populations was limited (Benedict et al. 2003,
Oyler-McCance et al. 2005). Population trends
within Mono County were reported as relatively
stable compared to other portions of sage grouse
range (Connelly et al. 2004).

Our study consisted of three objectives. First,
we examined habitat selection by females rearing
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broods at three spatial scales (field, 0.03 ha;
GIS, 7.9 ha and 226.8 ha). Second, we identified
associations between brood success (defined here
as =1 live chick at 50 days post-hatch) and habitat
factors at these three scales. Third, we developed
selection indices for sage grouse (based on objec-
tive 1) and used a quantitative method to link
habitat selection indices to brood success at the
same three scales. Explanatory habitat factors were
chosen based on factors previously reported from
studies elsewhere in sage grouse range (Schroeder
et al. 1999, Connelly et al. 2004, Crawford et al.
2004). These factors included riparian zones, mead-
ows (i.e., edge vs. area), plant species richness, sage-
brush cover, grasses, and forbs. To our knowledge,
this study is the first to investigate the differences
in annual and perennial forbs and empirically
evaluate the effects of pinyon and juniper encroach-
ment on sage grouse brood success.

STUDY AREA

We collected data in Mono County, California, at a
site divided into five subareas (within 65 km of lon-
gitude 119°11" 1.94” W and latitude 38°6"30.80" N):
Sweetwater Mountains, Fales, Bodie Hills, Parker
Meadows, and Long Valley (Fig. 11.1). The five sub-
areas encompassed 481 km? and covered >59%
of Mono County, which lies on the eastern side
of the Sierra Nevada Mountains adjacent to the
Nevada border. We defined the subareas as known
concentrations of grouse that were not known to
interchange with grouse in other subareas. We did
not observe movements between subareas of the
radio-collared grouse in this study.

Topography was highly variable, with sev-
eral mountain ranges separating the northern
and southern ends of the study area. Elevations
ranged from 1,660-3,770 m and climate was
characterized by hot, dry summers and cold win-
ters with an average annual precipitation during
the study of 36 cm. Temperatures ranged from
—34°C to >32°C, with an average minimum
monthly temperature of —14°C in January and
an average maximum of 28°C in August (Western
Regional Climate Center, Reno, NV). Vegetation
types at all subareas were similar, dominated by
mountain big sagebrush (Artemisia tridentata
vaseyana), interspersed with areas of low sage-
brush (A. arbuscula) and Wyoming big sagebrush
(A. t. wyomingensis). Silver sagebrush (A. cana)
and basin big sagebrush (A. t. tridentata) occurred
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Figure 11.1. Study areas for Greater Sage-Grouse in
Mono County, California, 2003-2005.

locally. Other common shrub species included
snowberry (Symphoricarpos spp.), currant (Ribes
spp.), bitterbrush (Purshia tridentata), rabbitbrush
(Chrysothamnus spp.), and Mormon tea (Ephedra
viridis). Primary grass species included needle
grass (Hesperostipa comata), squirreltail (Elymus
elymoides), and Indian ricegrass (Achnatherum
hymenoides). Cheatgrass (Bromus tectorum)
was present but uncommon. Dominant forbs
included phlox (Phlox spp.), lupine (Lupinus spp.),
buckwheat (Eriogonum spp.), and hawksbeard
(Crepis spp.; Kolada et al., 2009). Singleleaf pinyon
(Pinus monophylla) and Utah juniper (Juniperus
osteosperma) woodlands occurred at elevations of
1,850-3,000 m.

METHODS
Field Techniques

We captured 72 female sage grouse using spot-
lighting techniques at night (Giesen et al. 1982,
Wakkinen et al. 1992) during spring (March—April)
and fall (October—November) during 2003-2005.
We fitted each grouse with a 21-g necklace-
mounted radio transmitter (Advanced Telemetry
Systems, Isanti, MN), which included an activity
sensor (Sveum et al. 1998). We located each sage
grouse four times a week during the March—June
breeding season using Yagi antennas and receivers
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(Advanced Telemetry Systems, Isanti, MN) to
within 30 m by ground. Relocation coordinates in
Universal Transverse Mercator (UTM) units (datum
NADB83, UTM zone 11) were recorded using hand-
held Global Positioning System (GPS) devices. We
assumed females were nesting when movements
became localized (Connelly et al. 1993). We visually
confirmed nest status but avoided flushing grouse
to prevent observer-induced abandonment.

We visually checked nests every other day. We
relocated 38 female sage grouse (21 adults, 17
yearlings) every 1-3 days following determination
of nest fate. At relocations, we confirmed the pres-
ence or absence of chicks and then obtained micro-
habitat measurements at a sample of these reloca-
tions (n = 212, 38 broods). If we did not detect =1
live chick, microhabitat measurements were not
conducted. Therefore, we obtained habitat meas-
urements for all female sage grouse until chicks
were no longer observed. We relocated all broods at
50 days post-hatch and classified a successful brood
as a female with =1 live chick at 50 days post-hatch.
In instances when no chicks were detected (unsuc-
cessful), we conducted a second search within 1-3
days to prevent scoring false negatives.

Field Explanatory Variables

In the field, we employed three methods to meas-
ure habitat characteristics that were associated
with brood locations using a 0.03-ha spatial scale
(centered on the location), which has been used
elsewhere (Drut et al. 1994a). First, we used the
line-intercept method (Canfield 1941) to estimate
the percent of sagebrush canopy cover (SAC)
along a 20-m transect in a random direction cen-
tered at the grouse relocation point. This tech-
nique consisted of measuring distances along
each transect where shrub vegetation intersected
the line, then dividing the sum of these distances
by the overall transect length. Small vegetation
gaps (no intersecting vegetation within a 5-cm
distance) were included in the measurement as
shrub canopy cover (Boyd et al. 2007). Second,
we estimated percent cover of understory peren-
nial forbs (PEF), annual forbs (ANF), and live
and residual grass (GRS) using five uniformly
spaced 20 X 50 cm plots at the vegetation point
center and along the transect (Daubenmire
1959). Within the plots we counted the number
of plant species to estimate species richness
(SPR). Last, we recorded visual obstruction (VIO)
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using a Robel pole (Robel et al. 1970) at the five
uniformly spaced locations along each 20-m
transect. Habitat measurement values were aver-
aged across subplots to represent the relocation
site at the 0.03-ha spatial scale.

GIS Explanatory Variables

We used a geographical information system (GIS)
to measure multiple landscape-level covariates
(ArcGIS, ESRI software, Redlands, CA). We digi-
tized habitats into a vector coverage using digital
orthophotography (1-m resolution) from the
National Agriculture Imagery Program (NAIP,
U. S. Department of Agriculture, Salt Lake City,
UT). Mapping scale was 1:2,500 m spatial resolu-
tion. We classified landscape-level features across
study areas as riparian (2.1%), meadow (7.8%),
sagebrush-steppe shrubland with pinyon—juniper
encroachment (5.6%), and sagebrush-steppe
shrubland without pinyon—juniper (71.0%). We
defined areas of pinyon—juniper encroachment by
classifying areas that consisted of <40 pinyon or
juniper trees per hectare in a sagebrush-dominated
environment. These areas consisted of less than
5% tree canopy cover and were considered early
succession, where the shrub layer was considered
intact (Miller et al. 2005). Our objective was to
investigate areas where pinyon and juniper were
in the initial stages of encroaching (i.e., phase I).
Therefore, we included these areas (=40 trees/ha)
in our data analyses, but excluded areas with
higher tree densities (middle and late stages of
succession) because these areas are not thought to
be suitable for sage grouse. We categorized moist
areas as meadow or riparian. Meadow consisted
of seasonally wet areas vegetated primarily by
non-woody plants, including succulent forbs and
grasses. These areas included upland meadows
(i.e., springs) and bottomland agricultural areas
(i.e., fields and pastures), where the water table is at
or near the surface. We classified riparian zones as
streams and hydrophilic plant communities asso-
ciated with the stream margins including quaking
aspen (Populus tremuloides), Fremont cottonwood
(Populus fremontii), and willows (Salix spp.).
We chose to examine these factors based on a priori
hypotheses derived from other findings and sug-
gestions in the literature (Dunn and Braun 1986,
Connelly et al. 2004). The remaining landcover
types (13.5%) consisted of ponds, lakes, mountain
shrub, and open canopy pine forest.
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We then mapped the brood relocation sites in a
GIS. We determined the spatial scales of analyses
by calculating the daily mean and maximum move-
ments of each grouse and then averaged these
values across all grouse and subareas (mean =
159 m, maximum = 850 m). We used these
averages as radii to calculate surface areas (7.9
and 226.8 ha, respectively) that were centered
on each bird location. We used these spatial
scales because they were relevant to sage grouse
within Mono County. Because the same scale was
required across subareas for the model analyses,
we did not calculate separate averages for each
subarea. We then calculated the proportion of
each habitat type occurring within each radius
at bird relocation sites. We developed log-ratio
covariates [i.e., log(a;/b); Aebischer et al. 1993,
Kurki et al. 1998] for each habitat type of interest,
where sagebrush-steppe represented the denomi-
nator (b) and the remaining classes separately
represented the numerator (g; i.e., ratio mead-
ows/sagebrush = rME, ratio mountain shrub/
sagebrush = rMO, and ratio pinyon—juniper
encroachment/sagebrush = rPJ; Table 11.1). This
method was appropriate because it remedied a
lack of independence problem that may be asso-
ciated with habitat proportions (Aebischer et al.
1993, Kurki et al. 1998). Furthermore, because
sage grouse are sagebrush obligates (Rowland
et al. 2006), it was appropriate to interpret our
results as an influence of habitat attribute a rela-
tive to sagebrush b (Kurki et al. 1998, Manzer and
Hannon 2005).

We examined the influence of meadow edge
density on habitat selection and brood success to
evaluate the hypothesis that female grouse prefer
smaller patchy meadows (Dunn and Braun 1986,
Aldridge and Boyce 2007) because greater edge
likely leads to successfully rearing chicks. We cal-
culated the density of meadow edge (MEE) within
each spatial scale at the relocation sites. Edge den-
sity was a ratio of meadow perimeter (m) to surface
area (m?) and was used to account for differences
in effects between multiple small meadows (i.e.,
more edge) versus fewer, larger meadows (i.e., less
edge) at each scale.

We used the NEAR command in ArcGIS to
measure the distance between the relocation and
the nearest edge of a meadow as the variable (DIM).
We then reclassified meadows and riparian zones
(i-e., surface water with trees) to be the same (i.e.,
mesic site as a meadow or riparian) and remeasured

LINKING HABITAT SELECTION AND BROOD SUCCESS

the distance to the nearest area as another distance
variable (DIMR). The variable DIMR was compared
to DIM to evaluate the hypothesis that grouse pre-
fer moist areas regardless of differences in vegeta-
tion (i.e., trees).

We employed a used-available design to
evaluate habitat selection by brood-rearing sage
grouse and calculated resource selection func-
tions (RSF; Boyce et al. 2002, Manly et al. 2002,
Johnson et al. 2006). To characterize available
habitat, we conducted the same habitat measure-
ments at 175 random locations using the same
field and GIS techniques as those conducted at
used locations (Manly et al. 2002). The propor-
tion of these samples of random locations for
each subarea was based on the proportion of
used locations. Time and logistical constraints
in the field prevented sampling one random
location for every used location. The range of
points within each subarea was 12-39 (mean = 25),
which we considered an appropriate number of
random points to allow us to characterize avail-
able habitat by subarea. We calculated a mini-
mum convex polygon (MCP) of the combined
grouse relocations for each subarea. The MCPs
were used to represent the boundaries of available
habitat at the population level (subarea). Twenty-
five random locations were removed from the
analysis because these locations were not within
the MCP boundaries. Thus, we used 150 remain-
ing random locations for data analyses.

Model Development
Analysis I, Habitat Selection

We evaluated habitat selection using a design II
approach (Manly et al. 2002), meaning habitat use
was identified at the individual grouse level but
availability assessed at the population level (i.e., sub-
area; Erickson et al. 2001). We classified the meas-
ured resource units as available or used. We devel-
oped generalized linear mixed models (GLMM)
and specified the binomial distribution (Zuur et al.
2009). The advantage of using a binomial regres-
sion approach is that resource selection functions
(RSF; Manly et al. 2002) are equivalent to the logis-
tic discriminate function, which contrasts a sample
of used and available resource units (Keating and
Cherry 2004, Johnson et al. 2006). We included ran-
dom effect terms in the binomial models. These
terms were appropriate for representing spatial
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TABLE 11.1
Explanatory variables (means + SE) used in analyses of brood habitat use and brood survival of Greater Sage-Grouse
in Mono County, California, 2003—2005.

Used sites Random sites
Measure  Abbr. Description Mean SE Mean SE
Field® SAC Sagebrush cover (%) 27.79 0936 23.10 1.173
VIO Visual obstruction (cm; i.e., Robel pole) 53.73 1.456 60.52 2.903
SPR Species richness of all plants 5.45 0.137 4.20 0.192
GRS Grass (%) 5.78 0.557 5.76 1.012
PEF Perennial forb (%) 4.43 0.408 2.69 0.507
ANF Annual forb (%) 1.67 0.298 1.94 0.443
GISP rP]7.9 Ratio (log) pinyon-juniper encroachment to 0.08 0.051 1.05 0.908
sagebrush at 7.9 ha
rME7.9 Ratio (log) meadow to sagebrush shrub at 0.18  0.062 0.12 0.045
7.9 ha scale
rMOS7.9 Ratio (log) mountain shrub to sagebrush 0.03 0.005 0.01 0.004
shrub at 7.9 ha scale
MEE7.9 Meadow edge as ratio of perimeter (m) to 0.01 0.002 0.03 0.008
area (m?) of meadow at 7.9 ha scale
rPJ226.8 Ratio (log) pinyon-juniper encroachment to 0.06 0.007 0.22 0.052
sagebrush shrub at 226.8 ha scale
rME226.8 Ratio (log) meadow to sagebrush shrub at 0.15 0.039 2.10 1.853
226.8 ha scale
rMO0OS226.8  Ratio (log) mountain shrub to sagebrush 0.02  0.004 0.03 0.003
shrub at 226.8 ha scale
MEE226.8  Meadow edge as perimeter (m) to area 0.05 0.005 0.03 0.003
(m?) of meadow at 226.8 ha scale
DIM Distance (km) of site to nearest meadows 0.46  0.028 0.65 0.063
edge
DIMR Distance (km) of site to nearest meadowor ~ 0.44  0.023 0.55 0.061

riparian edge

3Field measurements were conducted for microhabitat covariates at 0.03 ha scale, centered on brood and random points.
bGIS measurements were conducted on landscape-level covariates at 7.9 and 226.8 ha scales, centered on brood and random points.

clustering (subarea), temporal correlation (year),
and repeated measures for data that were gathered
through time on the same individual grouse (Zuur
etal. 2009). Random effects account for variation that
may otherwise confound the fixed effects (e.g., forb
abundance) and prevent pseudoreplication (Faraway
2006, Gillies et al. 2006, Koper and Manseau 2009).
Because the variance estimate of year equaled Z€ero,
we removed it from the mixed effect models. To
prevent multicollinearity in predictive models,

156

Sandercock_6480004_chll.indd 156

we excluded one or two variables that covaried
(r = ]0.65]). No variance inflation factors were =10
(Menard 1995).

We carried out model comparisons in two steps.
In step I, we developed a candidate set of models
for each scale using the explanatory variables meas-
ured in the field and GIS (Table 11.1). We devel-
oped nine models using the field measurements.
Three models were additive models that consisted
of two covariates. One additive model included
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plant species richness and perennial forbs and rep-
resented the hypothesis that grouse select habitat
based on food for young. A second additive model
consisted of perennial forbs and annual forbs and
represented the hypothesis that grouse select both
types of forbs. A third model consisted of visual
obstruction and sagebrush cover and represented
the hypothesis that grouse selected habitats that
provided vertical and horizontal cover for young.
We also developed a model with a single explana-
tory variable for each of the six variables (Table 11.1)
to compare with each other and with the additive
models. Using the GIS data, we developed four
models that consisted of a single explanatory vari-
able at each spatial scale (7.9 and 226.8 ha).

We evaluated evidence of support for mod-
els at each scale using Akaike’s Information
Criterion (AIC) with second-order bias correc-
tion (¢; Anderson 2008). We evaluated uncertainty
among models using AIC_ differences (AAIC,). We
assigned the number of effective degrees of free-
dom to the individual level (i.e., individual female)
and not the observation level (relocation) to prevent
Type 1 errors. We calculated model probabilities
(Wimodel #» Anderson 2008) and reported evidence
ratios (ER = Wpodel i/ Wmodel ) Of the most parsimo-
nious model compared to other models in the set
(Anderson 2008). Likelihood ratio tests (Anderson
2008) were used to evaluate each model fit relative
to a null model (intercept and random effects only;
o = 0.05).

In step II, we used an exploratory approach to
identify the most influential covariates and spatial
scales to provide information for management
practices. Models were developed in step II using
covariates from models that fulfilled two criteria
from step I: (1) AAIC was =<2 and (2) the model
fit the data significantly better than the null model.
Because we used covariates from the most par-
simonious models in step [, numerous additive
effects were possible. Therefore, we developed
models with combinations between covariates but
did not allow >2 covariates in each model. We
prevented results that might be spurious by not
developing more models than sampled grouse
(n = 38; Burnham and Anderson 2002).

Analysis Il, Brood Success

To estimate the effects of explanatory variables on
brood success, we developed GLMM and speci-
fied the binomial distribution (Zuur et al. 2009).

LINKING HABITAT SELECTION AND BROOD SUCCESS

Broods were scored as successful or unsuccessful.
The advantage of using a binomial model in this
case was to interpret the influence of explanatory
variables in terms of odds ratios with 95% confi-
dence intervals. Subarea was included as arandom
effect to account for spatial correlations. We did not
include year in models because variance estimates
equaled zero. In this case, individual grouse was
not included as a random effect because measure-
ments were averaged for each grouse. Because we
were interested in the relationship between habi-
tat selection and success, the same a priori models
(hypotheses) that were developed for brood habi-
tat selection were developed for brood success.
Also, we used the same two-step procedure as
described for habitat selection to select the most
parsimonious models and identify influential
covariates.

Analysis Ill, Linking Habitat Selection
to Brood Success

We conducted a separate analysis to identify links
between habitat selection and brood success. In
multiple steps, we developed selection indices of
each habitat factor. First, field and GIS habitat
measurements at random locations were aver-
aged at the population level (i.e., subarea). This
step was necessary to characterize the available
habitat per subarea. Second, we calculated aver-
ages of the explanatory variables for each individ-
ual grouse. Third, we calculated an index for each
individual grouse by measuring the difference
(A) between each averaged explanatory variable
for the grouse (individual level) by the averaged
explanatory variable of available habitat (popu-
lation level). Fourth, we developed a candidate
GLMM set, specifying the binomial distribution,
by assigning brood success as a response variable
(0 = unsuccessful, 1 = successful) and the selec-
tion indices for habitat factors as explanatory
variables.

Models were developed for this analysis using
covariates of the most parsimonious models from
step II of the habitat selection and brood success
analysis (described earlier). We only considered
models with AAIC values that were <2. We used
all combinations but did not include >2 covariates
per model. Although this analysis was explora-
tory, we based our models (hypotheses) on factors
that were identified as important to habitat selec-
tion and/or success. All statistical analyses were
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conducted using Program R (“lme4” package; Bates
et al. 2008, R Development Core Team 2008).

RESULTS

The most parsimonious model for brood habitat
selection (analysis I) measured in the field (0.03 ha),
of the nine considered, included perennial forbs and
speciesrichness of all plants within the 20-m transect
(model 1, Table 11.2). Model 2, which consisted of
species richness as the only fixed effect, explained
the data equally well (AAIC. = 0.5; Table 11.2).
However, model 1 was 1.3 (Wyodel 1/Wimodel 2) times
more likely to be the best-approximating model
than model 2 in explaining brood habitat selection.

The probability that model 1 was the best of the

candidate set of models for describing brood
habitat selection at this scale was 0.56 (Wpogel 1)-
Using the likelihood ratio test (x* = 28.1, P < 0.001),
we found that model fit was significantly improved
by including these fixed covariates over a model
that included no fixed effects. These analyses
revealed that females with broods preferred sites
with greater perennial forb and species rich-
ness of all plants than those that were randomly
available (Table 11.1, Fig. 11.2). On average, using
the estimated parameters, each additional plant
species measured in the field appeared to increase
the odds of use by approximately 33% (95% CI
19-49%). The 95% Cls for the estimated slope coef-
ficient did not include zero. The average perennial
forb cover at selected sites (4.43% + 0.41) was nearly

TABLE 11.2
Mixed binomial regression models of Greater Sage-Grouse habitat selection models for Mono County,
California, 2003—-2005.

Step® Analysis No. Model® K LL  AAIC. w ER X<
I Field, 0.03 ha scale 1 SPR(+), PEF (+) 5 —207.5 0 0.56 —  28.1%
2 SPR(+) 4 —209.1 0.5 0.43 1.3 24.9%
GIS, 7.9 ha scale 3 rPJ7.9(-) 4 —2154 0 0.87 — 12.2%
4 MEE7.9 () 4 2179 49 007 124 73%
5 1MO7.9 () 4 —218.3 5.9 0.05 17.4 6.6*
6 rME7.9 4 —220.3 9.7 <0.01 124.3 2.5
GIS, 226.8 ha scale 7 1PJ226.8 (—) 4 —215.1 0 0.98 —  12.9%
8 MEE226.8 (+) 4 —219.7 9.2 0.01 98 12.2*
GIS, distance 9 DIM 4 —-217.4 0 0.95 — 3.7%
10 DIMR 4 —2204 6.1 0.05 19.0 2.33
I Combined (GIS, field) 11 SPR(+),Pj2268(—) 5 —2031 0 077 —  36.9%
12 SPR (+), PJ7.9 () 5 —2044 27 020 38 34.2%
13 SPR (+), DIM () 5 —2072 81 001 574 288*
14 SPR (+), PEF (+) 5 —207.5 88 <001 815 281%
15 SPR (+) 4 —209.1 9.3 <0.01 106.5 24.9%

3Step I compared models within each scale (total models, n = 19). Covariates of models that met two criteria (AAIC =2 and fit
significantly better than null model) were included in step II. Step II compared models that were developed with =2 covariates of all

combinations of multiple scales (total models, n = 14).

> All models consisted of study area and repeated measures on each individual grouse as random effects. In parentheses, signs denote
positive (+) or negative (—) relationship of covariate with habitat use. Models with AAIC = 10 are not presented in table. PEF =
perennial forb; SPR = species richness of all plants; MEE = meadow edge; rME = ratio (log) of meadow to sagebrush; rP] = ratio
(log) of pinyon-juniper encroachment to sagebrush cover; tMO = ratio (log) mountain shrub to sagebrush; DIM = distance to nearest
meadow (e.g., upland springs and dry meadows); DIMR = distance to nearest meadow or riparian area (e.g. wet area).

CAsterisks (*) listed in table had associated P < 0.05. Column abbreviations: K = number of parameters; LL = log-likelihood; AAIC, =
difference between model of interest and most parsimonious model with second-order bias correction; w = model probability, ER =
evidence ratio (€.g., Wimodel 1/Wmodel 23 Anderson 2008); x> = chi-square statistic to test log ratio model fit relative to null.
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Figure 11.2. Percent perennial forb and plant species rich-
ness measured at used sites (successful and unsuccessful)
of brood-rearing Greater Sage-Grouse and at random sites
(available) in Mono County, California, 2003-2005.

twice as high as that of random sites (2.69% + 0.51;
Table 11.1), and plant species richness at used sites
(5.45 £ 0.41) was also greater than those at random
sites (4.20 £ 0.19; Table 11.1).

The most parsimonious habitat selection model
measured by GIS at the 7.9 ha and 226.8 ha
scales consisted of the covariate pinyon—juniper
encroachment (models 3 and 7; Table 11.2).
Grouse avoided areas of encroachment at both
spatial scales. The probabilities of pinyon—juniper
models that were best for describing the data were
0.87 (Wiodel 3) and 0.98 (w041 7) Within the model
sets at the 7.9-ha and 226.8-ha scales.

In a separate model set we evaluated two mod-
els; one model consisted of the covariate shortest
distance to mesic sites (included meadow or ripar-
ian) and the other model consisted of a covariate
distance to meadow only (no riparian). We found
strong evidence for a model with meadow only cov-
ariate (Wypode1 9 = 0.95), and this model was 19 times
more likely to be the best-approximating model
than the model including riparian areas (Wyoqel of
Winodel 10)- On average, using the model parameter
estimates, for every kilometer away from a meadow,
the odds of use were reduced by 52% (95% CI
42-66%). The 95% ClIs for the estimated slope coef-
ficient did not include zero.

Of the models considered in step II, we found
that model 11 was the most parsimonious,

LINKING HABITAT SELECTION AND BROOD SUCCESS

consisting of the covariates plant species richness
(0.03 ha) and pinyon—juniper (226.8 ha), with a
model probability of 0.77 (Wpoge 11; Table 11.2). An
alternative model with support included a smaller
spatial scale of pinyon—juniper (7.9 ha; wyoqa 12)-
Model 11 was 3.8 times more likely to be the best-
approximating model than model 12 (Wy0ge1 11/
Wmodel 12), Which indicated that grouse were 3.8
times more likely to avoid pinyon—juniper at the
larger spatial scale.

Of the nine brood success models (analysis II)
that included microhabitat covariates, the model
with perennial forbs was the most parsimonious
(model 1, Table 11.3). Twenty-four of 38 (63.1%)
broods had =1 live chick at 50 days post-hatch.
On average, using the model parameter estimates,
a 1% increase in perennial forb coverage at the
brood locations (0.03 ha) was associated with a 30%
increase in the odds of success (odds ratio = 1.301,
95% CI = 1.004-1.680; Fig. 11.3A). The 95% Cls
for the estimated slope coefficient did not include
zero. Addition of a covariate of plant species
richness did not improve model fit (Wpoqel 2 =
0.23; Table 11.3) and showed similar support by
the data than a forb-only model (wpoge1 = 0.32;
Table 11.3). Probability of success was greater with
an increase in plant species richness (Fig. 11.3B).
We detected a greater average number of plant spe-
cies in areas used by successful broods (5.5  0.2)
than in areas used by unsuccessful broods (4.5 =
0.4). Additionally, the effect of perennial forbs
alone was 3.6 (Wmodel 1/Wmodel 45 1able 11.3) times
more likely to be the best-approximating model
than a model with the additive effect of perennial
and annual forbs.

We found successful females were located at
areas with greater meadow edge (ratio of perim-
eter to area, 0.019 + 0.004; 7.9 ha) than locations
of females that were unsuccessful (0.004 £ 0.001;
Fig. 11.3C). A model (5) that consisted of meadow
edge at the 7.9-ha scale significantly improved
model fit over a null model (x? = 4.2, P = 0.03);
however, a model (9) that consisted of meadow
edge at the 226.8-ha scale was not supported by the
data (x> = 0.7, P = 0.39; Table 11.3).

In step 11, the best model of the six consisted of
perennial forbs (0.03 ha) and meadow edge (7.9 ha;
model 15; Table 11.3). An alternative model (16)
that consisted only of perennial forbs had much
less support (Table 11.3). Including the additive
effect of edge increased the model probability by

9.4 times (Wmodel 15/wmodel 16)'
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TABLE 11.3
Mixed-effects binomial regression models of Greater Sage-Grouse brood success (=1 live chick at 50 days post-hatch) for Mono
County, California, 2003—2005.

Step® Analysis No. ModelP K LL AAIC, w ER X
I Field, 0.03 ha scale 1 PEF (+) 3 =220 0 0.32 — 5.1%
2 PEF (+), SPR (+) 4 210 07 023 14  7.1%
3 SPR 3 —229 1.9 0.12 2.7 33
4 PEF, ANF 4 —21.8 2.4 0.09 3.6 5.4
GIS, 7.9 ha scale 5 MEE7.9 (+) 3 —22.5 0 0.58 — 4.2
6 rME7.9 3 —23.6 2.3 0.18 3.2 1.9
7 rP]7.9 3 —23.8 2.7 0.15 3.9 1.5
8 rM0O7.9 3 —24.3 3.7 0.09 6.4 0.5
GIS, 226.8 ha scale 9 MEE226.8 3 —24.2 0 0.30 — 0.7
10 rM0226.8 3 —23.6 0.2 0.27 1.1 0.6
11 rME226.8 3 —24.5 0.6 0.23 1.3 0.2
12 rPJ226.8 3 —24.6 0.8 0.20 1.5 <0.1
GIS, distance-based 13 DIMR 3 —24.1 0 0.54 — 1.0
14 DIM 3 —24.2 0.3 0.46 1.2 0.7
I Combined (GIS, field) 15  PEF (+), MEE7.9 (+) 4 —184 0 075 —  123%
16 PEF (+) 3 -220 45 008 94  51%
17 PEF (+), SPR (+) 4 -210 52 006 135 7.1%
18 MEE7.9 (+) 3 —22.5 5.4 0.05 15.2 4.1*
19 SPR(+),MEE7.9(+) 4 —213 58 004 182 6.5%
20 SPR 3 —22.9 6.4 0.03 25.0 33

3Step I compared models within each scale (total models, n = 19). Covariates of models that met two criteria (AAIC =2 and fit
significantly better than null model) were included in step II. Step II compared models that were developed with =2 covariates of all
combinations of multiple scales (models, N = 6).

bAll models consisted of study area as a random effect. In parentheses, signs denote positive (+) or negative (—) relationship of
covariate with habitat use. Models with AIC value exceeding the null model were not presented in table. PEF = perennial forb;
SPR = species richness of all plants; ANF = annual forb; MEE = meadow edge; rME = ratio (log) of meadow to sagebrush;

rP] = ratio (log) of pinyon-juniper encroachment to sagebrush cover; tMO = ratio (log) mountain shrub to sagebrush;

DIM = distance to nearest meadow (e.g., upland springs and dry meadows); DIMR = distance to nearest meadow or riparian area
(e.g. wet area).

¢Asterisks (*) listed in table had associated P < 0.05. Column abbreviations: K = number of parameters; LL = log-likelihood;
AAIC, = difference between model of interest and most parsimonious model with second-order bias correction; w = model
probability; ER = evidence ratio (€.g., Wimodel 1/Wmodel 2 Anderson 2008); x? = Chi-square statistic to test log ratio model fit relative
to null.

In our final analysis (III) to link habitat selec-
tion indices with brood success, we considered
10 models consisting of four covariates, which were
plant species richness, perennial forbs, meadow
edge (7.9 ha), and pinyon—juniper encroachment
(226.8ha). The model thatconsisted of selection indi-
ces for perennial forbs as a covariate was the most
parsimonious (Wyeqe11 = 0.27; Table 11.4), and the
likelihood ratio test suggests it is significantly better
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than a null model (x?> = 4.1, P = 0.03). Perennial
forbs were greater at successful brood sites than
at available sites, while perennial forbs at unsuc-
cessful and random sites did not differ (Fig. 11.2).
We calculated the average selection indices
(difference between used and random) in percent
perennial forbs as ground cover to be 3.3% + 0.9
for successful broods and 0.5% + 0.8 for unsuccess-
ful broods. The 95% ClIs for the estimated slope
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TABLE 11.4
Mixed-effects binomial regression models of Greater Sage-Grouse brood success (=1 live chick at 50 days post-hatch)
as a function of indices for habitat selection in Mono County, California, 2003-2005.

No. Model? K LL AAIC, w ER x2
1 APEF 3 —22.6 0 0.27 — 4.1*
2 APEF, AMEE7.9 4 —-21.5 0.3 0.23 1.2 6.2%
3 APEF, ArP]226.8 4 —22.0 1.4 0.14 2.0 5.2
4 APEF, ASPR 4 —22.0 1.4 0.14 2.0 5.1
5 ASPR 3 —23.9 2.7 0.07 39 1.3
6 AMEE7.9 3 —24.2 3.3 0.05 5.2 0.7
7 ArP]226.8 3 —24.5 3.8 0.04 6.8 0.2
8 AMEE, ASPR 4 —-23.7 4.9 0.02 11.4 1.7
9 ArP]226.8, ASPR 4 —23.9 5.1 0.02 13.1 1.4

10 ArPJ226.8, AMEE 4 —24.1 5.7 0.02 16.9 0.9

2 Selection indices (A) were the differences in measurements of habitat attributes between used and random location for successful
and unsuccessful broods. All models are listed in the table and each one included study area as a random effect. PEF = perennial forb;
SPR = species richness of all plants; MEE = meadow edge (7.9 ha); rP] = ratio (log) of pinyon-juniper encroachment to sagebrush
cover (226.8 ha).

b Asterisks (*) listed in table had associated P < 0.05. Column abbreviations: K = number of parameters; LL = log-likelihood; AAIC, =
difference between model of interest and most parsimonious model with second-order bias correction; w = model probability; ER =
evidence ratio (€.g., Wiodel 1/Wmodel 2 Anderson 2008); 2 = chi-square statistic to test log ratio model fit relative to null.
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Figure 11.3. Probability of brood success in relation to (A) % perennial forb abundance (PEF), (B) species richness of all plants (SPR),
and (C) meadow edge (ratio of perimeter to area) at the 7.9-ha scale (MEE) of Greater Sage-Grouse in Mono County, California, 2003—
2005. Solid vertical bars represent the average of successful broods (n = 24) and open vertical bars represent the average of unsuccess-
ful broods (n = 14). Solid horizontal bars represent standard error and dashed horizontal bars represent data range. Probability curves
were derived from averaged parameters (intercept and slope) estimated from binomial models.
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coefficient of selection indices for perennial forbs
didnotincludezero. Analternativemodel withsome
support from the data (Wp,oqe 2 = 0.23; Table 11.4)
consisted of an additive effect of indices for peren-
nial forbs and meadow edge. Model 2 also fit sig-
nificantly better than a null (x> = 6.2, P = 0.04)

LINKING HABITAT SELECTION AND BROOD SUCCESS
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but did not show evidence of better fit than model 1
(AAIC = 0.3; Table 11.4). Model 1 was 1.2 times
as likely as model 2 to be the best-approximating
model. Two additional models were equally
parsimonious (AAIC, < 2) and included effects of
pinyon—juniper encroachment or species richness
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of all plants, but received less support than models
1and 2 (w > 1.6).

DISCUSSION

The evidence in our study links maternal decision
making in habitat use by brood-rearing grouse
with their fecundity. The finding that brood-rearing
grouse selected forb-rich environments supports
results from other studies that have described
similar clear, positive correlations (Klebenow 1969,
Peterson 1970, Oakleaf 1971, Schoenberg 1982,
Drut et al. 1994a). We also support earlier reported
associations between forb abundance and brood
success (Chi 2004; Gregg 2006; Aldridge and Boyce
2007, 2008). Here, we provide evidence of brood-
rearing grouse that selected areas with greater per-
ennial forbs (0.03-ha scale) and higher density of
meadow edge (perimeter to area ratio; 7.9-ha scale)
increased the success of fledging offspring.

Forbs are thought to provide a nutritional com-
ponent to chick diet, which may be critical during
initial stages of development (Drut et al. 1994b,
Huwer et al. 2008). One likely explanation for this
finding is that perennial forbs are associated with
increased chick survival because increased forb
abundance increases the growth rate of chicks
(Huwer et al. 2008). Willow Ptarmigan (Lagopus
lagopus) and Red Grouse (L. I. scoticus) chicks
with higher growth rates are more likely to sur-
vive (Myrberget et al. 1977, Park et al. 2001). In
a productive area (increased population growth
rate) in Oregon, greater amounts of forbs were
found in crops of sage grouse chicks than in
a less productive area, where crop contents of
chicks consisted primarily of sagebrush (Drut
et al. 1994b). Similar to our findings, female
grouse with =1 chick at 50 days post-hatch used
sites with greater percent forbs than did females
with no chicks at 50 days post-hatch on Parker
Mountain, Utah (Chi 2004). Collectively, these
findings and ours are consistent with the hypoth-
esis that increased forb abundance promotes pop-
ulation growth by influencing survival of chicks
during the brood-rearing stage (Drut et al. 1994b,
Huwer 2004).

Increased density of meadow edge at the 7.9-ha
scale was also related to brood success (ie.,
analysis II) and decisions by females to select
those sites near meadow edge appeared to influ-
ence the success of their broods (i.e., analysis III).
These results support earlier research in Nevada
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that indicated brood-rearing grouse often used
smaller upland meadows with increased edge and
surface water to feed on protein-rich forbs (Savage
1969, Oakleaf 1971). The effect of meadow edge on
brood success weakened at the largest spatial scale
in our study. Thus, the amount of meadow edge
within a 7.9-ha area likely represented proximity of
food resources that are relevant to the space use of
brood-rearing sage grouse.

Meadow edge may have indirectly represented
the important role of insects. For example, in sage-
brush communities, increased moisture is associ-
ated with increased plant biomass (Whitford et al.
1995) and greater primary production is known
to be associated with increased insect diver-
sity (Lightfoot and Whitford 1991, Forbes et al.
2005). Particularly in the arid sagebrush ecosys-
tems, moist areas are associated with increased
insect distribution and diversity, perhaps by
offering shade from plants, water sources, and
humid microclimates (Wenninger and Inouye
2008). Insects supply essential nutrition for sage
grouse chicks (Johnson and Boyce 1990, Drut
et al. 1994b, Gregg 2006, Thompson et al. 2006)
and appear to be critical for normal development,
particularly during the firstthree weeks (Schroeder
et al. 1999), in both wild (Gregg 2006) and cap-
tive settings (Johnson and Boyce 1990). Perhaps
females select areas where sagebrush interfaces
with mesic areas in search of Lepidoptera larvae,
an order of insects that are thought to be the ulti-
mate factor related to sage grouse chick survival
in Oregon and Nevada (Gregg 2006). Moreover,
insect species richness has been found to be
greater in perennial plant communities com-
pared to those of annuals (Lawton and Schroder
1977, Lawton and Strong 1981). We found greater
support for a model with perennial forbs than
a model with the additive effect of annual and
perennial forbs.

It is possible that perennial forb abundance and
meadow edge provided similar information in the
observed pattern because of cross-scale correlation
(i-e., correlations between predictor variables at dif-
ferent scales; Battin and Lawler 2006, Mahon et al.
2008). Because these variables were measured at
different scales, one variable may positively rein-
force the effect of the other. For example, perennial
forbs may be an important component of meadow
edge, which is a result of a hierarchical structure
among habitat factors (Kristan and Scott 2006).
However, the strong evidence of the single-variable
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forb model suggested that females are choosing
forbs independent of meadow edge. Furthermore,
diagnostic correlations between predictor variables
did not suggest multicollinearity among variables
at different scales.

In evaluating habitat selection, the distinct differ-
ence between models that consisted of distance to
nearest meadow versus one with distance to mesic
area (including riparian) indicated that brood-
rearing grouse did not prefer mesic areas that
consisted of trees. We suspected that sage grouse
avoided riparian areas because mammalian and
avian predator densities may be greater in areas
with trees. Other authors have also reported that
riparian areas appear to have higher concentrations
of predators (Aldridge and Boyce 2007).

The greater importance of meadow edge com-
pared to meadow size indicated that increasing
meadow size at the expense of sagebrush loss is not
beneficial. Edges of small meadows provide chicks
foraging areas as well as shrub for escape cover that
likely reduce predation when encountering preda-
tors. Although we did not classify meadow type
(i-e., upland springs vs. agriculture), these analyses
clearly indicated that small, irregularly shaped mead-
ows were more important to sage grouse broods
than large areas, such as agricultural fields. Our
results support similar findings in Canada (Aldridge
and Boyce 2007), where brood-rearing sage grouse
avoided large cultivated cropland but selected smaller
meadows with patchy cover. Some evidence suggests
increased vegetation provides important structure
to allow chicks to avoid predation (Thompson et al.
2006). Grouse often face tradeoffs between using
protective contiguous cover for survival (McNew
et al., this volume, chapter 19) and relatively open
areas that are productive for foraging (Aldridge and
Boyce 2007). Increased heterogeneity across a land-
scape was associated with increased fecundity rates
(including brood survival) and with reduced adult
survival of Greater Prairie-Chicken (Tympanuchus
cupido; McNew et al., this volume, chapter 19). Land-
scape matrices that include small upland meadows
might lessen these trade-offs by providing both
cover and forage. The link between selecting areas
with greater edge and success of rearing broods sup-
ports management that preserves healthy sagebrush
stands around the edge of small upland meadows
(Dunn and Braun 1986). Because vegetation can be
managed more readily than insects, we recommend
practices that increase small, irregularly shaped
meadows (increased perimeter to area ratio) which

LINKING HABITAT SELECTION AND BROOD SUCCESS

interface with sagebrush habitats, as critical brood-
rearing habitat.

Strong evidence indicated that brood-rearing
sage grouse avoided areas of pinyon—juniper
encroachment at larger spatial scales. Despite
the lack of evidence of a model that explained
brood success or one that identified associations
between avoidance of pinyon—juniper and brood
fate, these findings should still raise conservation
concern. The range of pinyon and juniper wood-
lands expansion into the sagebrush ecosystem has
increased ten-fold since the 1800s, and is thought
to adversely affect sage grouse populations
(Connelly et al. 2004). This expansion is causing a
replacement of sagebrush and is one of the most
evident changes in vegetation within the Great
Basin (Miller and Tausch 2001), largely attributed
to reduced occurrence of fire (Miller and Wigand
1994, Miller and Tausch 2001). These woodlands
drastically reduce understory vegetation as tree
density increases (Miller et al. 2005), which has
been reported for Mono County (Bi-State Local
Planning Group 2004). Here, the avoidance of
pinyon—juniper encroachment indicated that sage
grouse spatial distribution was influenced by areas
that consist of <40 trees/ha of pinyon or juniper.
A reduction in spatial distribution with encroach-
ment may pose a significant risk to the persistence
of populations.

This study was not without sampling con-
straints. A larger data set would have been useful
in evaluating time-dependent effects in habitat
selection. For example, with increased sampling,
brood age categories could contain balanced data
and reduce potential temporal biases. Because
most unsuccessful female sage grouse retained =1
chick to the later stages of the 50-day brood-rearing
period, and measurements for those grouse were
conducted until no chicks were found, we are con-
fident that potential time-dependent effects did not
bias our results. Although our study was limited to
three years, we believe these findings are represent-
ative of the fecundity of sage grouse populations in
the southwestern portion of their range.

In general, it appears that the climatic and topo-
graphic factors within Mono County are favorable
to sage grouse reproductive vital rates. For example,
areas have relatively more mesic sites and higher
annual precipitation (average = 36 cm) where
sage grouse occur in Mono County than where
they occur in other areas within the Great Basin
(averages = 23-33 cm; Gregg 2006, Atamian 2007,
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Coates and Delehanty 2008), which is in the core
of sage grouse distribution (Schroeder et al. 2004).
In Mono County, success of fledging chicks at
50 days post-hatch seemed high, and nest survival
rates are also higher than reported for other popu-
lations range-wide (Kolada et al. 2009). Perhaps
these high elevation mesic sites provide suitable
conditions for successful refugia, which may partly
explain the stable population growth rates observed
for sage grouse in Mono County compared to
the negative trends observed in other regions
(Connelly et al. 2004). Furthermore, increased pre-
cipitation levels are associated with greater growth
and reproduction of perennial forbs in sagebrush
steppe ecosystems (Bates et al. 2006). Thus, sage
grouse fecundity responses may be particularly
sensitive to variation in productivity of perennial
forbs and moist meadows within relatively more
arid environments than those of Mono County.
Additional research that investigates relationships
between habitat selection and fitness in other
portions of sage grouse range would be helpful.
Nevertheless, management practices range-wide
that preserve and enhance a landscape matrix of
sagebrush stands interspersed with small upland
meadows may prove to be most beneficial to sage
grouse populations.
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