812

ARTICLE
Ecological correlates of fecal corticosterone metabolites in
female Greater Sage-Grouse (Centrocercus urophasianus)
J.C. Rabon, C.M.V. Nuñez, P.S. Coates, M.A. Ricca, and T.N. Johnson

Can. J. Zool. Downloaded from cdnsciencepub.com by Jordan Rabon on 08/28/21
For personal use only.

Abstract: Measurement of physiological responses can reveal effects of ecological conditions on an animal and correlate
with demographic parameters. Ecological conditions for many animal species have deteriorated as a function of invasive
plants and habitat fragmentation. Expansion of juniper (genus Juniperus L.) trees and invasion of annual grasses into sagebrush
(genus Artemisia L.) ecosystems have contributed to habitat degradation for Greater Sage-Grouse (Centrocercus urophasianus
(Bonaparte, 1827); hereinafter Sage-Grouse), a species of conservation concern throughout its range. We evaluated relationships between habitat use in a landscape modiﬁed by juniper expansion and annual grasses and corticosterone metabolite
levels (stress responses) in feces (FCORTm) of female Sage-Grouse. We used remotely sensed data to estimate vegetation cover
within the home ranges of hens and accounted for factors that inﬂuence FCORTm in other vertebrates, such as age and
weather. We collected 35 fecal samples from 22 radio-collared hens during the 2017–2018 brood-rearing season (24 May–26 July) in
southwestern Idaho (USA). Concentrations of corticosterone increased with home range size but decreased with reproductive
effort and temperature. The importance of home range size suggests that maintaining or improving habitats that promote
smaller home ranges would likely facilitate a lower stress response by hens, which should beneﬁt Sage-Grouse survival and
reproduction.
Key words: Greater Sage-Grouse, Centrocercus urophasianus, western juniper, Juniperus occidentalis, conifer expansion, invasive
grasses, fecal corticosterone metabolites.
Résumé : La mesure de réactions physiologiques peut révéler des effets de conditions écologiques sur un animal et être corrélée à des paramètres démographiques. Les conditions écologiques pour de nombreuses espèces animales se sont dégradées en raison de plantes envahissantes et de la fragmentation des habitats. L’expansion des genévriers (genre Juniperus L.)
et l’envahissement de graminées annuelles dans les écosystèmes à armoises (genre Artemisia L.) ont contribué à la dégradation des habitats pour le tétras des armoises (Centrocercus urophasianus (Bonaparte, 1827)), une espèce dont la conservation
est préoccupante dans toute son aire de répartition. Nous évaluons les relations entre l’utilisation de l’habitat dans un paysage modiﬁé par l’expansion des genévriers et des graminées annuelles et les concentrations de métabolites de corticostérone (réaction de stress) dans les fèces (FCORTm) de tétras des armoises femelles. Nous utilisons des données de télédétection
pour estimer le couvert végétal à l’intérieur des domaines vitaux des femelles et intégrons des facteurs qui inﬂuencent la
FCORTm chez d’autres vertébrés, comme l’âge et la météo. Nous avons prélevé 35 échantillons fécaux de 22 femelles dotés

d’un collier émetteur durant la période de soins à la couvée (du 24 mai au 26 juillet) dans le sud-ouest de l’Idaho (Etats-Unis),
en 2017–2018. Les concentrations de corticostérone augmentent parallèlement à la taille du domaine vital, mais diminuent
parallèlement à l’effort de reproduction et à la température. L’importance de la taille du domaine vital donne à penser que le
maintien ou l’amélioration des habitats qui favorisent de plus petits domaines vitaux se traduirait vraisemblablement par
des réactions de stress moins fortes chez les femelles, ce qui devrait être bénéﬁque pour la survie et la reproduction des
tétras des armoises. [Traduit par la Rédaction]
Mots-clés : tétras des armoises, Centrocercus urophasianus, genévrier des Rocheuses, Juniperus occidentalis, expansion des conifères,
graminées envahissantes, métabolites fécaux de la corticostérone.

Introduction
Physiological condition of wild animals can be inﬂuenced by
habitat characteristics such as presence of predators, availability
of food, and habitat fragmentation (Boonstra et al. 1998; Kitaysky
et al. 1999; Clinchy et al. 2004; Janin et al. 2011). Measures of physiological condition including body condition scores (i.e., fat and
protein reserves relative to body size), nutrient concentrations in
blood, and concentrations of stress hormones (i.e., corticosterone;

Labocha and Hayes 2012; Milenkaya et al. 2015) are correlated with
demographic performance (Chastel et al. 1995; Dunbar et al. 2005;
Devries et al. 2008). For example, Greater Snow Geese (Chen caerulescens
atlantica Kennard, 1927; hereinafter geese) with better body condition scores began laying eggs earlier than geese with lower scores
(Bêty et al. 2003), tammar wallabies (Macropus eugenii (Desmarest,
1817)) with suppressed melatonin hormone levels had delays in
births (Robert et al. 2015), and higher corticosterone concentrations
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in Barn Swallow (Hirundo rustica Linnaeus, 1758) eggs reduced hatchability and mass of chicks (Saino et al. 2005). Physiological condition
may be a good indicator of habitat quality because patterns of habitat use and reproductive success are inﬂuenced by resource availability and predator density (Dinkins et al. 2012; Cattarino et al. 2016;
O’Donnell and delBarco-Trillo 2020). Measurement of physiological
condition can reveal an animal’s response to ecological conditions
over shorter time intervals than demographic measurements and
could be used to evaluate population status among species that are
declining in abundance and geographic distribution (Wikelski and
Cooke 2006).
Greater Sage-Grouse (Centrocercus urophasianus (Bonaparte, 1827);
hereinafter Sage-Grouse), a sagebrush (genus Artemisia L.) obligate
species, have experienced declines in habitat availability and population abundance across their geographic range. Sage-Grouse abundance at leks has declined by 0.83% per year from 1965 to 2015
(WAFWA 2015), and the geographic range has contracted such that
they occupy 56% of their distribution prior to the mid-1800s
(Schroeder et al. 2004). Sagebrush loss and fragmentation have
been major drivers of this decline (Braun 1998; Crawford et al.
2004).
Expansion of western juniper (Juniperus occidentalis Hook.; hereinafter juniper) and invasion by exotic annual grasses (hereinafter invasive grasses) are main contributors to the degradation of
high-quality Sage-Grouse habitat (Davies et al. 2011; Baruch-Mordo
et al. 2013; Boyd et al. 2017). Juniper expansion can reduce cover
and species richness of herbaceous plants and shrubs (Bates et al.
2000; Bunting et al. 1999; Miller et al. 2000), thereby affecting
the availability of food and cover for Sage-Grouse. Additionally,
juniper expansion may fragment large expanses of sagebrush
(e.g., Fuhlendorf et al. 2002), possibly leading to density-dependent
effects on Sage-Grouse concentrated into remaining pockets of
suitable habitat. Juniper trees may also expand suitable habitat
for avian predators (Andersson et al. 2009; Coates et al. 2014),
potentially increasing the risk of predation for Sage-Grouse. Invasive grasses, such as cheatgrass (Bromus tectorum L.) and medusahead (Taeniatherum caput-medusae (L.) Nevski), can have a similar
impact on Sage-Grouse habitat; an increase in invasive grass density reduces native grass and perennial forb cover (Billings 1994;
Davies 2011), which could reduce the availability of cover and
food required for nesting and brood-rearing (Hagen et al. 2007;
Casazza et al. 2011; Lockyer et al. 2015; Smith et al. 2018). Invasive
grasses can also increase the frequency, severity, and size of wildﬁres, which can further facilitate conversion of landscapes with
native shrubs and grasslands to invasive grasses (Brooks et al.
2004; Rottler et al. 2015).
For a “landscape species” like Sage-Grouse, the effects of juniper expansion, invasive grasses, and other sources of degradation and fragmentation of habitat may accumulate as individuals
search for resources dispersed throughout the landscape (Connelly
et al. 2011). Systemic changes to habitat conditions can result in
altered use of space and movement at broad scales, ultimately
manifesting as changes in home range size (Cattarino et al. 2016;
O’Donnell and delBarco-Trillo 2020). Home ranges integrate all
movements of individuals and are therefore a useful metric for
evaluating variation in responses to environmental heterogeneity. There is limited information on how animals adjust home
range in landscapes undergoing modiﬁcation and fragmentation, but highly mobile species like Sage-Grouse are predicted to
increase home range size to expand the area in which to ﬁnd critical resources (Pasinelli 2000; Gardiner et al. 2019). Sage-Grouse
increase movement rates when encountering juniper, which possibly could result in individuals using larger areas across the
landscape to meet their needs (Prochazka et al. 2017). However,
animals responding to landscape changes by altering home range
size may incur costs associated with increasing movement (Cattarino
et al. 2016).
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If Sage-Grouse experience poor habitat conditions, such as low
resource availability or high predation risk, then corticosterone
concentrations of individuals may be affected. The primary function of stress hormones is to regulate energy (Busch and Hayward
2009). Corticosterone can elevate to mobilize and focus energy
and induce behaviors that increase the odds of an animal surviving life-threatening situations or short-term stress events (i.e.,
acute stress; Busch and Hayward 2009). Events that increase concentrations of stress hormones over long periods of time (i.e.,
chronic stress) can alter baseline concentrations and can reduce
energy allocated for long-term survival (e.g., immune defense,
accumulation of fat reserves) and other biological functions (e.g.,
reproduction and growth; Busch and Hayward 2009; McEwen
and Wingﬁeld 2003; Hayward et al. 2006). Elevated corticosterone concentrations in birds may lower winter survival (Koren
et al. 2012), suppress growth and development of chicks (Hayward
et al. 2006; Wada and Breuner 2008), lower the number of ﬂedglings
produced (Saino et al. 2005; Bonier et al. 2009), and suppress
immune responses, potentially increasing infection rates of diseases (Gao et al. 2017). For Sage-Grouse in particular, previous
work has demonstrated that males exposed to anthropogenic noise
at leks had higher concentrations of corticosterone than males not
exposed to noise (Blickley et al. 2012), and that cattle presence and
density were positively related to corticosterone in hens, perhaps
because cattle may alter conditions of perennial grasses or wet
meadows preferred by Sage-Grouse (Jankowski et al. 2014). It is
possible that other aspects of Sage-Grouse habitat could be associated with corticosterone, as evaluated in other grouse species
(Wills 2013; Zimmerman et al. 2013; Arlettaz et al. 2015; Coppes
et al. 2018; Shipley et al. 2019; Sokol and Koziatek-Sadlowska
2020). In particular, corticosterone concentrations in Sage-Grouse
could be directly related to habitat characteristics such as juniper
or invasive grass cover or could be indirectly related to habitat
via home range size, and if so, could be an indicator of habitat
quality.
The objective of our study was to provide insight into the relationship between habitat characteristics and concentrations of
corticosterone in female Sage-Grouse. We predicted that concentrations of corticosterone would be higher among hens using
habitat with greater juniper or invasive grass cover. We also predicted that corticosterone concentrations would be higher among
hens with larger home ranges. We used corticosterone metabolites
in feces (hereinafter FCORTm) from radio-marked hens to measure
baseline stress levels and evaluated relationships between habitat
use and FCORTm during the brood-rearing season (May–July). We
evaluated relationships between FCORTm and vegetation characteristics (hereinafter extrinsic variables) because we wanted our results
to aid in managing Sage-Grouse habitat (Millspaugh and Washburn
2004; Baker et al. 2013). In addition to extrinsic variables, we
accounted for sampling conditions (e.g., date of collection), for factors reﬂective of habitat conditions other than direct measures of
vegetation (e.g., temperature), and for factors intrinsic to individual
birds (e.g., age), all of which may inﬂuence stress levels (hereinafter
intrinsic variables).

Materials and methods
Study area
We conducted our study in southwestern Idaho, USA (Fig. 1).
The majority of land in our study area was managed by the Bureau of Land Management interspersed with private and stateowned sections. Land use consisted of cattle grazing, hunting,
hiking, and localized off-road vehicle recreation. Elevation at our
study area ranged from 1200 to 2400 m; precipitation, temperature,
and associated plant communities varied along this elevational gradient. Based on data from Natural Resources Conservation Service
(NRCS) weather stations, mean annual precipitation from 1200 to
1800 m elevation during our study was 39–54 cm; mean high
Published by Canadian Science Publishing
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Fig. 1. Our study took place in southwestern Idaho, USA. Greater Sage-Grouse (Centrocercus urophasianus) leks (n = 5 leks) at which captures
took place during 2017–2018 occurred in areas with a gradient of juniper (Juniperus spp.) cover. Use locations from radio-collared hens (n =
22 hens) were used to create minimum convex polygons to estimate home range size of each hen and proportions of landcover types
within home ranges. Figure was created using ArcGIS version 10.5.1 and assembled from the following data sources: Canopy Cover of
Trees (Falkowski et al. 2017), Main Gravel Roads (TIGER Streets: USDA, NRCS; USDA, FSA; and USDA, RD 2016c), State HWY 78 (TIGER
Primary and Secondary Roads: USDA, NRCS; USDA, FSA; and USDA, RD 2016b), and Oreana, ID (Geographic Names: USDA, NRCS; USDA,
FSA; and USDA, RD 2016a).

temperature in January and July at 1200 m was 5 and 36 °C, respectively, and at 1800 m was 2 and 28 °C, respectively (name (station ID) :
Orchard Range Site (674), Reynolds Creek (2029); NRCS 2019).
Our study area included two ecoregions: Northern Basin and
Range and Snake River Plains (McGrath et al. 2002). Big sagebrush
(Artemisia tridentata Nutt.) and low sagebrush (Artemisia arbuscula
Nutt.) were the dominant shrub species throughout our study
area. In the northern end, alkaline foothills, canyons, and badlands were found at the lowest elevations, and sagebrush communities included shadscale saltbush (Atriplex confertifolia (Torr. &
Frèm.) S. Watson), antelope bitterbrush (Purshia tridentata (Pursh)
DC.), cheatgrass, and Sandberg bluegrass (Poa secunda J. Presl)
(McGrath et al. 2002). Mid-elevations were classiﬁed as semiarid
uplands, where juniper, snowberry (genus Symphoricarpos Duhamel), and serviceberry (genus Amelanchier Medik.) were more
prevalent (McGrath et al. 2002). Juniper increased in density with
elevation until forest communities transitioned to predominantly Douglas-ﬁr (Pseudotsuga menziesii (Mirb.) Franco) (McGrath
et al. 2002). The southern end of our study area included less juniper and cheatgrass; large expanses of sagebrush and perennial
grasslands were interspersed with serviceberry and curl-leaf
mountain-mahogany (Cercocarpus ledifolius Nutt.; hereinafter mahogany) (McGrath et al. 2002). Idaho fescue (Festuca idahoensis
Elmer), bluebunch wheatgrass (Pseudoroegneria spicata (Pursh) Á.
Löve), and other perennial bunchgrasses were more common at
mid- to high elevations, whereas invasive annual grasses were
more common at low elevations.
Sage-Grouse capture and monitoring
We captured hens March–May in 2017 and 2018 at roost locations near leks during nighttime hours (2000–0500 MDT) using
spotlighting and netting techniques (Wakkinen et al. 1992) and
by rocket-netting (Giesen et al. 1982) at leks during morning
hours (0700–1000 MDT). All hens were ﬁtted with numbered aluminum leg bands (National Band and Tag, Newport, Kentucky,

USA; size 14) for unique identiﬁcation and 22 g necklace-style
very high frequency (VHF) radio transmitters (model A4060;
Advanced Telemetry Systems, Isanti, Minnesota, USA). We estimated age (yearling or adult) using primaries 9 and 10 on each
wing (Ammann 1944). We captured, marked, and monitored all
Sage-Grouse in accordance with approved protocols (Western Ecological Research Center 2015-02, Idaho Department of Fish and
Game permits #161213 and #180205, and University of Idaho Institutional Animal Care and Use Committee protocol 2016-58). We
acquired use locations via radiotelemetry beginning 1 April 2017
and 1 March 2018 through the 31 July each year by homing in on
and circling collar signals 30–50 m away with a three element
Yagi antenna and a receiver (model R2000; Advanced Telemetry
Systems, Isanti, Minnesota, USA) and estimated the hen’s location using a global position system (GPS). If a hen ﬂushed, then
the area on the ground from which the hen ﬂushed was recorded
as the location.
We considered the possibility that the number of days of reproductive activity (hereinafter reproductive effort) would inﬂuence
FCORTm (Tempel and Gutiérrez 2004). Therefore, we monitored
hens on nests via telemetry three times per week. We identiﬁed
the ﬁrst day of incubation as the median date between the last
location the hen was not on the nest and the ﬁrst date the hen
was on the nest. We visually inspected nests when a hen was
absent from the nest location for two consecutive tracking
events. We considered nests successful when ≥1 egg hatched and
capped eggshells were present with detached egg membrane
(Gibson et al. 2015). We attempted to locate all hens twice weekly
during daytime hours following completion of nesting attempts.
For hens with successful nests, we also conducted nighttime
checks (2100–0500 MDT) every 10 days post hatch and obtained
visual conﬁrmation of chicks via spotlight and binoculars to
assess brood status (present or absent). We conducted nighttime
checks until broods were considered successful (50 days post
hatch) or until there were no chicks observed with the hen for
Published by Canadian Science Publishing
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two consecutive nighttime locations (i.e., failed brood; Casazza
et al. 2011). We classiﬁed hens with chicks present as brooding;
we classiﬁed hens that did not have a successful nest as nonbrooding. We reclassiﬁed brooding hens that lost all chicks as
non-brooding on the median date between the last date we
observed chicks and the ﬁrst date we did not observe chicks
(Smith et al. 2018).
Fecal collection
To evaluate FCORTm, we collected fecal pellets from hens during nighttime hours (2100–0500 MDT) immediately following the
location of roost sites. In general, Sage-Grouse are not mobile
during nighttime hours and will deposit several fecal pellets
where they are roosting for the night. Corticosterone metabolites
in fecal pellets deposited prior to a stressful event provide a baseline measurement of circulating corticosterone that is not inﬂuenced by disturbance from an observer (Sheriff et al. 2010). Fecal
corticosterone metabolites can peak 1–2 times in response to a
stress event such as capture but generally return to baseline levels within 24–48 h in Sage-Grouse, other grouse species, Greylag
Geese (Anser anser (Linnaeus, 1758)), Barred Owls (Strix varia Barton, 1799), and Great Horned Owls (Bubo virginianus (J.F. Gmelin,
1788)) (Frigerio et al. 2004; Baltic et al. 2005; Möstl et al. 2005;
Thiel et al. 2005; Wasser and Hunt 2005; Jankowski et al. 2009).
We collected fecal pellets from brooding hens at use locations
during early (20 days post hatch) and late (50 days post hatch)
brood-rearing periods. We collected fecal samples from nonbrooding hens (those with failed nests) based on the predicted
hatch date of the last nesting attempt (predicted hatch date =
ﬁrst date of incubation + 26.4 days; USGS 2018). In each year, a
single hen did not attempt to nest; we collected fecal samples
from each of these hens in June when the majority of collection
attempts occurred for other hens. We stored fecal samples while
in the ﬁeld in an insulated lunch bag with frozen ice packs for no
longer than 8 h. After returning from the ﬁeld for the day, samples were placed in a freezer at 20 °C until laboratory analysis.
We used different approaches to collect fecal samples from
brooding and non-brooding hens. To avoid disturbing broods to
collect fecal samples, we located a target hen during nighttime
hours and projected a GPS point, then returned to the roost location at sunrise to collect a fecal sample. Brooding hens primarily
roosted without other adults present and fecal pellet size differs
between chicks and hens up to at least 50 days post hatch (Johnson
and Boyce 1990), so it is unlikely that we collected fecal samples
from a non-target individual. Brooding hen samples were collected
within 3 h of sunrise; it is unlikely that exposure to environmental
conditions for this length of time affected their fecal steroid
concentrations (Washburn and Millspaugh 2002; Abáigar et al.
2010; Mesa-Cruz et al. 2014).
For non-brooding hens, we circled the group at 10–15 m and
used a spotlight and binoculars to identify and target the radiocollared hen. We then approached the group while tracking the
target hen, ﬂushed the group, and collected a sample at the target hen’s roost location immediately following the ﬂush. At 10–
15 m, we were able to visually observe radio-collared hens and
only collected fecal samples when we were conﬁdent that they
were from the target hen. If we were unable to ﬁnd a sample or
single out the target hen, then we waited ≥5 days before making
another attempt. These techniques did not allow for the use
of blood plasma to measure corticosterone since changes in baseline plasma corticosterone concentrations can occur within 3 min
of disturbance for some bird species (Romero and Reed 2005).
During the ﬁrst year of our study, we attempted to recapture
hens during the late brood-rearing season, but we abandoned
these methods because it was difﬁcult recapturing a radiocollared hen within a group. Thus, blood plasma was not ideal for
our study because it would have required us to recapture hens
to obtain a sample.
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Fecal corticosterone analysis
We extracted FCORTm using methods modiﬁed from Kozlowski
et al. (2018). We removed urates with microspatulas while samples
were still frozen. We thawed samples at 4 °C the night prior to
extraction and homogenized fecal samples before vortexing 0.5 g
of wet fecal matter into 5.0 mL of a 50% methanol and 50% extraction buffer solution. Although this solvent to sample ratio was
lower than has been used in some studies (Hayward 2010; Wasser
2010), it was slightly higher than that used in extraction methods
yielding efﬁciencies of 90%–100% (Wasser 2000). The extraction
buffer contained 0.15 mol/L NaCl, 0.04 mol/L NaH2PO4AH2O, and
0.06 mol/L Na2HPO4 in deionized water, with 0.1% radioimmunoassay (RIA) grade bovine serum albumin and 0.1% sodium azide
and was brought to pH 7.0 by addition of either NaOH or HCl.
Extraction buffer was kept at 4 °C and allowed to come to room
temperature before use.
After vortexing, samples were shaken for approximately 16 h
at 250 r/min. We allowed fecal matter to settle for 1 h, decanted
the solution, and centrifuged samples on a Beckman Coulter
Allegra 6 R centrifuge (rotor type GH 3.8) for 1 h at 3750 r/min, after which the supernatant was removed and stored at 80 °C
until assay. We dried the remaining fecal material at 100 °C overnight and determined dry fecal mass to the nearest 0.001 g to calculate corticosterone levels (ng/g feces) after assay.
We validated the assay as in Brown et al. (2003). To validate
the assay for use in female Sage-Grouse, we homogenized a collection of ﬁve samples taken from random females to make a
sample pool. We extracted as outlined above, assayed the pool
to determine parallelism with the enzyme immunoassay (EIA)
standard curve, and included one pooled sample in each assay to
calculate interassay variation.
We analyzed corticosterone levels using the ARBOR ASSAYS
Corticosterone EIA kit (K014-H5; ARBOR ASSAYS, Ann Arbor,
Michigan, USA), following the manufacturer’s instructions. We
diluted all samples 1:10 in assay buffer and split each diluted sample into duplicate wells. We performed reruns for any duplicates
with a coefﬁcient of variation (CV) greater than 15% (%CV = (standard
deviation/mean)  100). We validated the assay as in Brown et al.
(2003). A serial dilution of the fecal pool showed parallelism to the
corticosterone standard curve (linear model; log (concentration) 
sample type (standard or pool): t = 0.32, P = 0.75). Intra- and interassay CVs were 5.18% 6 0.36% (mean 6 SE) and 12.54%, respectively
(n = 4). Mean (6SE) assay recovery ((observed/expected)  100) was
97.42 6 4.14 pg/mL.
Estimating extrinsic and intrinsic variables
To quantify extrinsic habitat variables at locations used by
hens throughout the breeding period, we used remotely obtained
GIS layers from the 2016 National Land Cover Data (NLCD) to estimate the proportion of landcover types within minimum convex
polygons (MCP) created from use locations. We created two MCPs
from use locations for each hen based on fecal collection timing
(i.e., early vs. late brood-rearing period). MCPs included all locations
obtained for each hen for the respective year until the date each
fecal sample was collected. Thus, MCPs for the sample collected during the early brood-rearing period (i.e., 20 days following hatch
date) included locations during lekking and prior to nesting, nest
locations, and locations following nesting attempts up to the date
the fecal sample was collected; MCPs for the late brood-rearing
period (i.e., 50 days following hatch date) re-used all of the early
period locations plus locations following the early period up to
collection of the late period sample. We used the shrubland fractional components, woody wetlands, and emergent herbaceous
wetlands spatial layers from NLCD to estimate proportion of landcover within MCPs (Xian et al. 2015; Yang et al. 2018; for descriptions
of variables see Table 1). Available layers of tree cover either were
too coarse in spatial scale or represented cover of all trees and not
just juniper (LANDFIRE 2013; Falkowski et al. 2017), so we created
Published by Canadian Science Publishing

816

Can. J. Zool. Vol. 99, 2021

Table 1. Variables used to evaluate Greater Sage-Grouse (Centrocercus urophasianus) fecal corticosterone metabolites (ng/g) during the 2017–2018
brood-rearing seasons (24 May–26 July) in southwestern Idaho, USA.
Variable type

Variable group

Variable name

Description

Extrinsic

Herbaceous

AnnMCP

Proportion of annual herbaceous plants within minimum convex polygon (MCP)
surrounding use locations
Proportion of perennial herbaceous plants within MCP
Proportion of big sagebrush (Artemisia tridentata) within MCP
Proportion of non-sagebrush shrubs within MCP
Proportion of western juniper (Juniperus occidentalis) within MCP
Proportion of woody wetlands within MCP
Proportion of herbaceous wetlands within MCP
Edge density (perimeter (m)/area (m2)) of woody wetlands within MCP
Edge density of herbaceous wetlands within MCP
Mean distance (m) to nearest woody wetlands
Mean distance (m) to nearest herbaceous wetlands
Mean elevation (m) of use locations
Percent precipitation accumulated over the 30 days prior to collection of fecal
samples compared with the 30-year normal (1981–2010)
Mean maximum temperature (°F, where 1 °C = 33.8 °F) over the 30 days prior to
collection of fecal samples
Mean minimum temperature (°F) over the 30 days prior to collection of fecal samples
Area (km2) of MCP
Mean distance (m) of daily movement
Number of days between 1 January and collection date of fecal samples
Cumulative number of days that hens were laying eggs, on nest(s), and rearing chicks
Yearling or adult (>1 year)
Number of locations where the hen ﬂushed
Percent moisture by mass of fecal sample prior to drying

Shrub
Juniper
Wetland
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Distance
Intrinsic

Environmental conditions

PerMCP
BsageMCP
NsageMCP
JuniMCP
RipMCP
WetMCP
REdgeMCP
WEdgeMCP
RipDis
WetDis
ElevU
Precip
MaxTemp

Sampling conditions

MinTemp
MCPArea
DailyDis
CollectDate
RepEfforta
Age
FlushCount
%Moisture

Note: Elevation was estimated using the elevatr package in R (Hollister and Shah 2017). Precipitation and temperature data were from three weather stations
(name (station ID)): Orchard Range Site (674), Reynolds Creek (2029), and Mud Flat (654) (NRCS 2019). Area of herbaceous, sagebrush, and non-sagebrush cover were
estimated using 2016 National Land Cover Database (NLCD) fractional layers. Area of juniper was estimated from a spatial layer that classiﬁed conifers throughout
our study area. Area of woody (>20% cover shrubs and trees) and herbaceous (>80% perennial herbaceous cover) wetlands were estimated using 2016 NLCD land
cover spatial layers. We used the Intersect tool in ArcGIS version 10.5.1 (GIS) to estimate perimeter, the Near tool to estimate distance, and the Minimum Bounding
Polygon tool to create MCP surrounding all use locations of each hen.
a
Laying rate of 1 egg/1.5 days was used to calculate the number of laying days (Schroeder et al. 1999).

a layer using Feature Analyst™ (Overwatch Systems, Sterling, Virginia, USA) that represented percent juniper cover as a continuous
variable. We ﬁrst created a binary spatial layer by classifying juniper at the 1 m scale using 2011 National Agricultural Imagery Program satellite imagery of our study area (Gustafson et al. 2018). We
reﬁned our tree layer to represent juniper and excluded other tree
species in our study area, which included localized stands of curlleaf mahogany and high elevation Douglas-ﬁr. Our ﬁnal tree layer
represented the percent cover of juniper at the 30 m scale. We used
the Near command in GIS to estimate the distance to wetlands that
were dominated by herbaceous vegetation (hereinafter herbaceous
wetlands) and woody species, such as willow and poplar (hereinafter woody wetlands), for all use locations (Table 1). We used the
mean distance from all use locations of each hen to wetlands in our
analysis (Table 1).
In addition to our extrinsic variables of interest, we considered
intrinsic variables that may also inﬂuence FCORTm (Table 1). We
accounted for factors previously demonstrated to inﬂuence stress
levels in other free-ranging vertebrates (Tempel and Gutiérrez
2004; Harms et al. 2010; Baker et al. 2013; Santos et al. 2018; Shipley
et al. 2019) including variables that are not direct measures of
habitat (hereinafter environmental conditions). We also accounted
for sampling conditions, for example, the amount of moisture
within a fecal sample (Table 1). Occasionally, hens were ﬂushed
during radiotelemetry (14% of locations), potentially inﬂuencing FCORTm; thus, we included the number of times a hen
ﬂushed as an intrinsic variable. We evaluated the relationship
of FCORTm with precipitation and temperature because within
the Great Basin, these variables can reﬂect quality of Sage-Grouse
habitat by inﬂuencing plant productivity (Chambers et al. 2014).

We obtained precipitation and temperature data from three
weather stations (name (station ID)): Orchard Range Site (674),
Reynolds Creek (2029), and Mud Flat (654) (NRCS 2019). For each
fecal sample, we used precipitation and temperature data from
the weather station closest to the location where a sample was
collected. We evaluated home range size because movement distances can be inﬂuenced by habitat conditions, whereby animals
using poor habitats will occupy a larger area or travel greater distances in search of resources (Pasinelli 2000). We view home
range size as an indirect effect of environmental conditions
because it integrates the bird’s response to habitat characteristics over space and time; we therefore included it as an intrinsic
rather than an extrinsic variable. We estimated elevation at each
use location using the elevatr package in R (Hollister and Shah
2017). We estimated reproductive effort as the cumulative number of days a hen laid eggs (3 days to lay 2 eggs; Schroeder et al.
1999), incubated eggs, and raised chicks prior to collecting a fecal
sample (Table 1). Predators can remove eggs from nests and cause
an inaccurate count in the total number of eggs laid by a hen
(Coates et al. 2008). Therefore, we used the minimum clutch size
(n = 4 eggs) from our sample of successful nests as the clutch size
for depredated nests that had <4 eggs recovered (n = 2 nests).
Thus, we used 6 days as the number of days a hen spent laying
eggs for depredated nests where we found <4 eggshells (i.e., we
assumed 4 eggs and 1.5 days per egg). Hens for which we found no
evidence of nesting were assigned “0 days” for their reproductive
effort value (n = 2 hens).
Statistical analysis
We aimed to collect multiple fecal samples from the same individual, but this was not always possible because some hens died
Published by Canadian Science Publishing
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or moved out of the study area and could not be relocated. Thus,
our sample does not reﬂect a true cohort of the same individuals
through time, although in some cases (n = 11 hens) we were able
to collect repeated samples from the same hen during broodrearing within a year. We excluded fecal samples from our analyses if CV between duplicates remained >15.0% after several
reruns. We natural log transformed FCORTm values to improve
normality and variance structure (Zuur et al. 2009). This transformation has been used in other studies investigating FCORTm in
grouse (Blickley et al. 2012; Shipley et al. 2019). We included
extreme values of FCORTm in our analysis because no values were
suspected to have resulted from measurement or recording
errors, and because previous studies of Sage-Grouse FCORTm
have reported wide variation in values (Jankowski et al. 2014). We
then visualized FCORTm values against all predictor variables in a
scatterplot matrix to evaluate potential non-linear responses
(Zuur et al. 2009). We z-standardized all continuous predictor variables to make comparisons among variables measured on different scales (Marquardt 1980). To evaluate patterns of FCORTm
in relation to intrinsic and extrinsic variables, we used linear
mixed-effects models (LMM) from the lme4 package in R (Bates
et al. 2015). Linear mixed-effects models can be used for responses
with repeated measurements from the same individual and are
appropriate when there is lack of independence among observations (Zuur et al. 2009). We used individual and year as random
effect terms to account for repeated samples from the same individual and for variation between years.
Throughout all stages of modeling, we removed predictor variables if 85% conﬁdence intervals (85% CI) included zero (Arnold
2010). We also compared models using Akaike’s information criterion corrected for small sample sizes (DAICc) and considered
models competitive with each other if the difference from the
top model was ≤2 (Burnham and Anderson 2004). We used Pearson’s correlation index (r) to determine correlations among predictor variables and did not include variables in the same model
if r ≥ j0.6j. Finally, we considered two-way interactions and quadratic forms of predictor variables and carried them forward into
subsequent stages of modeling if they had greater support
(DAIC c ≥ 2) than additive or linear forms, respectively.
We used a multi-stage approach to create candidate models
that best explain patterns in FCORTm. We attempted to minimize
the number of candidate models because we had a relatively
large number of predictor variables (n = 28 variables) to consider
relative to our sample size of hens. First, we determined the best
intrinsic variables by creating a set of models with each variable
as a single-term model (Supplementary Table S11). We ranked
these models using AICc and considered variables supportive of
FCORTm if AICc was lower by any amount than an intercept-only
model. Second, we determined the best combination of intrinsic
variables by creating models using predictors with the most support as a single-term model. At this stage, we used up to two variables per model and carried forward models with DAICc ≤ 2 into
subsequent stages of modeling. Third, we separately determined
the best predictors among extrinsic variables using single-term
models only (Supplementary Table S11). Finally, we added the
best predictors of extrinsic variables to the best-supported intrinsic variables to create a new set of candidate models with up to
three predictor variables per model.

Results
We captured 35 hens during the spring of 2017 and 2018 and
collected 35 fecal samples from 22 of those hens (range of collection dates = 22 May–26 July). We were unable to collect multiple
fecal samples from all hens because some hens were killed by
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Table 2. Final linear mixed-effects models predicting fecal corticosterone
metabolites (ng/g) of Greater Sage-Grouse (Centrocercus urophasianus; n =
22 hens) during the 2017–2018 brood-rearing season (24 May–26 July) in
southwestern Idaho, USA.
Model fit statistics
Model

K

AICc

DAICc

vi

mR2

cR2

MCPArea + MaxTemp
MCPArea + RepEffort2
MCPArea
RepEffort2
MaxTemp
Null
MCPArea  MaxTemp
MaxTemp  RepEffort2
MaxTemp + RepEffort2
MCPArea  RepEffort2

6
7
5
6
5
4
7
9
7
9

52.404
53.693
54.536
54.667
55.305
55.340
55.527
55.855
56.742
58.504

0.000
1.289
2.131
2.263
2.901
2.936
3.123
3.451
4.338
6.100

0.312
0.164
0.107
0.101
0.073
0.072
0.065
0.056
0.036
0.015

0.174
0.211
0.071
0.128
0.066
0.000
0.178
0.302
0.140
0.265

0.622
0.532
0.432
0.486
0.560
0.416
0.627
0.630
0.529
0.519

Note: K is the number of parameters; AICc is Akaike’s information criterion
corrected for small sample sizes; DAICc is the difference in AICc score from the
top model; v i is Akaike weights; mR2 is the marginal R2 value; cR2 is the
conditional R2 value. MCPArea is the area (km2) of minimum convex polygon
(MCP) surrounding use locations (home range); MaxTemp is the mean maximum
temperature (°F, where 1 °C = 33.8 °F) from the past 30 days; RepEffort2 is the
quadratic form of the cumulative days laying eggs, incubating nest(s), and rearing
chicks; random effect terms are individual and year.

predators (n = 5 hens), could not be relocated (n = 4 hens), or were
unable to be targeted for sample collection (n = 4 hens).
Concentrations of FCORTm varied widely among individuals during the brood-rearing season (49.01–612.1 ng/g). Mean (6SD) FCORTm
across all our samples was 179.82 6 118.63 ng/g (n = 35 fecal samples)
and was associated with home range size, mean maximum temperature, and reproductive effort (Table 2). The linear and quadratic forms of reproductive effort were within 2 AICc of each
other, but we used the quadratic form for our ﬁnal model because
the linear form had less support than the null model (Supplementary Table S11). Fecal corticosterone concentrations increased with
total home range area ( b = 0.172, 85% CI = 0.072, 0.272) and decreased
with increasing temperature of the previous 30 days ( b = 0.181,
85% CI = 0.301, 0.066; Figs. 2A–2C). Fecal corticosterone concentrations generally had a negative relationship with reproductive
effort ( b = 0.136, 85% CI = 0.240, 0.034); however, this relationship was non-linear and concentrations increased slightly
between 0 and 26 days before they decreased (Fig. 2C). Contrary
to our predictions, no extrinsic variables were associated with
FCORTm (Supplementary Table S11). To further explore patterns
related to home range size and habitat characteristics, we used
linear mixed-effects models with a single variable to investigate
whether home range area was inﬂuenced by proportions of conifer and annual herbaceous cover. We included individual and
year as random effects in each model. On average, home ranges
with a larger proportion of conifer cover were larger ( b = 0.489,
85% CI = 0.259, 0.733), whereas home ranges with a larger proportion of annual herbaceous cover were smaller ( b = 0.425, 85% CI =
0.684, 0.167). We summarize values of home range area and
extrinsic variables in Table 3.
We observed higher variation in FCORTm between fecal samples collected from the same hen (i.e., within-subject variance;
Xe = 0.114) compared with variation in FCORTm among individual
hens (i.e., between-subject variance; X0 = 0.056). We observed the
highest variation in FCORTm between 2017 and 2018 (X0 = 0.146).

Discussion
Our study indicates that FCORTm in female Sage-Grouse during
the brood-rearing period can be associated with conditions intrinsic

1

Supplementary table is available with the article at https://doi.org/10.1139/cjz-2020-0258.
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Fig. 2. Observed and predicted fecal corticosterone metabolites
(ng/g dry mass; FCORTm) of Greater Sage-Grouse (Centrocercus
urophasianus; n = 22 hens) during the 2017–2018 brood-rearing
season (24 May–26 July) in southwestern Idaho. Eighty-ﬁve percent
conﬁdence intervals are represented by dotted lines. For each plot,
predictions and conﬁdence intervals were back-transformed to be
displayed with observed values of FCORTm and covariates in the
model not being displayed were set at the respective median
value. (A) Minimum convex polygon surrounded all use locations
from ﬁrst location for the year of each hen to when a sample was
collected; predictions estimated from the model with lowest
Akaike’s information criterion corrected for small sample sizes
(Table 2). (B) Mean maximum temperature over the 30 days prior
to collecting fecal sample (1 °C = 33.8 °F). (C) Cumulative days a
hen was laying eggs, incubating nest(s), and rearing chicks (i.e.,
reproductive effort).
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Table 3. Mean and standard error (SE) of land cover variables and home
range of Greater Sage-Grouse (Centrocercus urophasianus; n = 22 hens)
during the 2017–2018 brood-rearing season (24 May–26 July) in
southwestern Idaho, USA.
Variable

Mean (SE)

Home range size (km2)
Proportion of herbaceous
Proportion of annual herbaceous
Proportion of perennial herbaceous
Proportion of shrubs
Proportion of sagebrush
Proportion of big sagebrush (Artemisia tridentata)
Proportion of non-sagebrush shrubs
Proportion of western juniper (Juniperus occidentalis)
Proportion of woody wetlands
Proportion of herbaceous wetlands
Edge density of woody wetlands
Edge density of herbaceous wetlands
Distance to herbaceous wetlands (m)
Distance to woody wetlands (m)

7.56 (1.42)
0.16 (0.02)
0.05 (0.01)
0.11 (0.01)
0.10 (0.01)
0.08 (0.01)
0.06 (0.01)
0.02 (0.00)
0.02 (0.01)
<0.01 (0.00)
<0.01 (0.00)
0.01 (0.00)
0.01 (0.01)
3934.24 (328.57)
4253.57 (367.24)

Note: Proportion was estimated using area of land cover within home range.
Edge density is perimeter (m)/area (m2). Area of herbaceous, sagebrush, and
non-sagebrush cover were estimated using 2016 National Land Cover Database
(NLCD) fractional layers. Area of juniper was estimated from a spatial layer
that classiﬁed conifers throughout our study area. Area of woody (>20% cover
shrubs and trees) and herbaceous (>80% perennial herbaceous cover) wetlands
were estimated using 2016 NLCD land cover spatial layers. We used the
Intersect tool in ArcGIS version 10.5.1 (GIS) to estimate perimeter, the Near
tool to estimate distance, and the Minimum Bounding Polygon tool to
create home ranges that surrounded all use locations of each hen.

to the individual and variables reﬂective of habitat conditions like
climate and home range size, but we did not observe relationships
with extrinsic variables that included direct measures of habitat
characteristics within home ranges. We evaluated FCORTm because
it can indicate chronic stress caused by persistent conditions (e.g.,
poor habitat availability or quality) or a series of acute events (e.g.,
repeated encounters with predators; Baker et al. 2013). Juniper
expansion and increased cover of invasive grasses may reduce habitat availability or may increase predation risk for Sage-Grouse,
thereby reducing habitat quality; however, any potentially reduced
habitat quality related directly to juniper or invasive grass cover
was not reﬂected by a direct increase in FCORTm values. Accounting
for individual and year explained more variation in FCORTm values
relative to the intrinsic and extrinsic factors that we evaluated.
However, there are biological justiﬁcations that support the patterns that we observed between FCORTm and intrinsic variables.
Fecal corticosterone metabolites were higher in hens with
larger home ranges. Because larger home ranges are often associated with Sage-Grouse migratory movements (see Connelly et al.
2011), the observed increases in FCORTm may have been due to
increased exposure to predators or energy expenditure (Lima and
Dill 1990; Jimeno et al. 2018). Moreover, because corticosterone
can mobilize glucose into the bloodstream to maintain tissue
and organ functions, corticosterone is expected to increase
before or during activities that require high amounts of energy,
such as migration (Eikenaar et al. 2015; Jimeno et al. 2018). It is
possible that we captured such increases during our sampling
because hens would have undertaken migratory movements during brood-rearing (Landys-Ciannelli et al. 2002; Eikenaar et al.
2015). However, FCORTm can also reﬂect poor habitat conditions
(Kitaysky et al. 1999; Janin et al. 2011; Jankowski et al. 2014), which
could in turn inﬂuence the likelihood of undertaking larger
movements, possibly in search of better habitat. Jankowski et al.
(2014) reported a positive association between FCORTm and presence of cattle grazing. One explanation they offered for this relationship was the reduction in perennial grass and trampling
Published by Canadian Science Publishing
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of habitat by cattle. If Sage-Grouse increase home ranges in
response to degraded or fragmented habitat, then FCORTm in
hens could increase in response to reduced resource availability.
Contrary to our predictions, we did not observe a relationship
between extrinsic variables and FCORTm, possibly because of the
scale at which we quantiﬁed these variables; it may have been
that we evaluated habitat characteristics at a scale that was inappropriate to detect effects on stress levels. We quantiﬁed vegetation within home ranges because we assumed chronic stress was
more likely inﬂuenced by long-term use of habitat and not by use
of habitat at a single point in time (i.e., habitat at one use location).
Perhaps using GPS transmitters to obtain higher resolution location
data and continuous-time stochastic models (e.g., dynamic Brownian Bridges) could elucidate more accurate relationships between
vegetation encountered and FCORTm. Additionally, food availability
and predator densities can affect stress hormone concentrations
in other taxa (Boonstra et al. 1998; Kitaysky et al. 2001; Clinchy
et al. 2004) and could potentially have a stronger inﬂuence on
FCORTm in Sage-Grouse than vegetation at broad spatial scales.
Evaluating relationships between FCORTm and combinations of
habitat measured at broad and ﬁne scales may provide more
accurate relationships between stress and habitat. Our study
hens could have experienced high variation in food and predator
abundance over time and space because we sampled them across
a range of different habitat types (different elevations, plant communities, etc.). However, we were unable to quantify food or predator abundance for each hen using our spatial layers and thus these
factors were not included in our analysis.
We observed partial support for effects of temperature and
reproductive effort on FCORTm, as each variable was included in
one of our competitive models. Because we limited our evaluation of the effect of temperature to 30 days prior to the sampling
date, we captured the effect of temperature on FCORTm during
the months of April–July. During this time period, warmer temperatures would likely beneﬁt plant conditions because they can
initiate plant green-up and growth, likely increasing the availability of food or concealment cover for Sage-Grouse and potentially explaining the beneﬁcial effect of temperature on stress
levels. However, we suspect that warmer temperatures later in
the summer or fall may be associated with higher stress levels in
grouse, as increased temperatures accelerate the desiccation of
plants. Alternatively, warmer temperatures could affect habitat
selection, whereby individuals move to higher elevations and
near wetland environments providing better brood-rearing habitat (i.e., more food availability; Connelly et al. 2000; Pratt et al.
2017), thereby decreasing FCORTm.
Concentrations of fecal corticosterone metabolites may have
decreased with reproductive effort due to the differential habitat
selection of brooding and non-brooding hens. Habitat selection
is associated with nest and chick survival in Sage-Grouse (Casazza
et al. 2011; Webb et al. 2012). Brooding hens, with more days of
reproductive activity, are assumed to occupy higher quality habitats (by deﬁnition; Hall et al. 1997; Krausman and Morrison 2016)
than hens that lost nests or broods, suggesting that increased
habitat quality was generally associated with lower FCORTm levels.
Thus, FCORTm may serve as a reasonable indicator of habitat quality
for Sage-Grouse. The exception to this pattern included two hens
that were assumed to have 0 days of reproductive effort that demonstrated low FCORTm levels; however, these hens may have initiated nesting and lost nests early enough in the incubation stage
that we missed the attempt altogether. At most, though, those nesting attempts would have been 4 days old, and the FCORTm values of
those two hens would have fallen within the range of variability
observed for hens with <25 days of reproductive effort. It is possible
that our sampling protocol may have inﬂuenced the association
between reproductive effort and FCORTm because we generally collected fecal samples for non-brooding hens 2–4 h after sunset and
for brooding hens around dawn (Goymann and Trappschuh 2011;
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Scheiber et al. 2017). However, the range of FCORTm variation was
similar between brooding (164.68 6 19.87, mean 6 SE) and nonbrooding hens (177.78 6 21.21, mean 6SE), suggesting that our fecal
collection method did not inﬂuence our results.
Because the interpretation of relationships between stress and
ecological conditions can be inﬂuenced by sampling and extraction procedures, our results lay the groundwork for additional
studies that employ the same laboratory methods to evaluate
FCORTm in Sage-Grouse. Differences in FCORTm can result from
different assay methods (RIA vs. EIA), the cross-reactivity in antibodies used in the assay, and (or) preparation of samples (Wasser
et al. 2000; Millspaugh and Washburn 2004; Glucs et al. 2018).
Glucs et al. (2018) found RIA used to evaluate corticosterone levels in California Condors (Gymnogyps californianus (Shaw, 1797)) to
be more accurate and generally estimated corticosterone concentrations higher than EIA conducted on the same sample. However,
the EIA used in our study has been used to evaluate FCORTm for
other species of Galliformes (e.g., domesticated chickens) and is
regarded as an acceptable method of estimating FCORTm (Alm et al.
2014). Additionally, our range of FCORTm values (49.01–612.1 ng/g)
largely overlaps the range reported for Sage-Grouse hens by
Jankowski et al. (2014; 30–600 ng/g), who used RIA. Although we
estimated FCORTm for hens during the brood-rearing season
(May–July) and Jankowski et al. (2014) estimated FCORTm during
pre-breeding (March–April) and late summer (August–October),
we consider the similarity in values further support that EIA is
an acceptable method of estimating FCORTm for Sage-Grouse.
Moreover, our extraction procedures have been validated in two
closely related species (Kozlowski et al. 2018), which strongly suggests the validity of our methods. In addition, we applied the
same extraction protocol to all samples; in the unlikely event
that our extraction efﬁciency was decreased, our study comparisons remain sound. We suggest future studies investigate direct
comparisons in FCORTm of Sage-Grouse between RIA and EIA to
evaluate the relationship between the two assay methods.
Although we did not observe a direct effect of speciﬁc components of vegetation on FCORTm, our correlations with intrinsic
variables could be considered in managing Sage-Grouse populations. Our results suggest that maintaining or improving habitat
conditions that promote smaller home ranges and increase the
number of successful broods could facilitate lower stress levels
among hens, which may result in higher reproductive success
and (or) survival in the same habitats over longer time scales
(Wikelski and Cooke 2006). Indeed, larger home ranges with
greater proportions of conifer cover within MCPs may have been
due to the fact that Sage-Grouse need to occupy larger areas to
avoid conifer stands and obtain resources for survival and reproduction (Coates et al. 2017; Prochazka et al. 2017; Ricca et al.
2018). We were unable to separate grass and forb cover within
our annual herbaceous layer; smaller home ranges may have
incorporated greater amounts of annual herbaceous cover if annual forbs preferred by Sage-Grouse were available in these areas
(Curran et al. 2015; Luna et al. 2018). Recent studies have reported
area use by Sage-Grouse following the removal of juniper perhaps because of an increase in the availability of preferred habitat (e.g., shrub and forb-rich areas; Sandford et al. 2017; Severson
et al. 2017). However, promoting smaller home ranges for SageGrouse could be difﬁcult in some cases because individual grouse
can have strong ﬁdelity to seasonal habitats and may travel
extreme distances despite viable nearby habitat (Connelly et al.
1988). At our study area, fewer herbaceous wetlands were located
at low vs. high elevations, suggesting decreased availability of
preferred summer habitat at these lower elevations (Rabon 2020).
Therefore, restoration efforts that improve the condition and
accessibility of lower elevation wetlands would likely beneﬁt SageGrouse. Furthermore, we primarily observed hens that nested at
low elevations (<1500 m) travel the greatest distances to summer
Published by Canadian Science Publishing
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ranges, and 67% of nests and 80% of broods that failed were at low
elevations.
Managers tasked with improving Sage-Grouse habitat may
want to focus efforts on converting low elevation habitats dominated by invasive grasses to primarily sagebrush, native forbs,
and grasses where possible. In higher elevations, the removal of
juniper could be critical because Sage-Grouse often avoid areas
with juniper cover >4% (Baruch-Mordo et al. 2013; Coates et al.
2017; Severson et al. 2017). Such efforts could prove crucial
because herbaceous wetlands found at higher elevations likely
provide preferred habitat for hens, thus reducing the distance
that they must travel later in the season.
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