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a b s t r a c t
The Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis [Beetle & A. Young] S.L. Welsh) alliance is the
most extensive of the big sagebrush complex in the Intermountain West. There is a lack of information describing
vegetation characteristics, diversity, and heterogeneity of the Wyoming big sagebrush alliance. We annually sampled 48 Wyoming big sagebrush plant communities over 10 yr to delineate major vegetation associations and describe their major vegetation characteristics including canopy cover, density, species richness, and yield. Six
associations were identiﬁed on the basis of dominant or codominant perennial bunchgrass species, using
MRPP analysis, and they included ARTRW8 (Wyoming big sagebrush)/PSSP6 (Pseudoroegneria spicata [Pursh]
A. Löve, bluebunch wheatgrass), ARTRW8/ACTH7 (Achnatherum thurberianum [Piper] Barkworth, Thurber’s
needlegrass), ARTRW8/FEID (Festuca idahoensis Elmer, Idaho fescue), ARTRW8/HECO26 (Hesperostipa comata
[Trin. & Rupr.] Barkworth, needle-and-thread), ARTRW8/PSSP6-ACTH7, and ARTRW8/PSSP6-FEID-ACTH7. On average, PSSP6 and FEID associations had the highest total herbaceous cover and annual yields and the HECO26 and
ACTH7 associations had the lowest. Perennial forb cover averaged over 5% in PSSP6 and FEID associations and
ranged from 0.3% to 3.5% in the other associations. Sagebrush cover was greatest in ACTH7 and PSSP6-ACTH7
and lowest in FEID and HECO26 associations. Habitat suitability criteria for sage-grouse indicated that Wyoming
big sagebrush associations at the stand/site level will generally not meet breeding habitat requirements and only
attain suitable habitat requirements for other life stages about 50% of the time.
Published by Elsevier Inc. on behalf of The Society for Range Management.

Introduction
Big sagebrush (Artemisia tridentata Nutt.) communities are a
major vegetation complex of the western United States (Küchler,
1970; West and Young, 2000). Wyoming big sagebrush (Artemisia
tridentata ssp. wyomingensis [Beetle & A. Young] S.L. Welsh) communities are the most widespread alliance found within the big sagebrush complex in the Intermountain West (Tisdale, 1994). The
alliance is estimated to have declined by nearly 50% since the late
1800s (Knick et al., 2003; Schroeder et al., 2004) because of conversion to croplands, seeding of introduced Eurasian bunchgrasses, conifer encroachment, and replacement of native species by
nonnative weeds (Young et al., 1987). Miller and Eddleman (2000)
estimated a majority of the area dominated by cheatgrass (Bromus
tectorum L.) in the Intermountain West were formerly Wyoming
big sagebrush communities. The loss and fragmentation of sagebrush
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Experiment Station.
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communities increase the risk of local and regional extirpation of
sagebrush obligate and facultative wildlife and threaten the viability
of livestock enterprises (Davies et al., 2011).
There is incomplete information describing the vegetation characteristics and potentials of the Wyoming big sagebrush alliance in intact,
late-seral, or reference conditions. Tisdale and Hironaka (1981), Passey
et al. (1982), and Jensen et al. (1990) provided descriptions of this alliance, but their studies were limited by both small sample sizes and incomplete characterization of vegetation cover, structure, and
herbaceous production. Davies et al. (2006) surveyed vegetation cover
potentials on 107 sites for ﬁve Wyoming big sagebrush associations in
the northern Great Basin, but sites were sampled only once. Anderson
and Inouye (2001) described vegetation characteristics, trend, and
cover–species richness relationships on 47 Wyoming big sagebrush
sites in southeastern Idaho; however, plots were all for a single ecological site. Ecological site descriptions (ESDs) provide practical descriptions and estimates of site productivity (standing crop) for rangeland
and forested systems in the United States (NRCS, 2018a). Lacking in
ESDs are structural and diversity measures, and many remain provisional and, as yet, not approved. Common to all previous and current
classiﬁcation of shrub steppe rangelands (e.g., habitat types, range
sites, ecological sites) are that communities are characterized by dominant shrub and perennial grass species.
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The absence of comprehensive information on vegetation characteristics of Wyoming big sagebrush communities may hamper development and implementation of management guidelines and actions
designed to retain or classify remaining intact landscapes. In addition,
this knowledge is needed to develop realistic expectations and goals
for restoring degraded habitat (Boyd et al., 2014). Because annual
weather variability affects vegetation cover and production, proper
characterization of plant communities requires multiyear site surveys
(Passey et al., 1982; Sneva, 1982). We evaluated 48 intact Wyoming
big sagebrush sites, in southeastern Oregon, over a 10-yr period for canopy cover, plant density, biomass, structure, and species richness.
The objectives of our study were to 1) validate and reﬁne plant association descriptions for the Wyoming big sagebrush alliance in the
northern Great Basin; 2) provide a thorough description of vegetation
characteristics of intact, late-seral Wyoming big sagebrush communities; and 3) evaluate the potential of intact Wyoming big sagebrush associations to meet greater sage-grouse habitat guidelines (e.g., Connelly
et al., 2000; Stiver et al., 2015).

Methods
Study Area Description
Study sites were located in southeastern Oregon in Lake, Harney,
and Malheur Counties. Sites were on public land administered by the
Bureau of Land Management and US Department of Agriculture −
Agricultural Research Service and private property. All sites were intact,
late-seral Wyoming big sagebrush-bunchgrass communities and were
in the High Desert, Humboldt, and western edge of the Snake River ecological provinces (Bailey, 1994; Anderson et al., 1998). Study sites were
mainly in the Malheur High Desert MRLA (Major Land Resource Area)
with some in the Owyhee High Plateau, northern Humboldt, and western Snake River MRLAS (NRCS, 2018a). All sites included in our analysis
met requirements of reference sites for rangeland health assessments
(Pellant et al., 2005; Davies et al., 2006). Range health assessment on
each site assured that departure of soil/stability, hydrologic function,
and biotic integrity were none to slight based on interpreting criteria
in Pellant et al. (2005).
Sites were selected in 2001 and 2002 (Davies et al., 2006; Table 1)
and were considered intact, late-seral plant communities if they met
the following criteria: 1) the understory was dominated by large native
perennial bunchgrasses and native forbs, 2) exotic species were a minor
to nonexistent component, 3) there was evidence of limited historic and
present livestock use based on criteria developed by Passey et al.
(1982), 4) sites were dominated by mature stands of Wyoming big
sagebrush (no recorded ﬁre at sites for 50 yr), and 5) no other disturbances were evident. Livestock grazing was light to nonexistent because
sites were protected by steep slopes, cliffs, lava ﬂows, fences, or other
barriers, and were generally far (N 3 km) from watering sources. Sites

Table 1
Number of Wyoming big sagebrush association study sites, southeast Oregon.
Wyoming big sagebrush association

This study

Davies et al. (2006)

PSSSP61
ACTH7
FEID
HECO26
HDM
PSSP6-ACTH7

18 (16)2
11
5
4
5
4
-----------47 (45)

63
16
14
7
—
7
-----------107

Totals
1

PSSP6 (bluebunch wheatgrass), ACTH7 (Thurber’s needlegrass), FEID (Idaho fescue),
HDM (high desert mix), and HECO26 (needle-and-thread).
2
Cover and density were measured on all 18 sites. Standing crop and annual yield were
measured at 16 sites.
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were located in identiﬁed sage-grouse habitat and considered yrround occupied habitat (Bureau of Land Management–Burns database,
2004). Twenty-ﬁve sites were within 2 km of a sage-grouse lek, and
all sites were within 10 km of a lek (Bureau of Land Management–
Burns Field Ofﬁce database 2004).
Of the original 107 sites surveyed by Davies et al. (2006) we sampled
48 of them over a 10-yr period (2003−2012), during peak growing season from late May to mid-June. Wyoming big sagebrush associations at
each site were previously identiﬁed by dominant or codominant perennial bunchgrass species by Davies et al. (2006) and included bluebunch
wheatgrass (PSSP6; Pseudoroegneria spicata [Pursh] Á. Löve), Thurber’s
needlegrass (ACTH7; Achnatherum thurberianum [Piper] Barkworth),
Idaho fescue (FEID; Festuca idahoensis Elmer), (needle-and-thread
(HECO26; Hesperostipa comata [Trin. & Rupr.] Barkworth), and
bluebunch wheatgrass and Thurber’s needlegrass (PSSP6-ACTH7). Annual grasses were mainly cheatgrass (Bromus tectorum L.), though annual fescues (Vulpia spp. C.C. Gmel.) were present on several sites. A
complete soil description was performed at each site to assist in describing associations (Davies, 2005; Davies et al., 2007a) and to compare
with ESDs (Natural Resource Conservation Service 2018). Vegetation
measurements were also compared with ESDs to ensure the sites’
plant communities represented reference plant communities.
Long-term average annual precipitation at study sites is between
180 and 260 mm (Natural Resource Conservation Service [NRCS],
1998). Annual precipitation amounts (from 1 October to 30 September)
at weather stations within the study area were between 53% and 210%
of the long-term average (30 yr) from 2003 to 2012 (NOAA, 2017). Elevation ranged from 980 to 1810 m above sea level. Soils were variable
across the study sites with the majority composed of Aridisols and
Mollisols (Davies et al., 2007a). Plant species nomenclature follows
the Natural Resource Conservation Service PLANTS Database (NRCS,
2018b).
Sampling
One 80 × 50 m plot (0.4 ha) was used to sample at each site (Davies
et al., 2006). Five 50-m transects, spaced at 20-m intervals, were placed
perpendicular to the 80-m line. Shrub canopy cover was measured by
line intercept (Canﬁeld, 1941) and separated into live and dead components by species. Canopy gaps b 10 cm were included in the canopy
cover measurements. Shrub density, by species, was measured by belt
transect (2 × 50 m). Shrub canopy cover was measured each yr
(2003−2012), and shrub density was measured in 2003, 2005, 2006,
2008, 2010, and 2012. The heights of 50 randomly selected sagebrush
were measured in each plot every third yr (2003, 2006, 2009, 2012).
Herbaceous canopy cover was estimated by species, and perennial herbaceous plants were counted by species inside 40 × 50 cm frames (0.2
m2) located at 3-m intervals on each transect line (starting at 3 m and
ending at 45 m), resulting in 15 frames per transect and 75 frames per
plot. A species list was compiled for each plot from cover measurements
each yr. Percent bare soil and surface rock and cover of litter, moss, and
lichens was also estimated in the frames. Cover of moss and lichens was
only estimated for those contacting the soil surface.
Standing crop biomass was estimated by herbaceous lifeform in late
May to mid June (2003 − 2012) by clipping twenty 1-m 2 frames per
site. Standing crop biomass comprises current yr’s growth and residual
standing herbage from the previous yr’s growth. Lifeforms were
Sandberg’s bluegrass (Poa secunda J. Presl); deep-rooted perennial
bunchgrasses (e.g., Idaho fescue, Thurber’s needlegrass, and bluebunch
wheatgrass); cheatgrass; perennial forbs; and annual forbs. Perennial
bunchgrasses were clipped to a 2.5-cm stubble. Sandberg’s bluegrass
and other lifeforms were clipped to about ground level (0 − 0.5 cm).
Harvested herbage was dried at 48 oC to a constant weight before
weighing. Herbaceous yield (current yr’s growth) was determined by
separating current yr’s growth from standing crop for Poa secunda and
perennial bunchgrasses. Ten 5- to 15-g subsamples of Sandberg’s
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bluegrass and perennial bunchgrasses per site were sorted into current
yr’s growth (annual yield) and residual (previous yr’s growth). The percentage of current yr’s growth was calculated by dividing current yr’s
growth by standing crop. Standing crop values of Sandberg’s bluegrass
and perennial bunchgrasses were multiplied by the respective percentages of current yr’s growth to derive annual yield of these two lifeforms.
Harvested samples of other herbaceous lifeforms were equivalent to annual yield and required no sorting.
Statistical Analysis
Dominant perennial bunchgrass species were used to group sites
into distinct Wyoming big sagebrush associations. A multiple-response
permutation procedure (MRPP) was used to test for homogeneity of
species composition within associations for canopy cover and perennial
plant density (PC-ORD, ver. 6.22, 2011). MRPP was used because species
composition consisted of too many response variables for other statistical classiﬁcation methods to generate meaningful results. In MRPP, the
A statistic is the chance-correct within-group agreement and calculated
for the entire data set (McCune and Grace, 2002). If A is N 0, then homogeneity is greater than expected by chance within groups. If all individuals within a group are identical, then A = 1. If there is less agreement
within groups than expected by chance, then A b 0. Once associations
were deﬁned, parametric statistics were used to summarize the vegetation characteristics of each association. Descriptive statistics (means
and standard errors), averaged across the 10-yr study period, were generated to summarize vegetation characteristics of the associations. Herbaceous summaries were grouped into ﬁve lifeforms: Sandberg
bluegrass, perennial bunchgrasses, annual grasses, perennial forbs, and
annual forbs. The purpose of using lifeforms was to combine species
that respond similarly to environmental perturbation and to reduce
data to a simpler form for analysis and presentation. One-way mixed
models (PROC MIX; SAS 9.3, 2010) were used to determine if differences in vegetation (lifeforms, total herbaceous, and sagebrush) cover
and density values existed among associations, and family-wise comparisons using the Tukey–Kramer method were used to determine
which associations differed. Means were considered to differ at P b
0.05. We used conﬁdence interval (95%) testing to determine if lifeform
canopy cover values were similar, for each association, to values reported by Davies et al. (2006). Similarities in life-form cover would indicate that single-yr measurements are likely to adequately characterize
life-form canopy cover for an association, while lifeform cover differences would indicate that multiple yrs of measurement would provide
a better descriptor for characterizing an association.

their surveys. Doescher et al. (1986) ﬁrst described the ARTRW8/FEID
habitat type in southeastern Oregon. The differences among our classiﬁcation and others should be expected because of regional variation
and development of new information. Surveys performed by Hironaka
et al. (1983) and Passey et al. (1982) did not extend into eastern Oregon,
and Davies et al. (2006) appear to have required a slight reﬁnement.
NRCS (2018a) Ecological Site Descriptions (ESD) provide similar designations but also sort ESDs with the same dominant shrub and grass into
more units based on productivity levels. This would be akin to sorting
each of our associations into different association phases.
MRPP analysis indicated that deﬁning associations by dominant perennial bunchgrass species successfully grouped similar sites (Table 2).
Species composition within associations, after excluding dominant perennial bunchgrass species, was more homogenous than expected by
chance for cover (A = 0.092, P b 0.001) and perennial plant density (A
= 0.190, P b 0.001). Thus, within an association, species composition
was similar, whereas species composition differed more than expected
by chance among the six associations. Inclusion of the dominant perennial bunchgrass species strengthens the analysis and increased homogeneity within associations for herbaceous cover (A = 0.283, P b
0.001) and perennial plant density (A = 0.313, P b 0.001). The A-statistics for cover were greater than those reported by Davies et al. (2006),
possibly a result of the sites we selected for the 10-yr study and by describing an additional association. In addition, quantifying perennial
herbaceous densities provided higher A-statistics, indicating density
may improve the grouping of sagebrush sites. The results conﬁrm the
conclusion of Davies et al. (2006) and others (e.g., Hironaka et al.,
1983), that classiﬁcation of big sagebrush associations by dominant perennial grass is appropriate, simple, and useful.
Ground Cover
Bare soil and rock made up the bulk of the surface area in all associations. The PSSP6 association had the lowest levels of bare soil (P =
0.007, F = 4.4; Fig. 1A) and highest levels of surface rock (P = 0.029, F
= 3.2; Fig. 1B). Bare soil was greatest for the HECO26 association. The
FEID, HECO26, and FEID-PSSP6-ACTH7 associations had the lowest
levels of surface rock (b 7%). Litter cover was similar among the associations, averaging 16.1% ± 0.2% (P = 0.404, F = 0.2; Fig. 1C). Cover of
moss (P = 0.815, F = 0.4) and lichen (P = 0.412, F = 1.5) was also similar among the associations (Fig. 1D−E). Moss was almost exclusively
star moss (Tortula ruralis var. ruralis [Hedw.] Gaertn., Meyer, & Scherb.)
that grew beneath sagebrush canopies.

Results and Discussion

Herbaceous Canopy Cover

Wyoming Big Sagebrush Associations

Total herbaceous cover differed among the associations (P = 0.002, F
= 6.9; Fig. 2A). The FEID association had the greatest total herbaceous
cover, followed in order by PSSP6, HDM, and the remaining three
(ACTH7, HECO26, PSSP6-ACTH7) associations. These relationships are
similar to those reported by Davies et al. (2006). Aside from the PSSP6 association, conﬁdence interval testing indicated there were no differences
between our total herbaceous cover values to measurements reported by
Davies et al. (2006) for the associations (Table 3). Herbaceous cover in the

Six Wyoming (ARTRW8) big sagebrush plant associations were
identiﬁed by dominant or codominant understory perennial bunchgrasses: PSSP6 (bluebunch wheatgrass), ACTH7 (Thurber’s
needlegrass), FEID (Idaho fescue), HECO26 (needle-and-thread),
PSSP6-ACTH7 (bluebunch wheatgrass and Thurber’s needlegrass), and
FEID-PSSP6-ACTH7 (Idaho fescue, bluebunch wheatgrass and Thurber’s
needlegrass). The FEID-PSSP6-ACTH7 (High Desert Mix, HDM) is an additional association that was previously identiﬁed by Davies et al.
(2006) as an FEID association. This classiﬁcation was similar to past
and current plant community descriptions. Five associations were previously described by Davies et al. (2006) for southeast Oregon, including
ARTRW8/PSSP6, ARTRW8/ACTH7, ARTRW8/PSSP6-ACTH7, ARTRW8/
FEID, and ARTRW8/HECO26. In southern Idaho, Hironaka et al. (1983)
described ARTRW8/PSSP6 and ARTRW8/ACTH7 associations and considered mixtures of Thurber’s needlegrass and bluebunch wheatgrass
to be in the ARTRW8/PSSP6 habitat type. Passey et al. (1982) identiﬁed
ARTRW8/FEID, ARTRW8/PSSP6, and ARTRW8/ACTH7 communities in

Table 2
MRPP analysis for the Wyoming big sagebrush associations, southeast Oregon.
Analysis parameters

A statistic

T statistic

Delta

Without dominant perennial bunchgrass included in model
Cover
0.092
−7.497
0.452
Density
0.190
−10.604
0.349
With dominant perennial bunchgrass included in model
Cover
0.283
−17.226
0.372
Density
0.313
−17.074
0.316

Skewness

P value

−0.507
−0.710

b 0.001
b 0.001

−0.531
−0.742

b 0.001
b 0.001
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Figure 1. Cover (mean + SE) for (A) bare soil, (B) rock, (C) litter, (D) moss, and (E) lichen for the Wyoming big sagebrush associations (PSSP6 [bluebunch wheatgrass]; PSSP6-ACTH7
[bluebunch wheatgrass-Thurber’s needlegrass]; FEID [Idaho fescue]; HDM [High desert mix]; HECO26 [needle-and-thread]; and ACTH7 [Thurber’s needlegrass], (2003 −2012),
southeast Oregon. Different lowercase letters indicate signiﬁcant differences (P b 0.05), 10-yr means, for each group among the Wyoming big sagebrush plant associations.

PSSP6 association in our study was about 1% greater than PSSP6 cover described by Davies et al. (2006). This difference we ascribed to our 10-yr
means providing a better reﬂection of annual weather effects to herbaceous cover components, principally perennial and annual forbs.
Perennial Bunchgrass Cover
Perennial bunchgrass cover in the FEID association was greater than
the other associations, of which cover was nearly twice as great as the
PSSP-ACTH and ACTH associations (P = 0.002, F = 6.43; Fig. 2B). Perennial bunchgrass cover in the PSSP and HECO associations were about
50% greater than the PSSP-ACTH, HDM, and ACTH associations. Perennial bunchgrasses accounted for 71% and 61% of total herbaceous
cover in the HECO and FEID associations, respectively. In the other
four associations, bunchgrasses comprised 45−56% of total herbaceous
cover. Davies et al. (2006) reported similar relationships among the associations. Conﬁdence interval testing found no differences in our

bunchgrass cover values, for any association, compared with measures
made by Davies et al. (2006) (see Table 3).
Sandberg Bluegrass Cover
Sandberg bluegrass cover tended to be greatest in the PSSP (except
HDM assoc.) and lowest in the HECO association (P = 0.004, F = 4.95;
Fig. 2C). Cover of bluegrass in the ACTH7, PSSP6-ACTH7, HDM, and
FEID association was similar, averaging 5.1% ± 0.2%. Bluegrass cover
was 3.7- to 4.7-fold greater in the PSSP6 and other associations than
the HECO26 association. These relationships are similar to those reported by Davies et al. (2006). Except for the FEID association, conﬁdence interval testing indicated there were no differences between
our bluegrass cover values and measurements reported by Davies et
al. (2006) for the other associations (see Table 3). Sandberg bluegrass
cover in the FEID association was about 1% greater than cover reported
by Davies et al. (2006) (see Table 3).
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Figure 2. Canopy cover (mean + SE) for (A) herbaceous, (B) perennial bunchgrasses, (C) Poa secunda, (D) perennial forbs, (E) annual forb, and (F) cheatgrass for the Wyoming big
sagebrush associations (PSSP6 [bluebunch wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrass-Thurber’s needlegrass]; FEID [Idaho fescue]; HDM [High desert mix]; HECO26 [needleand-thread]; and ACTH7 [Thurber’s needlegrass], 2003−2012), southeast Oregon. Different lowercase letters indicate signiﬁcant differences (P b 0.05) in cover, 10-yr means, for each
lifeform among the Wyoming big sagebrush plant associations.

Table 3
Conﬁdence interval (95%) comparisons for vegetation lifeform canopy cover between our study (10-yr means, [2003−2012]) and Davies et al. (2006; means based on single-yr measurement, 2001 or 2002) for each association.
Association

Sandberg bluegrass

Perennial bunchgrass

Perennial forb

Annual grass

Annual forb

Herbaceous

Wyoming big sagebrush

PSSP61

No diff
0.08 [–0.10, 0.25]
No diff.
0.75 [–0.54, 2.04]
Differ
1.10 [0.60, 1.59]
No diff.
0.17 [–0.80, 1.13]
No diff.
0.02 [–0.30, 0.35]

No diff.
0.18 [–0.18, 0.54]
No diff.
0.16 [–1.52,1.84]
No diff.
1.60 [–0.37, 3.56]
No diff.
1.65 [–0.44, 3.74]
No diff.
0.28 [–0.16, 0.71]

Differ
0.33 [0.04, 0.64]
No diff.
0.75 [–0.39, 1.88]
No diff.
0.60 [–0.08, 1.29]
Differ
0.29 [0.14, 0.43]
No diff.
0.13 [–0.10, 0.37]

No diff.
0.01 [–0.14, 0.15]
No diff.
0.002 [–0.32, 0.32]
No diff.
0.03 [–0.01, 0.05]
No diff.
0.33 [–1.15, 1.82]
No diff.
0.02 [–0.16, 0.20]

Differ
0.29 [0.22, 0.35]
Differ
0.54 [0.29, 0.79]
Differ
0.16 [0.06, 0.27]
Differ
0.76 [0.59, 0.93]
Differ
0.48 [0.31, 0.65]

Differ
0.92 [0.18, 1.16]
No diff.
0.68 [–2.11, 3.46]
No diff.
0.13 [–1.93, 2.18]
No diff.
3.07 [–0.29, 6.42]
No diff.
0.54 [–0.14, 01.21]

Differ
0.79 [0.45, 1.13]
Differ
4.12 [0.77, 7.47]
No diff.
1.94 [-0.14, 4.02]
No diff.
0.81 [-2.63, 4.24]
Differ
1.31 [0.61, 2.01]

PSSP6-ACTH7
FEID
HECO26
ACTH7
1

PSSP6 (bluebunch wheatgrass), ACTH7 (Thurber’s needlegrass), FEID (Idaho fescue), and HECO26 (needle-and-thread).
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Perennial Forb Cover

Cheatgrass Cover

Perennial forb cover differed among associations (P b 0.001, F =
7.58; Fig. 2D). The HECO26 association had the lowest perennial forb
cover, b 1%, constituting about 4% of total herb cover. Perennial forb
cover was greatest in PSSP and FEID associations (mean; 5.3% ± 0.7%)
and represented about 20% of total herb cover. Perennial forb cover in
HDM and PSSP6-ACTH7 associations were between 3.5% and 4% and
were 1.5-fold greater than the ACTH7 association. These relationships
were similar to those reported by Davies et al. (2006). There were differences between our perennial forb cover values and measures reported
by Davies et al. (2006) for the PSSP6 and HECO26 associations, indicating our perennial forb cover values for these associations were about
0.3% greater than Davies et al. (2006) (see Table 3).
The lower perennial forb cover measured by Davies et al., 2006 may
result from weather effects, because regional precipitation in both their
sample yrs was about 80% of average (NOAA, 2017). The amount and
timing of precipitation and temperatures have a major inﬂuence on herbaceous cover and yield in the sagebrush steppe (Sneva, 1982; Bates et
al., 2005), and these effects may vary by plant association (Bates et al.,
2011; EOARC ﬁle data). Perennial forbs on PSSP6 associations increased
in cover in yrs with higher precipitation while cover in ACTH7 and HDM
associations was unaffected, despite 4 yr of below-average and 2 yr of
above-average precipitation (Bates et al., 2011).

Cheatgrass cover averaged b 1% and did not differ among associations (P = 0.254 F = 1.42; Fig. 2F). Cheatgrass cover was N 2% on the
HECO26 association, however, this value was caused by high values, averaging 5.5%, at one site. Although all sites were considered intact,
cheatgrass was present on 83% of the sites measured. Cheatgrass should
be considered a naturalized presence in even largely intact areas and is a
threat if a ﬁre occurs. HECO26 and ACTH7 associations are especially
vulnerable to replacement by cheatgrass because needle grasses are
susceptible to damage and mortality from ﬁre (Wright and
Klemmedson, 1965; Uresk et al., 1976; Bates et al., 2011).

Annual Forb Cover
Annual forbs represented a small portion of total cover on intact Wyoming big sagebrush associations. Cover was generally ≤ 1% and did not
differ among the associations (P = 0.640, F = 6.85; Fig. 2E). For all the
associations, conﬁdence interval testing indicated there were differences between our annual forb cover values to measurements reported
by Davies et al. (2006) (see Table 3). Our annual forb covers were
0.2−0.8% greater than Davies et al. (2006) and likely stem from several
yrs of above average precipitation (NOAA, 2017). Annual forb production and cover are positively correlated to precipitation in semiarid regions of the western United States (Passey et al., 1982; Sneva, 1982).
Thus, to adequately characterize annual forb cover (and perennial forb
cover) in Wyoming big sagebrush associations requires multiple yrs of
measurement.

Perennial herbaceous density and richness
Perennial herbaceous lifeform densities differed among the associations for Sandberg bluegrass (P b 0.001, F = 12.86), perennial bunchgrasses (P b 0.001, F = 11.96) and perennial forbs (P b 0.001, F =
7.52). Density of bluegrass was greatest in PSSP6 and FEID associations,
followed, in order, by the HDM, ACTH7, PSSP6-ACTH7, and HECO26 associations (Fig. 3). Bluegrass density in the HECO26 association was six
to nine times less than the other associations.
Perennial bunchgrass density was 1.5- to 2-fold greater in the FEID
association than the other associations (see Fig. 3). Bunchgrass density
was 1.5-fold greater in the HECO26 associations than the remaining
four associations, which collectively averaged 8.2 ± 0.4 plants m − 2.
This value is similar to perennial bunchgrass densities for the Wyoming
big sagebrush alliance reported for eastern Oregon (Davies and Bates,
2010).
Perennial forb densities were highest in the PSSP6 and FEID associations, followed collectively by the ACTH7, PSSP6-ACTH7, and HDM associations (9.3 ± 0.4 plants m−2) (see Fig. 3). Perennial forb densities in
these associations were 9- to 18-fold greater than the HECO26
association.
The density of the main perennial bunchgrasses indicates their dominant and codominant standing in Wyoming big sagebrush associations.
Bluebunch wheatgrass (P b 0.001, F = 30.53; Fig. 4), Thurber’s
needlegrass (P b 0.001, F = 12.64; see Fig. 4), needle-and-thread (P b
0.001, F = 149.31; see Fig. 4), and Idaho fescue (P b 0.001, F = 40.67;
see Fig. 4) were greatest in the PSSP6, ACTH7, HECO26, and FEID associations, respectively. Bluebunch wheatgrass and Thurber’s needlegrass
were also present as subordinate (HECO26, FEID) and codominant

Figure 3. Perennial herbaceous lifeform density (mean + SE) for Sandberg bluegrass, perennial bunchgrasses, and perennial forbs for the Wyoming big sagebrush associations (PSSP6
[bluebunch wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrass-Thurber’s needlegrass]; FEID [Idaho fescue]; HDM [high desert mix]; HECO26 [needle-and-thread]; and ACTH7
[Thurber’s needlegrass], 2003-2012), southeast Oregon. Different lowercase letters indicate signiﬁcant differences (P b 0.05) in density, 10-yr means, for each lifeform among the
Wyoming big sagebrush plant associations.
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Figure 4. Perennial bunchgrass species density for the Wyoming big sagebrush associations (PSSP6 [bluebunch wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrass-Thurber’s needlegrass]
; FEID [Idaho fescue]; HDM [high desert mix]; HECO26 [needle-and-thread]; and ACTH7 [Thurber’s needlegrass], 2003−2012), southeast Oregon. Different lowercase letters indicate a
signiﬁcant differences (P b 0.05) in density, 10-yr means, for each lifeform among the Wyoming big sagebrush plant associations.

(PSSP6-ACTH7, HDM) bunchgrass species across the Wyoming big
sagebrush alliance in eastern Oregon. Idaho fescue was absent from
HECO26, PSSP-ACTH7, and ACTH7 associations, and needle-and-thread
was absent from PSSP6, PSSP6-ACTH7, and FEID associations. Prairie
Junegrass (Koeleria macrantha [Ledeb.] Schult.) was another diagnostic
species on the HDM association (0.6 ± 0.1 plants m −2) and was greater
than the other associations where it was absent or present in trace
amounts (P = 0.002, F = 5.48).
Higher perennial grass and grasslike (e.g., Carex) richness were
cataloged on the HDM and HECO26 associations (P b 0.001, F = 7.0;
Fig. 5). These two associations tended to contain all grass species present on the other associations, in addition to several other bunchgrass
and rhizomatous species found solely in the HDM and HECO26 associations. Rhizomatous species were beardless wildrye (Leymus triticoides
[Buckl.] Pilger) and Douglas’ carex (Carex douglasii Boott). Perennial
grass species richness on the PSSP6, PSSP6-Acth7, and ACTH7 averaged

5.5 ± 0.1 species per site. Highest perennial forb richness was on the
FEID association followed closely by the PSSP6, HDM, and ACTH7 associations (P b 0.049, F = 3.8; see Fig. 5). The HECO26 association had
the lowest perennial forb richness. Annual forb richness was greater
on ACTH7 and HECO26 compared with the HDM association (P b
0.036, F = 2.87; see Fig. 5). Annual forb species richness was similar
among the other associations. Richness of exotics species did not differ
among the associations (P b 0.651, F = 0.67; see Fig. 5).
Herbaceous Biomass
Herbaceous standing crop and annual yield differed among the Wyoming big sagebrush associations. Standing crop was 1.5-fold greater (P
= 0.012, F = 3.46), and annual yield was 1.6-fold greater (P = 0.015, F
= 3.29) in PSSP6 and FEID associations than the ACTH7 association, respectively (Fig. 6). Our herbaceous standing crop values were

Figure 5. Herbaceous lifeform richness (mean + SE) for perennial grass, perennial forb, annual forb, and exotic annual for the Wyoming big sagebrush associations (PSSP6 [bluebunch
wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrass-Thurber’s needlegrass]; FEID [Idaho fescue]; HDM [high desert mix]; HECO26 [needle-and-thread]; and ACTH7 [Thurber’s
needlegrass], 2003−2012), southeast Oregon. Different lowercase letters indicate signiﬁcant differences (P b 0.05) in richness, 10-yr means, for each lifeform among the Wyoming big
sagebrush plant associations.
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2- and 12-fold greater than ACTH7 and HECO26 associations, respectively. Perennial forb yield was similar among the PSSP6, PSSP6ACTH7, HDM, and FEID associations, collectively averaging 95.2 ± 2.2
kg ha −1. Annual grass yield consisted of primarily cheatgrass. Annual
grass yield in the HECO28 association was 6.7, 11.8, and 60-fold greater
than ACTH7, HDM, and FEID associations, respectively (P = 0.049, F =
2.71; see Fig. 7). Cheatgrass yield in PSSP6 and PSSP6-ACTH7 did not differ from the other associations. Yield of annual forbs was similar among
associations (P = 0.240, F = 0.94; see Fig. 7).
Shrub Cover and Density

Figure 6. Standing crop and annual yield (mean + SE) for the Wyoming big sagebrush
associations (PSSP6 [bluebunch wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrassThurber’s needlegrass]; FEID [Idaho fescue]; HDM [high desert mix]; HECO26 [needleand-thread]; and ACTH7 [Thurber’s needlegrass], 2003 − 2012), southeast Oregon.
Different lowercase letters indicate signiﬁcant differences (P b 0.05) in biomass, 10-yr
means, for standing crop and annual yield among the Wyoming big sagebrush
associations.

comparable with average ESD annual production estimates for similar
ecological sites described by NRCS (2018a). Annual yields were
61−69% of standing crop. Annual yields were comparable with values
reported by Davies et al. (2007b) and Davies and Bates (2010) for Wyoming big sagebrush communities.
Annual yield of perennial bunchgrasses differed among the Wyoming big sagebrush associations (P = 0.001, F = 5.35; Fig. 7). Perennial
bunchgrass yield in FEID and HECO26 associations was 1.7- to 2-fold
greater and 1.4- to 1.6-fold greater in the PSSP6 association than
HDM, ACTH7, and PSSP6-ACTH7 associations. Annual yield of Sandberg
bluegrass was 5.5- to 5.8-fold greater in PSSP6, FEID, HDM, ACTH7, and
PSSP6-ACTH7 associations than the HECO26 association (P = 0.024, F =
2.98; see Fig. 7). Bluegrass yield in PSSP6, FEID, HDM, ACTH7, and
PSSP6-ACTH7 associations were not different, averaging 64.4 ± 1.5 kg
ha − 1. Annual yield of perennial forbs differed among the Wyoming
big sagebrush associations (P = 0.010, F = 3.60; see Fig. 7). Perennial
forb yield in PSSP6, PSSP6-ACTH7, HDM, and FEID associations were

Wyoming big sagebrush cover (P = 0.024, F = 3.15) differed among
associations (Fig. 8A). Live and total sagebrush cover was greater in the
ACTH7 than in all associations aside from the PSSP6-ACTH7 (see Fig.
8A). The FEID association tended to have the lowest sagebrush cover,
which is in contrast to what was reported by Davies et al. (2006) and
Doescher et al. (1986). This is a product of our identifying the HDM association, which was included in the FEID association by Davies et al.
(2006). Sagebrush cover in HDM association was 25% greater than the
FEID association. Sagebrush canopy cover values of the other associations were similar to those reported for the northern Great Basin by
Doescher et al. (1986), Davies et al. (2006), and Davies and Bates
(2010). Dead sagebrush cover comprises a signiﬁcant structural component, as dead stems and branches within live shrub canopies, and
ranged from 25% to 33% of sagebrush cover (see Fig. 8A). The highest
dead sagebrush covers were in the PSSP, PSSP6-ACTH7, and ACTH7 associations, averaging 5.4 + 0.1% (P = 0.026, F = 3.15). Yellow rabbitbrush (Chrysothamnus viscidiﬂorus [Hook.] Nutt.) was the main
secondary shrub, with cover below 2%, and did not differ among associations (P = 0.322, F = 1.21). Collective cover of other shrubs and subshrubs ranged between none and 0.7% and was similar among the
associations (P = 0.461, F = 0.95). Granite prickly phlox (Linanthus
pungens [Torr.] J.M. Porter & L.A. Johnson) was a main subshrub in the
HDM association.
There were differences for the PSSP6, PSSP6-ACTH7, and ACTH7 associations for our sagebrush cover estimates and values reported by
Davies et al. (2006) with our values being 0.8−4.1% lower (see Table
3). There were several dry yrs, including drought, during our 10-yr
study, which may have reduced sagebrush cover. Reductions in sagebrush cover were general across all our sites but were only signiﬁcant

Figure 7. Lifeform annual yields (mean + SE) for the Wyoming big sagebrush associations (PSSP6 [bluebunch wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrass-Thurber’s needlegrass];
FEID [Idaho fescue]; HDM [high desert mix]; HECO26 [needle-and-thread]; and ACTH7 [Thurber’s needlegrass], 2003−2012), southeast Oregon. Different lowercase letters indicate
signiﬁcant differences (P b 0.05) in annual yield, 10-yr means, for each lifeform among the Wyoming big sagebrush plant associations.
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Figure 9. Sagebrush height for the Wyoming big sagebrush associations (PSSP6
[bluebunch wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrass-Thurber’s needlegrass];
FEID [Idaho fescue]; HDM [high desert mix]; HECO26 [needle-and-thread]; and ACTH7
[Thurber’s needlegrass], 2003−2012), southeast Oregon. Different lowercase letters
indicate signiﬁcant differences (P b 0.05) in sagebrush height among the Wyoming big
sagebrush plant associations.

Figure 8. Mean (+ SE) of shrub (A) canopy cover [live + dead ( ) canopy cover for each
association] and (B) density for Wyoming big sagebrush for the Wyoming big sagebrush
associations (PSSP6 [bluebunch wheatgrass]; PSSP6-ACTH7 [bluebunch wheatgrassThurber’s needlegrass]; FEID [Idaho fescue]; HDM [high desert mix]; HECO26 [needleand-thread]; and ACTH7 [Thurber’s needlegrass], 2003−2012), southeast Oregon.
Different lowercase letters indicate signiﬁcant difference (P b 0.05) in cover or density
among the Wyoming big sagebrush plant associations.

on the drier sites of the PSSP6, PSSP6-ACTH7, and ACTH7 associations. In
addition, there were outbreaks of the sagebrush defoliator moth (Aroga
websteri), which we observed to cause substantial defoliation in these
three associations, especially the PSSP6-ACTH7 association, between
2008 and 2011.
Wyoming big sagebrush density differed among associations (P =
0.005, F = 4.20; Fig. 8B). Sagebrush density was greatest in the ACTH7
than in all associations except for the PSSP6-ACTH7. Sagebrush densities
were lowest in the FEID, HECO2, and HDM associations, which averaged
0.31 ± 0.01 plants m −2. Dead sagebrush densities were greater in the
ACTH7 than FEID and HDM associations (P = 0.035, F = 2.94). Densities
of yellow rabbitbrush (P = 0.615, F = 0.72) and other shrub species (P
= 0.565, F = 1.02) were similar among associations.
Wyoming big sagebrush height differed among the associations,
being lowest in the PSSP6-ACTH7, ACTH7, and PSSP6 associations and
highest in the HDM and HECO26 associations (P = 0.012, F = 3.48;
Fig. 9). Sagebrush heights rarely exceeded 100 cm.
Vegetation and Environment
The distinct differences in vegetation characteristics among the Wyoming big sagebrush associations result from a suite of interacting environmental factors including soils, topography, and local climates.
Despite recognized environmental–vegetation relationships, the ability
to discriminate among sagebrush communities and plant associations

using environmental factors as explanatory or predictive variables has
been met with only limited success (Passey et al., 1982; Lentz and
Simonson, 1987a, 1987b; Jensen et al., 1990; Davies et al., 2007a). The
difﬁculty in identifying relationships among environmental and vegetation characteristics arises primarily because 1) different combinations
of environmental factors can support the same plant community or associations (Daubenmire, 1968; Hironaka et al., 1983; Jensen et al., 1990;
Davies et al., 2007a) and 2) plant species have wide ecological amplitudes and ecotypic variability, allowing them to adapt to a wide range
of environmental inﬂuences (Passey et al., 1982; Doescher et al., 1986;
Jensen et al., 1990).
However, several broad and general relationships exist and assist in
explaining some of differences among the Wyoming big sagebrush associations. Most perennial bunchgrasses, aside from needle-and-thread
and Indian ricegrass (Achnatherum hymenoides [Roemer & J.A. Schultes]
Barkworth), perennial forbs, and total herbaceous canopy covers were
positively correlated with ﬁner soil textures (silt and clay loams), especially in the B soil horizon (Davies et al., 2007a). The ﬁner-textured soils
tend to have greater water-holding capacity. Davies et al. (2007a) reported moderately positive correlations among herbaceous and total
vegetation cover to site conditions that were indicative of soil water
availability including less direct radiation and greater soil water-holding
capacity. This relationship partly explains greater cover and annual
yields on PSSP6 and FEID associations than the other associations. This
is also akin to mountain big sagebrush communities producing greater
amounts of vegetation cover and production compared with Wyoming
big sagebrush communities because they tend to occur on locations
with a more mesic precipitation regime (Davies and Bates, 2010).
The HDM and HECO26 associations tend to have characteristic soil
attributes, which assist in explaining their compositional differences
with other associations. Soils in the HECO26 association are sandy
loams with N 60% sand, b 10% clay, and depths extending to 90 − 120
cm without a restrictive layer (Davies, 2005). Needle-and-thread was
positively correlated to sand content and dominates the understory of
the HECOP26 association. Sandberg bluegrass, perennial forbs, most
other bunchgrass species were negatively correlated to sand content
(Davies et al., 2007a), which explains why they were absent or minor
components of the HECO26 association. Hironaka et al. (1983) made
similar observations for Wyoming big sagebrush/needle-and-thread
habitat types in Idaho. In the HDM association, the upper soil surfaces
(0−15 cm) are sandy loams with b 10% clay content that are underlain
by gravelly clay loams and an indurated duripan starting between 50
and 75 cm soil depth. These soil characteristics may explain the high
species richness of perennial graminoids and why the herbaceous
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layer was codominated by the three bunchgrass species in the HDM association. It is likely that the soil characteristics in the HDM association
provide suitable soil water and nutrient conditions for all these species
to establish and develop (Lentz and Simonson, 1987b).
Sage-Grouse Habitat Potentials
It is important to document and distinguish vegetation potentials
among sagebrush plant communities when describing habitat for sagebrush obligate and facultative wildlife species. Guidelines for facultative
wildlife are necessarily broad because these species use not only sagebrush habitat but also other vegetation types. Sagebrush obligates
have more speciﬁc habitat requirements, often related to vegetation
composition and structure, as well as topographic features (Wiens and
Rotenberry, 1981; Dobler, 1994; Himes and Drohan, 2007). For sagegrouse, several studies have generated detailed seasonal habitat guidelines based on their life-history requirements for mesic (e.g., mountain
big sagebrush) and arid (e.g., Wyoming big sagebrush) shrub steppe
(Connelly et al., 2000; Stiver et al., 2015). Past site-level studies evaluating reference states of big sagebrush alliances and associations in eastern Oregon indicate the mountain big sagebrush alliance provides
suitable yr-round habitat for sage-grouse and that Wyoming big sagebrush associations generally support marginal breeding (prelaying,
nesting, early brood rearing) and suitable summer and winter habitat
for sage-grouse (Davies et al., 2006; Davies and Bates, 2010).
In our study, only three sites provided suitable breeding habitat
using vegetation cover criteria described by Stiver et al. (2015) for
arid sagebrush types (Table 4). The majority of sites (93.7%) did not
meet suitable breeding habitat requirements because sagebrush or perennial forb cover were below 15% and 5%, respectively. Shrub and
forb cover are the most important variables explaining nest site selection by greater sage-grouse (Severson et al., 2017). Live sagebrush
cover exceeded 15% on only 10% of the sites, and perennial forb cover
exceeded 5% on 28% of sites. Davies et al. (2006) estimated that 50% of
Wyoming big sagebrush sites produced b 2% perennial forb cover. In
our study, suitable perennial forb cover was only developed on PSSP6,
PSSP6-ACTH7, and FEID associations. Perennial forb cover was unsuitable on all the HECO26 sites and on 90% of the HDM and ACTH7 sites.
Most sites (96%) met or exceeded perennial grass cover (N 15%) requirements for breeding habitat.
For summer/late brooding and winter periods, 50% and 56% of the
sites were rated suitable under Stiver et al. (2015) guideline criteria, respectively. The remaining sites would be rated as unsuitable, mostly because sagebrush cover was b 10%. The FEID association was the only
association where all sites failed to top 10% sagebrush cover.
Connelly et al. (2000) and Stiver et al. (2015) recommended that
local conditions should be considered when determining vegetation
cover habitat requirements. The Oregon-Washington greater sage-
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grouse resource management plan amendment does adjust vegetation
cover objectives (USDI, 2015), which marginally improved habitat ratings for our sites. For sage grouse breeding habitat, vegetation cover requirements were met on 19% of the sites and for summer/late brooding
and winter periods, vegetation cover requirements were met on 56% of
the sites (see Table 4).
Implications
Delineating the Wyoming big sagebrush alliance into associations
for classiﬁcation and management purposes was supported by the differences in the associations’ ability to produce vegetation cover, perennial plant density, and annual yield. Our results validate and support
past and current usage of dominant shrub and perennial grass species
to deﬁne rangeland plant communities (e.g., habitat types, cover
types, range sites, ESD). Although the differences among Wyoming big
sagebrush associations should be recognized in management plans
and wildlife habitat guidelines, managing associations singularly is
problematic as they are frequently arranged in a mosaic across the landscape (Brown and Svejcar, 2002). Nonetheless, understanding vegetation potentials by association is important to deﬁne areas of marginal
or suitable wildlife habitat, as well as forecasting responses to disturbances such as ﬁre. For example, the ACTH7 association appears less resistant to ﬁre and resilient after ﬁre than the PSSP6 association (Bates et
al., 2011).
Vegetation cover criteria for sage-grouse habitat indicate that intact
Wyoming big sagebrush associations at the stand/site level for arid
sagebrush types will generally not provide suitable habitat for breeding.
For brood rearing and winter habitat, the associations differ in their ability to meet suitable vegetation criteria, from none (FEID association) to
about 80% of sites (ACTH association). This suggests that the arid sagebrush vegetation criteria developed for breeding sage-grouse requires
adjustment to recognize the vegetation cover potentials measured in
Wyoming big sagebrush habitat of the northern Great Basin. Others
have suggested that rather than rating habitat by speciﬁc cover values,
managers might also evaluate sites using modiﬁed state and transition
models (Boyd et al., 2014). Sagebrush associations in a state containing
a mix of big sagebrush and native perennial grasses and forbs are indicative of providing potential yr-round habitat suitable for sage-grouse
and other sagebrush obligate species.
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Table 4
Number of intact Wyoming big sagebrush sites, by association, that met the guidelines’ vegetation cover values needed for productive sage-grouse habitat.
Breeding habitat
Association
(no. of sites)
PSSP63 (18)
PSSP6-ACTH7 (4)
FEID (5)
HDM (5)
HECO26 (4)
ACTH7 (11)
-----------------Total (48)

Brood rearing/late summer habitat

Winter habitat

Stiver et al. (2015)1

USDI (2015)2

Stiver et al. (2015)

USDI (2015)

Stiver et al. (2015)

USDI (2015)

2 (11.1%)
1 (25%)
None
None
None
None
---------3 (6.3%)

9 (50%)
2 (50%)
2 (40%)
None
None
4 (36.4%)
-----------9 (18.8%)

11 (61%)
2 (50%)
3 (60%)
None
None
8 (72.8%)
-----------24 (50%)

11 (61%)
2 (50%)
3 (60%)
None
2 (50%)
9 (81.8%)
------------27 (56.3%)

11 (61%)
2 (50%)
3 (60%)
None
2 (50%)
9 (81.8%)
------------27 (56.3%)

11 (61%)
2 (50%)
3 (60%)
None
2 (50%)
9 (81.8%)
------------27 (56.3%)

1
Stiver et al. (2015) —For arid sites, suitable breeding habitat includes sagebrush cover N 15%; perennial grass cover N 10%; perennial forb cover N 5%); suitable brood-rearing/late
summer habitat is sagebrush cover N 10%, grass/forb cover N 15%; suitable winter habitat requires N 10% sagebrush cover above 25 cm tall.
2
USDI (2015) —for dry (arid) sites, suitable breeding habitat includes sagebrush cover 10−25%; perennial grass cover 10−30%; perennial forb cover 2−10%; suitable brood-rearing/
late summer habitat is sagebrush cover 10−25%, perennial herbaceous cover 10−30%; suitable winter habitat requires N 10% sagebrush cover above 25 cm tall.
3
PSSP6 (bluebunch wheatgrass), ACTH7 (Thurber’s needlegrass), FEID (Idaho fescue), HDM (high desert mix), and HECO26 (needle-and-thread).
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