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Abstract The Great Basin of the western USA is an
arid region characterized by high spatial and temporal
variability. The region experienced high levels of
ecological disturbance during the early period of Euro-
American  settlement, especially from about
1870-1935. The principal plant communities of the
Great Basin are sagebrush steppes, dominated by
various Artemisia shrubs and perennial bunchgrasses
that represent the largest rangeland ecosystem in North
America. In low to mid-elevation sagebrush commu-
nities, exotic annual grasses have displaced native
plant species and are associated with a dramatic
increase in size and frequency of wildfires. Degrada-
tion in this region is driven by processes that cause the
loss of mature bunchgrasses, which, when intact, limit
exotic annual grass invasion. Historically, large eco-
nomic investments to restore degraded Great
Basin rangeland through establishment of native
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bunchgrasses, principally utilizing heavily mecha-
nized agronomic approaches, have been met with
limited success. A multitude of environmental factors
contribute to the lack of restoration success in this
region, but seedling mortality from freezing and
drought has been identified as a primary demographic
limitation to successful bunchgrass establishment.
Novel approaches to overcoming limitations to bunch-
grass establishment will be required for restoration
success. Increased national concern and a near listing
of the greater sage-grouse, a steppe-obligate species, to
Endangered Species status, has spurred greater regio-
nal support and collaboration across a diversity of
stakeholder groups such as state and federal land and
wildlife management agencies, county planners, and
ranchers.

Keywords Great Basin - Restoration - Sage steppe -
Catastrophic fire - Cheatgrass - Medusahead - Bunch
grasses

Introduction to the Great Basin, USA

The goal of this paper is to describe the general setting,
past restoration practices, and the potential future for
restoration in the Great Basin of the USA. It is
important to understand both the geophysical setting
of the region and past history. The region has been
defined by both hydrologic and floristic parameters.
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Two common definitions include (1) the area of the
western US that is internally drained, with no outlets to
the ocean (hydrologic definition) and (2) a floristically
defined region dominated by shrub/steppe and wood-
land plant communities (Pellant et al. 2004). The
hydrologic Great Basin covers in excess of
293,000 km? and includes much of Nevada and Utah,
major portions of Oregon and California, and small
areas of Idaho (United States Geological Survey
2013). The floristically defined Great Basin includes
more area, with shrub/steppe communities dominated
by species of Artemisia and Atriplex, and woodlands
dominated or codominated by species of Juniperus.
Using either definition, the Great Basin is bounded on
the west by the Sierra Nevada and Cascade ranges and
on the east by the Rocky Mountains. We will refer to
the region as the Great Basin, but will focus our
restoration discussion on the western sagebrush steppe
or sagebrush semidesert. The sagebrush steppe biome
stretches to the Great Plains of the central US, but the
shift in precipitation (more summer and less spring
and winter) in the eastern portion of the biome makes
it ecologically distinct from the western sagebrush
steppe.

To provide a sense of restoration challenges, we
will break past history of the Great Basin into two
segments: (1) recent geologic history (from the end of
the Pleistocene about 11,700 years before present) and
(2) the period of active Euro-American settlement
from about 1850 to present. The geologic history of
the Great Basin is important for understanding the
physical setting and variability of this region. Toward
the end of the Pleistocene, the climate was much
cooler and wetter than present day, and there were
extensive marshes and lakes in the region. For
example, present day Great Salt Lake has a surface
area of 4400 km? and maximum depth of about
7-10 m depending on the year. The Great Salt Lake is
a remnant of the Pleistocene-era Lake Bonneville,
which at its peak was almost 52,000 km? in size and
more than 300 m deep. There were other large
Pleistocene lakes, such as Lake Lahontan to the west,
which at its peak was equal to 8 % of surface area of
the state of Nevada (Nevada Division of Water
Resources 2000). As climate dried, these lakes
receded, and there was sorting of soil particle sizes
along the shorelines. In fact, peak shoreline levels are
still visible in portions of the Great Basin. The
combination of dramatic climate shifts, internal
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drainage, and prior geologic activity created an
extremely variable environment. Volcanic activity
deposited ash layers in portions of the Great Basin and
plate tectonic activity resulted in crustal thinning,
generating a series of north/south oriented mountain
ranges, creating large topographic variation (Fiero
1986). An example of this variability can be seen in a
soil map of the Northern Great Basin Experimental
Range (NGBER) in southeastern Oregon (Fig. 1,
Lentz and Simonson 1986). Although the area is only
about 6500 ha, there are 54 soil map units within the
experimental range. This high variability makes it
difficult to generalize restoration plans, and research
must be viewed based on site characteristics associ-
ated with a specific research effort.

The period of Euro-American settlement of the
region largely began with the gold mining boom in
California in the late 1840s and early 1850s (Table 1).
This was a period of unprecedented westward migra-
tion and created the conditions which led to extensive
settlement. By mid-1869, a railroad was completed
across the northern Great Basin, allowing transport of
people and materials into and out of the region to
either the east or west. Because of the arid nature of the
region, programs to transfer land from the federal
government to private ownership (Homestead Acts)
did not function as intended (Svejcar 2015). These
programs (initiated in the early 1860s) were developed
for the eastern US and not modified adequately for the
Great Basin. Thus, much of the land remained in
public ownership, and there was no planning for how
the lands would be managed. The livestock boom of
the late 1880s and lack of oversight on land-use
resulted in huge numbers of livestock and serious land
degradation (Young and Sparks 1985). A significant
drought and harsh winters during this period magnified
the overgrazing issue. It was not until the mid-1930s
that laws were passed to bring order and management
to the publicly owned lands of the Great Basin. The
damage inflicted on this arid region resulted in
significant restoration efforts, which will be described
in a subsequent section.

Two other events that would impact the need for
restoration were (1) the introduction of cheatgrass
(Bromus tectorum L.) and other exotic annuals in the
later 1800s and (2) the severe drought of the 1930s.
Cheatgrass is an invasive annual grass that is now
almost ubiquitous on low and mid-elevation Great
Basin rangelands (e.g., Kitchen 2014). This species
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Fig. 1 Soil map of the 6500 ha Northern Great Basin Experimental Range (NGBER)

competes with native seedlings and dramatically
increases the number of wildfires in many areas
(Whisenant 1990). The drought of the 1930s caused
widespread abandonment of homesteads (lands
recently transferred from public to private ownership)
and put additional stress on native plant communities.

Climate—present and future

The climate of the Great Basin is influenced by its
landforms. The Sierra Nevada and Cascade Mountain
ranges to the west exert a strong rain shadow effect on
much of the region. The large elevational and topo-
graphic variation from the north/south mountain
ranges (Fiero 1986) also influences climate. The
basins generally average less than 25 cm, whereas
the higher elevation sites can average over 50 cm in
annual precipitation. Bailey (1995) describes the
climate of the Intermountain Semidesert and Desert
Province (central and southern Great Basin) as being
characterized by hot summers and moderately cold
winters, with average annual temperatures ranging

from 4 to 13 °C. He depicts annual precipitation as
ranging from 13 to 49 cm, and often falling as winter
snow, with almost no summer precipitation except in
the mountains.

Spatial variation in climate is only one part of the
challenge faced by vegetation managers and restora-
tion practitioners in the Great Basin. A second major
challenge is high annual weather variability (e.g.,
Fig. 2). Figure 2 represents crop year precipitation at
the NGBER over a 70-year period. About one of every
4 years falls within £10 % of the long-term average
and values regularly range from 15 to 45 cm. West
(1999) estimated the coefficient of variation in total
annual precipitation to be about 30 % for sagebrush
steppe ecosystems. The combination of high spatial
and temporal variability creates significant challenges
for reseeding and other restoration efforts in the
region. Projections suggest climate variability will
increase in the future (Mote et al. 2013). Some of the
projected changes may strongly interact with both size
and frequency of wildfires.

Historically, lightening- and human-caused fire
was a natural part of western sagebrush steppe ecology
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Table 1 General chronology of events, human impacts, restoration focus, and disturbance regimes in the Great Basin, USA

Year

Major events

Phase of human impact

Restoration focus

Disturbance regime

Pre-European

Native American land

Periodic human and non-human
caused fire

settlement management utilizing fire and
use of native resources
through hunting and
harvesting
1800 Exploration
Emigration
1850 California gold rush
Euro-American settlement
Cattle boom and bust Development of natural Mineral/forage exploitation and
resource industries (logging, conversion of rangeland to
1900 mining, grazing, agriculture) Maximize productivity: very farmland
Cheatgrass introduction input intensive and mechanized;
native species not a focus Decreasing fuels and fire
Severe drought of 1930s freque.ncywith grazing at high
Homestead abandonment elevations
Increasing focus on native
1950 POSt, World War Il development species, bgut seeding and plant Mechanized fire suppression
ofdleselequ,pmentand focus propagation techniques still post-World War Il decreases high
on productivity agronomic elevation fire and increased fire
Urbanization presencein low elevations
2000 . . where annual grasses provide
Increasing focus on native Increasing focus on natural fine fuel continuity
biodiversity processes, factors limiting
success, and combinations of
species
Present Increasing CO, levels, fire
frequency and fire intensity. Increased size of wildland fires
in association with continued
spread of annual grasses,
increased woody plant fuels,
Future Continued alterationsin climate

and climate change

(Stewart 2002; McAdoo et al. 2013; Kitchen 2016).
However, recent climate trends have resulted in a
marked increase in the frequency and areal extent of
fire across the western US (Westerling et al. 2006;
NOAA 2012; National Interagency Fire Center 2013).
Modeling efforts have suggested a further expansion
and acceleration of fire regimes as warming temper-
atures and shifts in seasonal precipitation unfold
within ongoing climate change (Fule 2008; Yue
et al. 2013). Climate, especially precipitation, and
associated ecological dynamics across western North
America follow annual and decadal variation in the
strength of global circulation processes such as the
Pacific Decadal Oscillation (PDO) and Northern
Annular Mode (NAM) (Hessburg et al. 2005; McAfee
and Russell 2008). In much of the area encompassed
by sagebrush steppe, overall warming is expected to be
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accompanied by increasing proportions of cool-season
rainfall at the expense of snowpack and an increase in
more highly variable summer rainfall (Mote and
Salathe 2010; Mote et al. 2013). This will likely result
in sagebrush steppe vegetation adapting to a more
pronounced “pulsed” ecohydrological regime, alter-
ing the spatial and temporal variation in community
and ecosystem functioning, and increasing the prob-
ability of conditions conducive to fire (Weltzin et al.
2003; Huxman et al. 2004; Rocca et al. 2014).

The effects of climate change in sagebrush steppe
ecosystems will be modulated by the ongoing ecolog-
ical changes associated with shifts in community
composition and land-use management. The spread of
exotic annual grasses and their acceleration of fire
cycles have a well-known degrading effect on sage-
brush steppe ecosystems, especially at more xeric,
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Fig. 2 Crop year precipitation at the Northern Great Basin
Experimental Range (NGBER) west of Burns, OR. Red lines
are =10 % of the mean. (Color figure online)

lower elevation locations (D’Antonio and Vitousek
1992; Bradley et al. 2006; Davies et al. 2011).
Extensive and intensive livestock grazing, as well as
extensive fire-suppression following European settle-
ment dramatically altered species abundances and
distributions, facilitating the spread of invasive cool-
season annual grasses and reducing palatable bunch-
grass species; however, implementation of certain
management practices, especially changing the sea-
sonal timing and grazing intensity led to a rebound of
cool-season bunchgrasses (Miller et al. 1994; Miller
and Rose 1999; West 1999). Grass biomass provides
critical fuels for spreading fire in sagebrush steppe;
however, unlike the case with exotic annual grasses,
the role of greater bunchgrass biomass in the recent
increases of fire frequency and extent are not well
known. Release from overgrazing may have resulted
in a more homogenous perennial fuel load across wide
areas of sagebrush steppe, a characteristic thought to
be critical in facilitating “mega-fires” in response to
changing climate in other systems (Bowman et al.
2009).

While changing climatic conditions can produce
strong year to year variation, atmospheric carbon
dioxide concentrations will continue to rise steadily.
Elevated CO, will likely increase plant biomass and
fuel loads, especially in cheatgrass, which responds
more strongly to CO, enrichment than do native
perennial grasses and forbs (Smith et al. 1987, 2000;
Huxman and Smith 2001; Ziska et al. 2005). Biomass
of sagebrush seedlings have shown both positive

(Johnson and Lincoln 1990) and neutral (Lucash et al.
2005) responses to elevated CO,. The CO, response of
adult sagebrush plants or seedlings growing in field
settings is currently unknown. Lessons learned from
other North American aridland systems likely apply to
sagebrush steppe. CO, enrichment has its strongest
effects on productivity and recruitment in wet years
(Hamerlynck et al. 2002; Housman et al. 2003;
Naumburg et al. 2003); the gains of which are
diminished over prolonged dry periods (Newingham
et al. 2013). This suggests that (1) the relative amount
of fine fuels and coarse fuels will covary considerably
with variation in precipitation and depth and persis-
tence of soil moisture and (2) years immediately
following wetter years are likely to have greater fuel
loads due to enhanced prior year productivity of both
grasses and shrubs. The combination of fire promoting
invasive annual grasses and elevated atmospheric CO,
is a major concern for vegetation managers in the
Great Basin because of the potential for increased
wildfire frequency. In addition, enhanced wildfire
intensity with higher productivity under elevated
atmospheric CO, could exacerbate the negative
effects of altered temperature and precipitation
regimes on woody plant recruitment and establish-
ment (Enright et al. 2015). Loss of shrub cover is a
significant issue for the maintenance of sagebrush-
obligate animal species such as greater sage-grouse.

History of restoration

The initial emphasis on productivity and finding ways
for early settlers to survive in the arid Great Basin was
largely a failure. Settlers from the eastern and central
US had little or no experience with arid lands, and
expectations were dramatically inflated by both land
speculators and a federal government intent on
drawing new settlers to the region. There were many
attempts to promote a variety of crop and pasture
species and as such, the earliest attempts to seed
vegetation in Great Basin plant communities were
consistently unsuccessful. Grass seeding trials in the
1890s and early 1900s in the western United States
generally failed because seed was only available for
cultivated forage plants better adapted to more humid
climates (Stoddart et al. 1975). Grasses more adapted
to arid and semiarid conditions were needed to
successfully establish in these rangelands. Crested
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wheatgrass (Agropyron cristatum [L] Gaertn. and
Agropyron desertorum [Fisch.] Schult.), an introduced
bunchgrass, eventually filled this need in the Great
Basin.

Although crested wheatgrass was introduced to
North America from Russia in the late 1800s (Young
and Clements 2009), seeding this species did not
become common until after the 1930s following
accelerated erosion of topsoil as a result of drought
and farm abandonment (Sharp 1986). Large seeding
projects were also impractical until the late 1940s and
early 1950s when a durable rangeland plow and
seeding drill capable of handling rocks and shrubs
were developed (Young and McKenzie 1982); indeed,
some of the equipment from this era is still in use today
(Fig. 3). Crested wheatgrass was seeded extensively in
the Great Basin to compete with halogeton (Halogeton
glomeratus [Bieb.] C.A. Mey.), an exotic annual forb
that is poisonous to sheep, and to increase livestock
forage (Miller 1943, 1956; Frischknecht and Harris
1968; Vale 1974). The Halogeton Control Bill of 1952
provided funding to government agencies to seed
crested wheatgrass across large expanses of the Great
Basin (Young 1988). Crested wheatgrass was often
selected over native species because it was less
expensive, more available, and established better in
drier rangelands than did native bunchgrasses (Robert-
son et al. 1966; Hull 1974). Many of the areas that

were seeded had been overgrazed by livestock result-
ing in a depleted native herbaceous understory and
increases in sagebrush dominance (Vale 1974; Young
1988). Prior to seeding, sagebrush was often removed
using fire, mechanical, or herbicide treatments (Vale
1974).

Initially, it was theorized that crested wheatgrass
could serve as a bridge species that would occupy a
depleted site to prevent further degradation and limit
exotic annuals but allow transition to a native-domi-
nated plant community (Cox and Anderson 2004).
However, efforts to increase the abundance of native
vegetation in crested wheatgrass stands have largely
failed because crested wheatgrass rapidly recovers
from control treatments (Hulet et al. 2010; Fansler and
Mangold 2011) and has more aggressive recruitment
than native bunchgrasses (Nafus et al. 2015). Multiple
year control may be needed to open crested wheatgrass
stands to recruitment of native species, but exotic
annuals may take advantage of any decrease in crested
wheatgrass cover and density (Hulet et al. 2010).
Although concerns with seeding crested wheatgrass
have arisen, this species is still frequently seeded after
wildfires because of its ability to suppress exotic
annual grasses (Arredondo et al. 1998; Davies 2010),
relative low cost, and ease of establishment compared
to native species (Pellant and Lysne 2005; Boyd and
Davies 2010; James et al. 2012; Davies et al. 2015).

Fig. 3 Rangeland drill used in seeding projects in the Great Basin
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Opposition to the effects of removing sagebrush
and creating near-monocultures of crested wheatgrass
resulted in a shift toward preference for more diverse
and native plant communities during the latter half of
the 1900s (Vale 1974; Pellant and Lysne 2005). An
increasing focus on native biodiversity by the general
public has fueled research on native plant establish-
ment (Richards et al. 1998). However, seedlings of
native vegetation have often failed or only been
marginally successful in the Great Basin. Seeding
native perennial grasses after wildfires across the
Great Basin had little effect on long-term grass cover
(Knutson et al. 2014). Similarly, seeding native shrubs
after fire did not increase shrub cover or abundance
compared with unseeded areas (Lysne and Pellant
2004; Knutson et al. 2014). Seeding of native vege-
tation has been successful at times, particularly at
cooler, higher elevations, and areas receiving greater
precipitation (Thompson et al. 2006; Davies et al.
2014). However, at hotter, drier, lower elevation,
seeding native vegetation has often failed (e.g., Lysne
and Pellant 2004; Boyd and Davies 2010; James and
Svejcar 2010; Kyser et al. 2013; Davies and Bates
2014; Davies et al. 2015). Aspect also plays an
important role in the likelihood of restoration success
(Davies and Bates 2016). South aspects are exceed-
ingly difficult to restore because they are hotter and
drier than north aspects, leading to water stress for
plants (Van de Water et al. 2002), and are a more
favorable environment for exotic annual grass inva-
sion in the Great Basin (Leffler et al. 2013). Invasion
by exotic annual species creates additional challenges
for successful restoration because these species
deplete soil moisture earlier than native vegetation
and suppress native species growth (Melgoza et al.
1990). Exotic annuals also develop an annual grass-
fire cycle that burns too frequently for native perennial
vegetation to persist (D’Antonio and Vitousek 1992;
Davies and Svejcar 2008; Davies and Nafus 2013).

Part of the issue with poor establishment of native
plants is that rangeland seedings in the Great Basin and
the rest of the western United States are largely based
on standard agronomic practices that may not address
the primary sources of mortality in seeded native
vegetation (James et al. 2011). The use of row crop
technologies designed for fairly uniform establish-
ment every year may not facilitate native vegetation
establishment in an ecosystem noted for extreme
temporal and spatial variability in macro- and

microenvironmental conditions (Boyd and James
2013; Madsen et al. 2013a; Svejcar 2015). Early
practices focused on removing residual vegetation that
could compete with seeded species to create a
favorable environment for seedling establishment
and growth (Vallentine 1977). This included plowing
or other mechanical and burning or herbicide treat-
ments to remove native shrubs (Cook 1966; Vallentine
1977). These treatments may counter efforts to restore
native plant communities because they may funda-
mentally alter site characteristics and produce legacy
effects (Nafus et al. 2016). Morris et al. (2011) found
that native plant communities can require decades to
centuries to recover from cultivation. Furthermore,
these treatments remove remaining native vegetation,
creating a greater restoration deficit. These agro-
nomic-based practices are also restricted to areas that
are relatively flat and devoid of trees and significant
rock cover. If terrain is too rough for drill seeding,
aerial broadcast seeding has been used, but these
seedings generally fail in the sagebrush communities
of the Great Basin, particularly without additional
treatments to improve seed-soil contact (Monsen and
Stevens 2004).

Historical seeding of native vegetation has been
expensive with very limited success in the hot, dry,
lower elevation plant communities of the Great Basin.
Success is even less likely on south aspects because of
their lower resilience to disturbance and resistance to
exotic annual grass invasion (Miller et al. 2014a, 2015).
Seeding success in these hot dry communities is very
unlikely when site factors dictate that aerial (broadcast)
seeding is the only option. Historical practices have not
been and will not be adequate to restore many Great
Basin plant communities.

Limitations to restoration success

Mechanical and herbicide treatments for removing or
reducing nondesired plant species have advanced con-
siderably in recent years (Monaco et al. 2005; Davies
2010; Baruch-Mordo et al. 2013; Miller et al. 2014b;
Roundy et al. 2014). However, reduction of nondesired
species is only the first step in the restoration process.
Establishing or increasing the abundance of desired
plant species has experienced comparatively less suc-
cess and represents a preeminent challenge for restora-
tion practitioners in the Great Basin.
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Establishing native bunchgrasses plays a critical
role in maintaining site stability (e.g., Pierson et al.
2007) and in reducing annual grass dominance (Davies
2008). These two factors are critical in the eventual
development of a native plant community. Thus, focus
on the limitations to seedling establishment of native
bunchgrasses is a critical step in the landscape
restoration process. These native bunchgrasses may
not be as long-lived as previously thought (Svejcar
et al. 2014), and thus, natural recruitment is also
necessary to maintain native plant communities.

Restoration of Great Basin rangeland is set within
an environment of extreme variability in space and
time (Chambers et al. 2014; Svejcar 2015). Spatial
variability is associated with soil factors and complex
topography, including the effects of aspect and
elevation (Miller et al. 2013). Generally speaking,
soil moisture increases and soil temperature decreases
with increasing elevation (West and Young 2000).
This variation is in turn associated with a positive
correlation between elevation and plant production
potential (Alexander et al. 1993). The plant production
gradient is ecologically significant because resistance
of plant communities to annual grass invasion and
resilience after fire and other disturbances decreases
with decreasing plant production (Chambers et al.
2014). Thus, the need for restoration as well as the
degree of threat associated with exotic annual grasses
is higher at low versus high elevation sites. Similarly,
topographic position interacts with elevation to
decrease plant community resilience and resistance
to annual grass invasion on warmer and drier aspects
(Chambers et al. 2007; Condon et al. 2011). The net
effect of this variability is to create a spatially
challenging restoration environment in which man-
agers must consider the effects of spatial environmen-
tal variation in deciding what techniques will be
employed, what plant materials will be used, and how
restoration effort will be implemented across the
landscape. At large scales, soil moisture and temper-
ature mapping can provide an index of the potential for
restoration success or conversion to annual grasses. At
more local scales, state and transition models are
useful for developing restoration priorities and select-
ing restoration practices (e.g., Boyd et al. 2014).

The climatic and environmental conditions of the
Great Basin create a plethora of challenges for
restoration practitioners. Perhaps because of climatic
uncertainty, native plants have evolved to invest
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resources in below-ground biomass at the expense of
reproductive biomass, reducing performance of seeds
in reaching critical demographic milestones when
compared with nonnative cohorts (Madsen et al.
2012a). Thus, there is a stark contrast between the
objective of restoration practitioners, to have seeding
success at a fixed point in space and time, and the
episodically favorable conditions for sexual reproduc-
tion to which native Great Basin plants have evolved
(Boyd and James 2013). To establish, the seed must be
successful through a series of life stage transitions
(Fig. 4). With each transition comes a series of factors
that can limit successful establishment.

Recent research has shown that the timing of
seedling development can also interact with inter-year
climate factors to decrease seeding success. For
example, seeds of perennial bunchgrass species are
typically sown during the fall. Conventional wisdom
has been to plant seeds as late as possible during the
fall to preclude germination prior to periodic frozen
soil conditions during the winter period. However,
significant portions (approaching 70 %) of a fall-
planted seed population may germinate prior to winter,
and seedling emergence, not germination, appears to
be the most limiting demographic stage for native
perennial bunchgrasses (James et al. 2011; Boyd and
James 2013). Subsequent work has demonstrated that
germinated but nonemergent seedlings may incur high
mortality during frozen soil conditions experienced in
winter (Boyd and Lemos 2015). Within-year issues of
seedling performance may be partially overcome by
adjusting timing of planting. For example, Boyd and
James (2013) found that in years with adequate
rainfall, early fall planting (September—October)
yielded highest spring seedling densities. Spring
planting may allow seedlings to develop after periods
of frozen soil during winter (Boyd and Lemos 2015).
However, spring planting conditions (wet soils fol-
lowing snow melt) often preclude planting with
currently available ground-based machinery.

Seeding success may also be limited by planting
method. Currently, most seeding in the Great Basin
region utilizes drill (Fig. 3) or broadcast seeding.
Broadcast seeding in mesic mountain big sagebrush
plant communities can be successful for both shrub
and grass species (Davies et al. 2014). However,
broadcast seeding in lower elevation annual grass-
prone sites has had only limited success (Lysne and
Pellant 2004). Drill seeding offers improved seed-soil
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Fig. 4 Pictoral
representation of the life
stages of a rangeland
bunchgrass. G germination,
Em seedling emergence, Es
seedling establishment,

J juvenile, and A adult stage
(Svejcar et al. 2014)

Es

Adult

contact relative to broadcast methods, but the results
have been mixed at best, and determining the efficacy
of past efforts is clouded by an apparent literature bias
toward publication of results from seedings under-
taken in years of above average precipitation (Harde-
gree et al. 2011). Working in Wyoming big sagebrush
plant communities, James and Svejcar (2010) found
that hand-seeding to exact depth in the fall following
summer wildfire increased resulting seedling density
over 7-fold relative to drill seeding, and thus seeding
technology was a much greater barrier to seedling
establishment than competition from exotic weeds.
Successful seeding in the Great Basin is contingent
on overcoming both environmental and planting

Juvenile Established seedling

technique limitations. Recent advances in seed
enhancement technology show promise for helping
managers to navigate such barriers. For example, seed
coatings have the potential to delay germination of
fall-planted bluebunch wheatgrass (Pseudoroegneria
spicata (Pursh) A. Love) seed until spring and more
than double resultant spring seedling density (Madsen
et al. 2016). Increases in seedling density have also
been demonstrated with surfactant-coated seeds,
which allow for root penetration of hydrophobic soil
layers that often develop after wildfires in woodlands
(Madsen et al. 2013b). In addition to factors associated
with soil moisture and temperature, other potentially
limiting factors such as soil crusting may be
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ameliorated through the use of seed enhancement
technologies. Madsen et al. (2012b) found that
agglomeration of multiple seeds into seed pellets
increased perennial grass seedling emergence through
high-clay soils; this technology may be particularly
beneficial to small-seeded species such as Wyoming
big sagebrush (Madsen et al. 2016). Genetic selection
for specific plant traits may also be a tool for
improving native plant establishment (Leger and
Baughman 2015).

Sociopolitical challenges

Seeding in the Great Basin may also be constrained by
interaction between the complex nature of the seeding
environment and regional/national policies that focus
on implementation of practices. Boyd and Svejcar
(2009) defined types of problems in natural resources
management based on degree of complexity. “Sim-
ple” problems were defined as those problems that
have a limited number of causal factors and for which
the nature of the solution did not vary appreciably over
space and time (e.g., discharge of effluent into water
bodies). “Complex” problems, in turn, have multiple
and often interacting causal factors such that the nature
of the “solution” varies depending on factors that are
dynamic in space and time (e.g., predicting plant
productivity). While restoration in the Great Basin is a
complex problem, regional and national programs that
support restoration activities are often created around
specific practices, the “success” of which is tallied
based on money spent and hectares treated within a
program. Such tendencies run counter to the dynamic
nature of complex problems, and addressing these
discrepancies will involve finding ways to increase
flexibility in the implementation of restoration activ-
ities at local scales to allow for adaptive management,
the success of which should ultimately be evaluated
based on biological (e.g., seedling or mature plant
density) versus programmatic metrics.

We maintain that successful arid land restoration
will require a multitiered approach. The first tier is to
identify the factors limiting successful seedling estab-
lishment. By definition, arid lands are water limited,
but clearly other factors come into play. Species
that propagate via sexual reproduction would not exist
in a community without successful recruitment.

@ Springer

Identifying the conditions under which natural recruit-
ment occurs may be a first step in identifying barriers
to restoration (Hardegree et al. 2012; Svejcar et al.
2014). The second tier is developing methods to
overcome the variable environment. The solution may
involve introducing artificial dormancy so that autumn
seeded species will not all germinate under favorable
conditions and freeze during the winter (Boyd and
Lemos 2015), or conversely speeding up germination
to allow seedlings to achieve sufficient size to survive
the winter. Each region and species group will
experience different obstacles (e.g., Madsen et al.
2016), but recognizing the fundamental ecological
principals that underlie restoration success locally can
facilitate a proactive, adaptive management approach
that can be applied regionally (Boyd and Svejcar
2009). Accelerating research and scaling up the
application of these practices is critical because at
current levels of degradation, it is becoming increas-
ingly difficult to manage losses of native plant
communities and the habitat that they provide.

Acknowledgments Thank you to Petrina White for editorial
assistance, and the reviewers who provided thoughtful
comments and caught errors we missed.

References

Alexander EB, Mallory JI, Colwell WL (1993) Soil-elevation
relationships on a volcanic plateau in the southern Cascade
Range, northern California, USA. Catena 20:113-128

Arredondo JT, Jones TA, Johnson DA (1998) Seedling growth
of Intermountain perennial and weedy annual grasses.
J Range Manag 51:389-584

Bailey RG (1995) Description of the ecoregions of the United
States. USDA Forest Service Misc. Publ. No. 1391,
Washington D.C., p 108

Baruch-Mordo S, Evans JS, Severson JP, Naugle DE, Maestas
JD, Kiesecker JM, Falkowski MJ, Hagen CA, Reese KP
(2013) Saving sage-grouse from the trees: a proactive
solution to reducing a key threat to a candidate species.
Biol Conserv 167:233-241

Bowman DMIJS, Balch JK, Artaxo P, Bond WJ, Carlson JM,
Cochrane MA, D’Antonio CM, DeFries RS, Doyle JC,
Harrison SP, Johnston FH, Keeley JE, Krawchuck MA,
Kull CA, Marston JB, Moritz MA, Prentice IC, Roos CI,
Scott AC, Swetnam TW, van der Werf GR, Pyne SJ (2009)
Fire in the Earth system. Science 24:481-484

Boyd CS, Davies KW (2010) Shrub microsite influences post-
fire perennial grass establishment. Rangel Ecol Manag
63:248-252

Boyd CS, James JJ (2013) Variation in timing of planting
influences bluebunch wheatgrass demography in an arid
system. Rangel Ecol Manag 66:117-126



Plant Ecol (2017) 218:81-94

91

Boyd CS, Lemos JA (2015) Evaluating winter/spring seeding of
a native perennial bunchgrass in the sagebrush steppe.
Rangel Ecol Manag 68:494-500

Boyd CS, Svejcar TJ (2009) Managing complex problems in
rangeland ecosystems. Rangel Ecol Manag 62:491-499

Boyd CS, Johnson DD, Kerby JD, Svejcar TJ, Davies KW
(2014) Of grouse and golden eggs: can ecosystems be
managed within a species-based regulatory framework?
Rangel Ecol Manag 67:358-368

Bradley BA, Houghton RA, Mustard JF, Hamburg SP (2006)
Invasive grass reduces aboveground carbon stocks in
shrublands of the Western US. Global Change Biol
12:1815-1822

Chambers JC, Roundy BA, Blank RR, Meyer SE, Whittaker A
(2007) What makes Great Basin sagebrush ecosystems
invisible by Bromus tectorum? Ecol Monogr 77:117-145

Chambers JC, Pyke DA, Maestas JD, Pellant M, Boyd CS,
Campbell SB, Espinosa S, Havlina DW, Mayer KE,
Wuenschel A (2014) Using resistance and resilience con-
cepts to reduce impacts of annual grasses and altered fire
regimes on the sagebrush ecosystem and sage-grouse—a
strategic multi-scale approach. U.S. Department of Agri-
culture, Forest Service, RMRS-GTR-326

Condon L, Weisberg PJ, Chambers JC (2011) Abiotic and biotic
influences of Bromus tectorum invasion and Artemisia
tridentata recovery after fire. Int J Wildland Fire
20:597-604

Cook CW (1966) Development and use of foothill ranges in
Utah. Utah Agricultural Experiment Station Bulletin 461,
Utah State University, Logan, p 47

Cox RD, Anderson VI (2004) Increasing native diversity of
cheatgrass-dominated rangeland through assisted succes-
sion. J Range Manag 57:203-210

D’Antonio CM, Vitousek PM (1992) Biological invasions by
exotic grasses, the grass/fire cycle, and global change.
Annu Rev Ecol Syst 23:63-87

Davies KW (2008) Medusahead dispersal and establishment in
sagebrush steppe plant communities. Rangel Ecol Manag
61:110-115

Davies KW (2010) Revegetation of medusahead-invaded
sagebrush steppe. Rangel Ecol Manag 63:564-571

Davies KW, Bates JD (2014) Attempting to restore herbaceous
understories in Wyoming big sagebrush communities with
mowing and seeding. Restor Ecol 22:608-615

Davies KW, Bates JD (2016) Restoring big sagebrush after
controlling encroaching western juniper with fire: aspect
and subspecies effects. Restor Ecol. doi:10.1111/rec.12375

Davies KW, Nafus AM (2013) Exotic annual grass invasion
alters fuel amounts, continuity, and moisture content. Int J
Wildland Fire 22:353-358

Davies KW, Svejcar TJ (2008) Comparison of medusahead-
invaded and noninvaded Wyoming big sagebrush steppe in
southeastern Oregon. Rangel Ecol Manag 61:623-629

Davies KW, Boyd CS, Beck JL, Bates JD, Svejcar TJ, Gregg
MA (2011) Saving the sagebrush sea: an ecosystem con-
servation plan for big sagebrush plant communities. Biol
Conserv 144(v11):2573-2584

Davies KW, Bates JD, Madsen MD, Nafus AM (2014)
Restoration of mountain big sagebrush steppe following
prescribed burning to control western juniper. Environ
Manag 53:1015-1022

Davies KW, Boyd CS, Johnson DD, Nafus AM, Madsen MD
(2015) Success of seeding native compared to introduced
perennial vegetation for revegetating medusahead-invaded
sagebrush rangeland. Rangel Ecol Manag 68:224-230

Enright NJ, Fontaine JB, Bowman DMIJS, Bradstock RA, Wil-
liams RJ (2015) Interval squeeze: altered fire regimes and
demographic responses interact to threaten woody species
persistence as climate changes. Front Ecol Environ
13:265-272

Fansler VA, Mangold JM (2011) Restoring native plants to
crested wheatgrass stands. Restor Ecol 19:16-23

Fiero B (1986) Geology of the Great Basin. University of
Nevada Press, Reno

Frischknecht NC, Harris LE (1968) Grazing intensities and
systems on crested wheatgrass in central Utah: response of
vegetation and cattle. U.S. Forest Service, Washington
D.C,p47p

Fule PZ (2008) Does it make sense to restore wildland fire in
changing climate? Restor Ecol 16:526-531

Hamerlynck EP, Huxman TE, Charlet TN, Smith SD (2002)
Effects of elevated CO2 (FACE) on the functional ecology
of the drought-deciduous Mojave Desert shrub Lycium
andersonii. Environ Exp Bot 48:93-106

Hardegree SP, Roundy BA, Shaw NL, Monaco TA (2011) Assess-
ment of range planting as a conservation practice (chapter 4). In:
Briske DD (ed) Conservation benefits of rangeland practices:
assessment, recommendations, and knowledge gaps. US
Department of Agriculture, Natural Resources Conservation
Service, Washington D.C., pp 171-212

Hardegree SP, Schneider JM, Moffet CA (2012) Weather
variability and adaptive management for rangelands
restoration. Rangelands 34:53-56

Hessburg PF, Kuhlmann EE, Swetnam TW (2005) Examining
the recent climate through the lens of ecology: inferences
from temporal pattern analysis. Ecol Appl 15:440-457

Housman DC, Zitzer SF, Huxman TE, Smith SD (2003) Func-
tional ecology of shrub seedlings after a natural recruitment
event at the Nevada Desert FACE Facility. Glob Change
Biol 9:718-728

Hulet A, Roundy BA, Jessop B (2010) Crested wheatgrass
control and native plant establishment in Utah. Rangel Ecol
Manag 63:450-460

Hull AC Jr (1974) Species for seeding arid rangeland in southern
Idaho. J Range Manag 19:216-218

Huxman TE, Smith SD (2001) Photosynthesis in an invasive
grass and native forb at elevated CO, during an El Nino
year in the Mojave Desert. Oecologia 128:193-201

Huxman TE, Snyder KA, Tissue D, Leffler AJ, Ogle K, Pock-
man WT, Sandquist DR, Potts DL, Schwinning S (2004)
Precipitation pulses and carbon fluxes in semiarid and arid
ecosystems. Oecologia 141:254-268

James JJ, Svejcar TJ (2010) Limitations to postfire seedling
establishment: the role of seeding technology, water
availability, and invasive plant abundance. Rangel Ecol
Manag 63:491-495

James JJ, Svejcar TJ, Rinella MJ (2011) Demographic processes
limiting seedling recruitment in arid grassland restoration.
J Appl Ecol 48:961-969

James JJ, Rinella MJ, Svejcar TJ (2012) Grass seedling
demography and sagebrush steppe restoration. Rangel Ecol
Manag 65:409—417

@ Springer


http://dx.doi.org/10.1111/rec.12375

92

Plant Ecol (2017) 218:81-94

Johnson RH, Lincoln DE (1990) Sagebrush and grasshopper
responses to atmospheric carbon dioxide concentration.
Oecologia 84:103-110

Kitchen SG (2014) Learning to live with cheatgrass: giving up
or a necessary paradigm shift? Rangelands 36:32-36

Kitchen SG (2016) Climate and human influences on historical
fire regimes (AD 1400-1900) in the eastern Great Basin
(USA). Holocene 26:397-407

Knutson KC, Pyke DA, Wirth TA, Arkle RS, Pilliod DS, Brooks
ML, Chambers JC, Grace JB (2014) Long-term effects of
seeding after wildfire on vegetation in Great Basin shrub-
land ecosystems. J Appl Ecol 51:1414-1424

Kyser GB, Wilson RG, Zhang J, DiTomaso JM (2013) Herbi-
cide-assisted restoration of Great Basin sagebrush steppe
infested with medusahead and downy brome. Rangel Ecol
Manag 66:588-596

Leffler AJ, James JJ, Monaco TA (2013) Temperature and
functional traits influence differences in nitrogen uptake
capacity between native and invasive grasses. Oecologia
171:51-60

Leger EA, Baughman OW (2015) What seeds to plant in the
Great Basin? Comparing traits prioritized in native plant
cultivars and releases with those that promote survival in
the field. Nat Areas J 35(1):54-68

Lentz RD, Simonson GH (1986) A detailed soils inventory and
associated vegetation of Squaw Butte Range Experiment
Station. Oregon State University Agricultural Experiment
Station, Corvallis 760

Lucash MS, Farnsworth B, Winner WE (2005) Response of
sagebrush steppe species to elevated CO, and soil tem-
perature. West N Am Nat 65(1):80-86

Lysne CR, Pellant ML (2004) Establishment of aerially seeded
big sagebrush following southern Idaho wildfires. Tech-
nical Bulletin 2004-01. Department of the Interior, Bureau
of Land Management, USDA, Boise, p 14

Madsen MD, Davies KW, Williams CJ, Svejcar TJ (2012a)
Agglomerating seeds to enhance native seedling emer-
gence and growth. J Appl Ecol 49:431-438

Madsen MD, Kostka SJ, Inouye AL, Zvirzdin DL (2012b)
Postfire restoration of soil hydrology and wildland vege-
tation using surfactant seed coating technology. Rangel
Ecol Manag 65:253-259

Madsen MD, Davies KW, Boyd CS, Kerby JD, Carter DL,
Svejcar TJ (2013a) Restoring North America’s sagebrush
steppe ecosystem using seed enhancement technologies.
In: Proceedings of the 22nd international grassland con-
gress, vol 22., pp 393-401

Madsen MD, Zvirzdin DL, Kostka SJ (2013b) Improving
reseeding success after catastrophic wildfire with surfac-
tant seed coating technology. ATSM Int 1569:44-55

Madsen MD, Davies KW, Boyd CS, Kerby JD, Svejcar TJ
(2016) Emerging seed enhancement technologies for
overcoming barriers to restoration. Restor Ecol. doi:10.
1111/rec.12332

McAdoo JK, Schultz BW, Swanson SR (2013) Aboriginal
precedent for active management of sagebrush-perennial
grass communities in the Great Basin. Rangel Ecol Manag
66:241-253

McAfee SA, Russell JA (2008) Impact of the Northern Annular
Mode on spring climate in the western United States.
Geophys Res Lett 35:L17701

@ Springer

Melgoza G, Nowak RS, Tausch RJ (1990) Soil water exploita-
tion after fire: competition between Bromus tectorum
(cheatgrass) and two native species. Oecologia 83:7-13

Miller MR (1943) Halogeton glomeratus, poisonious to sheep.
Science 97:262

Miller RK (1956) Control of halogeton in Nevada by range
seedings and herbicides. ] Range Manag 9:227-229

Miller RF, Rose JA (1999) Fire history and western juniper
encroachment in sagebrush steppe. J Range Manag
52:550-559

Miller RF, Svejcar TJ, West NE (1994) Implications of livestock
grazing in the intermountain sagebrush region: plant
composition. In: Vavra M, Laycock WA, Pieper RD (eds)
Ecological implications of livestock herbivory in the West.
Society of Range Management, Denver, pp 101-146

Miller RF, Chambers JC, Pyke DA, Pierson FB, Williams JC
(2013) A review of fire effects on vegetation and soils in the
Great Basin Region: response and ecological site charac-
teristics. U.S. Department of Agriculture, Forest Service,
RMRS-GTR-308

Miller RF, Chambers JC, Pellant M (2014a) A field guide for
selecting the most appropriate treatment in sagebrush and
pifion-juniper ecosystems in the Great Basin: evaluating
resilience to disturbance and resistance to invasive annual
grasses, and predicting vegetation response. USDA Rocky
Mountain Research Station. General Technical Report
RMRS-GTR-322-rev, p 68

Miller RF, Ratchford J, Roundy BA, Tausch RJ, Hulet A,
Chambers J (2014b) Response of conifer-encroached
shrublands in the Great Basin to prescribed fire and
mechanical treatments. Rangel Ecol Manag 67:468-481

Miller RF, Chambers JC, Pellant M (2015) A field guide for
rapid assessment of post-wildfire recovery potential in
sagebrush and pifion-juniper ecosystems in the Great
Basin: evaluating resilience to disturbance and resistance
to invasive annual grasses and predicting vegetation
response. USDA Rocky Mountain Research Station. Gen-
eral Technical Report RMRS-GTR-338, p 70

Monaco TA, Osmond TM, Dewey SA (2005) Medusahead
control with fall-and spring-applied herbicides on norther
Utah foothills. Weed Technol 19:653-658

Monsen SB, Stevens R (2004) Seedbed preparation and seeding
practices. In: Restoring western ranges and wildlands.
Monsen SB, Stevens R, Shaw NL (eds) USDA Forest
Service. Rocky Mountain Research Station General
Technical Report RMRS-GTR-136, pp 121-154

Morris LR, Monaco TA, Sheley RL (2011) Land-use legacies
and vegetation recovery 90 years after cultivation in Great
Basin sagebrush ecosystems. Rangel Ecol Manag
64:488-497

Mote PW, Salathe EP (2010) Future climate in the Pacific
Northwest. Clim Change 102:29-50

Mote PW, Abatzoglo JT, Kunkel KE (2013) Climate: variability
and change in the past and the future. In: Dalton MM, Mote
PW, Snover AK (eds) Climate change in the Northwest:
implications for our landscapes, waters, and communities.
Island Press, Washington D.C., pp 25-40

Nafus AM, Svejcar TJ, Ganskopp DC, Davies KW (2015)
Abundances of co-planted native bunchgrasses and crested
wheatgrass after 13 years. Rangel Ecol Manag 68:211—
214


http://dx.doi.org/10.1111/rec.12332
http://dx.doi.org/10.1111/rec.12332

Plant Ecol (2017) 218:81-94

93

Nafus AM, Svejcar TJ, Davies KW (2016) Disturbance history,
management, and seeding year precipitation influences
vegetation characteristics of crested wheatgrass stands.
Rangel Ecol Manag 69:248-256

National Interagency Fire Center (NIFC) (2013) Fire informa-
tion—wildland fire statistics. Available at http://www.nifc.
gov/firelnfo/fireInfo_documents

Naumburg E, Housman DC, Huxman TE, Charlet TN, Loik ME,
Smith SD (2003) Photosynthetic response of Mojave
Desert shrubs to free air CO, enrichment are greatest
during wet years. Glob Change Biol 9:276-285

Nevada Division of Water Resources (2000) Humboldt River
Chronology Part II-Pre-Twentieth Century. http://water.
nv.gov/mapping/chronologies/humboldt/hrc-pt2.pdf. Acces-
sed 26 Apr 2016

Newingham BA, Vanier CH, Charlet TN, Ogle K, Smith SD,
Nowak RS (2013) No cumulative effect of 10 years of
elevated [CO,] on perennial plant biomass components in
the Mojave Desert. Glob Change Biol 19:2168-2181

NOAA (2012) NOAA National Climatic Data Center, State of
the Climate: National Overview for July, 2012. Available
at http://www.ncdc.noaa.gov/sotc/national/2012/7

Pellant M, Lysne CR (2005) Strategies to enhance plant
structure diversity in crested wheatgrass seedings.
USDA Forest Service Proceedings RMRS-P-38:
Department of Agriculture, Forest Service, Rocky
Mountain Research Station, Fort Collins, Colorado,
p 64-70

Pellant M, Abbey B, Karl S (2004) Restoring the Great Basin
desert, USA: integrating science, management, and people.
Environ Monit Assess 99:169-179

Pierson FB, Bates JD, Svejcar TJ, Hardegree SP (2007) Runoff
and erosion after cutting western juniper. Rangel Ecol
Manag 60:285-292

Richards RT, Chambers JC, Ross C (1998) Use of native plants
on federal lands: policy and practice. J Range Manag
51:625-632

Robertson JH, Eckert RE, Bleak AT (1966) Response of grasses
seeded in Artemisia tridentata habitat in Nevada. Ecology
47:187-194

Rocca ME, Brown PM, MacDonald LH, Carrico CM (2014)
Climate change impacts on fire regimes and key ecosystem
services in Rocky Mountain forests. For Ecol Manag
327:290-305

Roundy BA, Miller RF, Tausch RJ, Young K, Hulet A, Rau B,
Jessop B, Chambers JC, Eggett D (2014) Understory cover
responses to pinon-juniper treatments across tree domi-
nance gradients in the Great Basin. Rangel Ecol Manag
67:482-494

Sharp LA (1986) Crested wheatgrass, its values, problems and
myths. In: Johnson KL (ed) Crested wheatgrass, its values,
problems and myths: symposium proceedings; 3—7 Octo-
ber 1983, Logan, UT. Utah State University, Logan, pp 3—-6

Smith SD, Strain BR, Sharkey TD (1987) Effects of CO,
enrichment on four Great Basin grasses. Funct Ecol
1:139-143

Smith SD, Huxman TE, Zitzer SF, Charlet TN, Housman DC,
Coleman JS, Fenstermaker LK, Seemann JR, Nowak RS

(2000) Elevated CO, increases productivity and invasive
species success in an arid ecosystem. Nature 408:79-82

Stewart OC (2002) Forgotten fires: Native Americans and the
transient wilderness. University of Oklahoma Press,
Norman

Stoddart LA, Smith AD, Box TW (1975) Range management,
3rd edn. McGraw-Hill Book Company, New York, p 523

Svejcar T (2015) The northern Great Basin: a region of continual
change. Rangelands 37:113-118

Svejcar T, James JJ, Hardegree S, Sheley RL (2014) Incorpo-
rating plant mortality and recruitment into rangeland
management and assessment. Rangel Ecol Manag
67:603-613

Thompson TW, Roundy BA, McArthur ED, Jessop BD, Wal-
dron B, Davis JN (2006) Fire rehabilitation using native
and introduced species: a landscape trial. Rangel Ecol
Manag 59:237-248

United States Geological Survey (2013) The Great Basin and the
Columbia Plateau. http://greatbasin.wr.usgs.gov/default.
aspx. Accessed 25 Apr 2016

Vale TR (1974) Sagebrush conversion projects: an element of
contemporary environmental change in the western United
States. Biol Conserv 6:274-284

Vallentine JF (1977) Range development and improvements.
Brigham Young University Press, Provo, p 516

Van de Water PK, Leavitt SW, Betancourt JL (2002) Leaf 3'*C
varability with elevation, slope aspect, and precipitation in
the southwest United States. Oecologia 132:332-343

Weltzin JF, Loik ME, Schwinning S, Williams DG, Fay PA,
Haddad BM, Harte J, Huxman TE, Knapp AK, Lin G,
Pockman WT, Shaw RM, Small EE, Smith MD, Smith SD,
Tissue DT, Zak JC (2003) Assessing the response of ter-
restrial ecosystems to potential changes in precipitation.
Bioscience 53:941-952

West NE (1999) Synecology and disturbance regimes of sage-
brush steppe ecosystems. In: Entwistle PG et al (eds)
Proceedings: Sagebrush Steppe Ecosystems Symposium,
Boise, ID, June 21-13, Bureau of Land Management
Publication No. BLM/ID/PT-001001+150

West NE, Young JA (2000) Intermountain valleys and lower
mountain slopes. In: Barbour MB, Billings WD (eds) North
American terrestrial vegetation. Cambridge University
Press, Cambridge, pp 256284

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW (2006)
Warming and earlier spring increase wester US forest
wildfire activity. Science 313:940-943

Whisenant SG (1990) Changing fire frequencies on Idaho’s
Snake River Plains: ecological and management implica-
tions. In: McArthur ED, Romney EM, Smith SD, Tueller
PT (eds) Proceedings-Symposium on cheatgrass, invasion,
shrub die-off and other aspects of shrub biology and
management. USDA Forest Service, Intermountain
Research Station, Tech Report INT-276, pp 4-10

Young JA (1988) The public response to the catastrophic spread
of Russian thistle (1880) and halogeton (1945). Agric Hist
62:122-130

Young JA, Clements CD (2009) Cheatgrass: fire and forage on
the range. University of Nevada Press, Reno, p 348

@ Springer


http://www.nifc.gov/fireInfo/fireInfo_documents
http://www.nifc.gov/fireInfo/fireInfo_documents
http://water.nv.gov/mapping/chronologies/humboldt/hrc-pt2.pdf
http://water.nv.gov/mapping/chronologies/humboldt/hrc-pt2.pdf
http://www.ncdc.noaa.gov/sotc/national/2012/7
http://greatbasin.wr.usgs.gov/default.aspx
http://greatbasin.wr.usgs.gov/default.aspx

94

Plant Ecol (2017) 218:81-94

Young JA, McKenzie D (1982) Rangeland drill. Rangelands
4:108-113

Young JA, Sparks BA (1985) Cattle in the cold desert. Utah
State University Press, Logan

Yue X, Mickley LJ, Logan JA, Kaplan JO (2013) Ensemble
projections of wildfire activity and carbonaceous aerosol
concentrations of the western United States in the mid-21st
century. Atmospheric Environ 77:767-780

@ Springer

Ziska LH, Reeves JB 111, Blank RR (2005) The impact of recent
increases in atmospheric CO2 on biomass production and
vegetative retention of cheatgrass (Bromus tectrorum):
implications for fire disturbance. Glob Change Biol
11:1325-1332. doi:10.1111/J.1365-2486.2005.0092.x


http://dx.doi.org/10.1111/J.1365-2486.2005.0092.x

	Challenges and limitations to native species restoration in the Great Basin, USA
	Abstract
	Introduction to the Great Basin, USA
	Climate---present and future
	History of restoration
	Limitations to restoration success
	Sociopolitical challenges
	Acknowledgments
	References




