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Abstract—Crested wheatgrass (Agropyron cristatum sensu amplo
[L.] Gaertn.)is an introduced, caespitose grass that has been seeded
on millions of acres of Western rangelands. In some areas, crested
wheatgrass seedings overlap with critical sage-grouse (Centrocercus
urophasianus; C. minimus) habitat, raising the question of how
plant diversity might be restored in these closed plant communities.
A three-step process is described to reduce crested wheatgrass
competition, introduce desired species, and manage to maintain
desired species for use long term. Crested wheatgrass is a strong
competitor with other species and a prolific seed producer, which
hinders treatments to reduce its influence and improve conditions
for establishment of desirable seeded species. Herbicides, burning,
mechanical treatments, livestock grazing, droughts, and combina-
tions of these are effective to varying degrees in reducing crested
wheatgrass competition. Once crested wheatgrass competition is
reduced, either seed or seedlings can be used to increase diversity in
these seedings. Post-establishment management and monitoring
are essential components of the strategy to maintain plant diversity
into the future.

Introduction

Use ofintroduced species invokes a range of emotions from
unequivocal support to outright opposition and has even been
linked to fascism and racism (Simberloff 2003). In the West-
ern United States, the planting of introduced perennial
wheatgrasses for rangeland rehabilitation has and continues
to be practiced after disturbances such as wildfires, on crop-
land taken out of production, and to increase forage produc-
tion for livestock. Given the focus of this symposium on the
restoration of habitat for sage-grouse, using crested wheat-
grass (Agropyron cristatum sensu amplo [L.] Gaertn.) to
meet certain land-use objectives must be evaluated relative
to the millions of acres already planted to these grasses and
their continued use in rangeland rehabilitation projects.

This paper will focus on a review of the characteristics,
use, and control techniques for crested wheatgrass and
other closely related introduced, caespitose bunchgrasses
(Siberian wheatgrass [Agropyron fragile]l, and Russian
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wildrye [Psathyrostachys junceal), prior to reintroducing
plant diversity. Crested wheatgrass and its close relatives
were introduced from Eurasia and selected for land rehabili-
tation in the Central and Western United States. The areas
where crested wheatgrass has been extensively used in the
Western United States overlap closely with historic sage-
grouse distribution in the low elevation rangelands where
annual precipitation ranges from 8 to 12 inches annually
(USDA NRCS 2004). The first part of this paper will include
a review of the historical use, competitive characteristics,
and concerns regarding the use of crested wheatgrass, espe-
cially with regard to sage-grouse habitat. The remainder of
this paper will emphasize potential treatments to reduce
crested wheatgrass competition, where acceptable func-
tional or structural vegetation components required by sage-
grouse are not present, prior to increasing the diversity of
desirable herbs and shrubs.

Crested Wheatgrass: Introduction,
Uses, and Issues in Western
Ecosystems

The first collections of crested wheatgrass were made in
1897 to 1989 and again in 1906 from the dry steppes of
Eastern Russia (Dillman 1946; Rogler and Lorenz 1983).
These collections were classified as crested wheatgrass and
desert wheatgrass (Agropyron desertorum) and were dis-
tributed to 15 experiment stations throughout the West.
Minimal use of these introduced grasses occurred until the
1930s when a combination of cheap labor (for example,
Civilian Conservation Corps), the “dust bowl” in the Midwest,
and the need to reestablish perennial vegetation on aban-
doned farmlands prompted theirincreased use. Crested wheat-
grass, primarily the caespitose bunchgrasses, were used ex-
tensively torevegetate abandoned croplands that were subject
to wind erosion in the Northern Great Plains (Holechek
1981; Young and Evans 1986). The first planting of crested
wheatgrass in the Intermountain area occurred in eastern
Idahoin 1932 (Hull and Klomp 1966). As the need for plants
to reclaim abandoned cropland increased, the production of
seed of crested wheatgrass also increased (Sharp 1986).
With greater demands for red meat production from West-
ern rangelands during World War II, Congress allocated
funds to convert unproductive sagebrush rangelands to more
productive introduced grasslands (Young and McKenzie
1982). Researchers for the Forest Service developed a series of
bulletins on rangeland seeding, emphasizing the use of
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crested wheatgrass and other introduced wheatgrasses in
Idaho (Hull and Pearse 1943), Nevada (Robertson and Pearse
1943), and Utah (Plummer and others 1943).

Following World War II, the pace of rehabilitation accel-
erated again during the 1950s and early 1960s when mil-
lions of acres of Central and Western rangelands were
seeded to crested wheatgrass. The objectives of these seedings
included increasing forage for livestock, weed control, wa-
tershed stabilization, and reducing wildfire hazards. The
use of crested wheatgrass to biologically suppress halogeton
(Halogeton glomeratus), a nonnative poisonous forb, was
funded by Congress in 1952 and ultimately paid for a major
portion of crested wheatgrass seedings in Nevada and other
Great Basin States (Young and Evans 1986).

The rehabilitation of degraded rangelands with crested
wheatgrass was also accelerated by the development of
equipment to control competitive plants and distribute seed
effectively across a wide range of edaphic conditions. In
particular, the development of the rangeland drill in the
early 1950s hastened the ability of land managers to seed
large acreages to crested wheatgrass, while the brushland
plow provided managers with a tool for sagebrush removal
prior to seeding (Young and McKenzie 1982). By the early
1970s, referred to by Young and Evans (1986) as the “golden
age” of seeding crested wheatgrass, an estimated 12.4 mil-
lion acres were seeded to this species (Dewey and Asay
1975). Arecent report (USDI2001) on the condition of public
lands managed by the Bureau of Land Management in the
Western United States indicates that approximately 5
million acres of rangelands have been seeded (USDI 2001),
the majority of which we estimate included crested wheat-
grass in the seed mixture. However, since this information
is based in large part on inventory information collected in
the mid-1970s, the acreage of public lands seeded in part
with crested wheatgrass is expected to exceed this figure.

The use of crested wheatgrass has come under increasing
scrutiny since the 1970s. Legislation, such as the Surface
Mining Control and Reclamation Act (PL 95-87, 1977),
required the use of native species for mine reclamation. The
National Environmental Policy Act of 1969 (Pub. L. 91-190,
42 1U.S.C. 4321-4347) required the preparation of an impact
analysis on activities funded by the government; this in-
cluded the use of introduced species in seedings. Federal
agency guidance on this subject has also changed. Prior to
1984, the Bureau of Land Management’s guidance on post-
wildfire seeding encouraged the use of introduced grass
species given their cost, ease of establishment, and erosion
prevention capability (USDI BLM 1981). More recently,
Presidential Executive Order 13112 on Invasive Species
(Clinton 1999) directs Federal agencies to use native species
when feasible to restore ecosystems where invasive species
are a problem. Finally, the BLM’s Great Basin Restoration
Initiative (GBRI) gives preference to the use of native spe-
cies in seeding projects, “pending seed availability, cost and
chance for success.” (USDI BLM 2000).

Competitive Characteristics of
Crested Wheatgrass

An understanding of the competitive characteristics of
crested wheatgrassis essential in order to develop strategies
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to increase plant diversity in seedings dominated by this
species. The same features that make crested wheatgrass
appealing toland managers (for example, provide soil stabil-
ity and compete with and control invasive species) can also
result in community dominance of this species, displace-
ment ofnative species, and reduced plant diversity (Broersma
and others 2000; D’Antonio and Vitousek 1992; Marlette
and Anderson 1986; Roundy and others 1997). Although
some studies reported that crested wheatgrass is not “mo-
bile” and does not deter the reestablishment of native spe-
cies (Broersma and others 2000; Krzic and others 2000),
several other studies have shown that established stands
have spread beyond the original seeded area (Hull and
Klomp 1966; Marlette and Anderson 1986). Other studies
have shown that crested wheatgrass seedings resulted in
near monospecific stands (Hull and Klomp 1966; Looman
and Heinrichs 1973; Schuman and others 1982).

There are several characteristics of crested wheatgrass
that contribute to its competitiveness with both invasive
species and native vegetation. At the seedling stage, crested
wheatgrass has an advantage over some native plants, due
in part to its ability to efficiently capture nutrients and
water (Bakker and Wilson 2001; Schuman and others 1982).
Established crested wheatgrass plants were more efficient
at securing phosphorus than native bluebunch wheatgrass
(Pseudoroegneria spicatum) when both species were grown
in association with big sagebrush (Artemisia tridentata)
(Caldwell and others 1985). Big sagebrush was also nega-
tively affected by the ability of crested wheatgrass to rapidly
extract soil water during the same period that sagebrush
requires this resource (Cook and Lewis 1963; Eissenstat and
Caldwell 1988; Sturges 1977). Other studies have shown the
competitive advantage of crested wheatgrass during the
initial stages of plant establishment for Wyoming big sage-
brush (Artemisia tridentata ssp. wyomingensis) and ante-
lope bitterbrush (Purshia tridentata) (Blaisdell 1949; Fortier
2000;Hall and others 1999; Schuman and others 1998).
Native grasses may also reduce shrub seedling establish-
ment; however, the effect is less than that exhibited by crested
wheatgrass (Eissenstat and Caldwell 1988; Hubbard 1957).
For example, Frischknecht and Bleak (1957) reported that
seeded stands of bluebunch wheatgrass were more likely to
permit sagebrush seedling recruitment than seeded stands
of crested wheatgrass.

Another attribute that favors crested wheatgrass estab-
lishment is its prolific seed production. Marlette and Ander-
son (1986) germinated seed from a crested wheatgrass
monoculture planting and reported around 500 crested
wheatgrass seedlings per m2. Pyke (1990) compared the
demography of crested wheatgrass and bluebunch wheat-
grass and found crested wheatgrass to have a decided
advantage over the native grass in seed production, seed
bank carryover, seed dispersal, and seedling survival.
Seed production for crested wheatgrass ranged from 1,772
seeds per m2in a wet year to 1,037 seeds per m2in a dry
year. Bluebunch wheatgrass seed production during this
same period ranged from 26 seeds per m2in the wet year
to no seed production in the dry year. In a recent study,
Romo (2005) found an average return of 2 percent of crested
wheatgrass seeds sown while Heidinga and Wilson (2002)
reported a 4 percent return. For example, seed production
rates of 1,000 per m2 with a 3 percent rate of return would
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result in an initial count of 30 crested wheatgrass seedlings
per m2.

Carryover of germinable seed for more than 1 year is
another competitive characteristic of crested wheatgrass.
Under ideal seed storage conditions in a lab, crested wheat-
grass seeds remained germinable for over 20 years (Ackigoz
and Knowles 1983). Seed life is much shorter in the natural
environment; however, crested wheatgrass has been ob-
served by the authors to germinate in the second and, in a
few cases, the third growing season after the seed was
planted.

Sage-Grouse and Crested
Wheatgrass

Crested wheatgrass has been planted or has the potential
for establishment (Rogler and Lorenz 1983) over a large
portion of the historic and current range of sage-grouse
(Connelly and others 2004). The question of the quality of
crested wheatgrass seedings as habitat for sage-grouse is
difficult to answer since it depends on both spatial and
temporal scales that are rarely monitored (Connelly and
others 2004). The size of the seeding, juxtaposition on the
landscape in relation to suitable habitat, species composi-
tion of the seeding, and sagebrush cover are other factors
that affect the utility of crested wheatgrass seedings as
sage-grouse habitat. A recent review of sage-grouse habitat
needs and associated habitat threats does not directly iden-
tify introduced seedings as a factor in the decline of sage-
grouse (Wambolt and others 2002). They indicated that the
extreme reduction in canopy cover of sagebrush, and associ-
ated loss in understory plant diversity typical of some
introduced species seedings, can significantly reduce sage-
grouse habitat quality throughout the year.

Understory plant diversity is important to sage-grouse in
the spring and summer, whereas sagebrush provides essen-
tial cover and forage in the winter and late fall (Connelly and
others 2000; Wambolt and others 2002). Brood-rearing habi-
tats with an array of plant species provide a diversity of
insects important to sage-grouse, especially during brood
rearing (Connelly and others 2000; Drut and others 1994).
The recently published “Guidelines for Sage-Grouse Habi-
tat” (Connelly and others 2000) identified grass height (over
18 cm) and canopy cover (greater than 15 percent for breed-
ing and brood-rearing habitats) as important habitat re-
quirements for nesting sage-grouse. Therefore, crested wheat-
grass, in the appropriate proportions, could provide similar
habitat structure compared to native bunchgrasses.
Connelly and others (2000) recommend that nonnative
species that are functionally equivalent to natives be used in
restoration projects if native forbs and grasses are unavailable.

Another situation where the use of crested wheatgrass
may be necessary is the restoration of habitat that is se-
verely degraded and dominated by aggressive invasive spe-
cies (Pyke 1994). Beginning in the 1930s numerous studies
were conducted that showed the superior competitive abil-
ity of crested wheatgrass with cheatgrass in the Inter-
mountain area (Hull 1974; Hull and Holmgren 1964; Hull
and Pehanec 1947; Hull and Stewart 1948). Recently, the
establishment of crested wheatgrass as a “bridge” plant
community to replace cheatgrass-dominated lands for

USDA Forest Service Proceedings RMRS-P-38. 2005

Pellant and Lysne

future restoration to a more diverse plant community has
been proposed as an alternative to seeding a full complement
of native species in one treatment. This strategy, also re-
ferred to as “assisted succession” (Cox and Anderson 2004),
will be discussed later in this document.

It is known that sage-grouse will not thrive in large
homogenous stands of a single plant species (Crawford and
others 2004). The modification of composition and structure
of existing crested wheatgrass seedings to increase plant
diversity for sage-grouse should be implemented only after
considering social impacts, economic considerations, and
land-use objectives. This synthesis paper was not produced
to support the replacement of crested wheatgrass with
native species. It is intended to provide a review of existing
science and knowledge that can be used to increase diversity
and structure of crested wheatgrass seedings to benefit
sage-grouse, other wildlife species, and livestock. Local
land-use plans, science, and public input should be incorpo-
rated into the decisionmaking process when selecting
crested wheatgrass seedings to implement the strategies
described in this paper.

Steps Required to Enhance
Structure and Diversity in Crested
Wheatgrass Seedings

The competitive characteristics of crested wheatgrass,
discussed in the previous section, illustrate the difficulty in
designing treatments to increase plant diversity in crested
wheatgrass seedings. This grass is extremely resistant to
grazing by herbivores. It has a variable response to mechani-
cal or chemical treatments and a large viable seed reserve in
the soil that must be considered in any control treatment.
Increasing plant diversity in established stands of crested
wheatgrass is presented as a three-step process.

Step 1. Reduce competition of crested wheatgrass to fa-
cilitate the establishment and persistence of the
desired species.

Step 2. Introduce the desired plant(s) as seed or seedlings.

Step 3. Implement appropriate management and moni-
toring to maintain plant diversity of the seeding.

The discussion that follows focuses on step 1, because the
knowledge and literature on seed or plant application (step 2) and
managing restored seedings (step 3) are generally available.

Step 1: Reduce Crested Wheatgrass
Competition

Grazing by domestic livestock, mechanical or chemical
treatments, and fire are potential treatments that can be
implemented singly or in combination to reduce crested
wheatgrass competition prior to introducing desired plants
to a seeding. Periodic droughts also offer opportunities,
again singly or in combination with the above treatments, to
reduce crested wheatgrass competition.

Livestock Grazing—The design of livestock grazing
systems to maintain crested wheatgrass and reduce en-
croachment of sagebrush into these seedings has been stud-
ied for almost as long as crested wheatgrass has been used.
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Much of this early research focused on grazing systems and
utilization levels to maintain the productivity of seedings
and minimize the return of sagebrush in seeded areas (Cook
and others 1958; Hull and Klomp 1974) Sagebrush was
considered an “invader” in crested wheatgrass seedings
because it reduced the productive capability and economic
returns from seedings in direct proportion to the ratio of
shrub to grass. Rittenhouse and Sneva (1976) determined
that each 1 percent increase in Wyoming big sagebrush
canopy cover was associated with a 3.3 to 5.2 percent decline
in crested wheatgrass production in eastern Oregon. This
early research can now be used “in reverse” to develop
grazing systems to reduce crested wheatgrass competition
in order to increase plant diversity, especially shrubs, in
seedings.

Since crested wheatgrass can withstand heavy grazing
(Caldwell and others 1981; Cook and others 1958; Hull 1974;
Laycock and others 1981), reducing competition using only
livestock may be insufficient to permit establishment of
desirable seeded species. In general, high levels of utiliza-
tion by livestock during the growing season reduces the
vigor of crested wheatgrass and may lead to mortality of
some, but not all, plants (Cook 1973; Wilson and Partel
2003). Early summer grazing may be detrimental to crested
wheatgrass due to lower carbohydrate (Trlica and Cook
1972) and nitrogen reserves (de Kroon and Bobbink 1997) of
grazed plants. Other studies have demonstrated that heavy
use alone (up to 70 percent) did not significantly affect
stands of crested wheatgrass (Frischknecht and Harris
1968; Lodge and others 1972; Springfield 1963). Heavy
utilization by livestock was also cited by some of these
authors as necessary to reduce development of crested
wheatgrass “wolf plants.” Wolf plants are crested wheat-
grass plants that contain a higher proportion of dead stems
than consistently grazed plants and, as a result, are not
preferentially selected by livestock.

Olson and others (1988a,b) found that grazing to reduce
vigor, cause mortality, or reduce establishment of new
crested wheatgrass seedlings is most effective if the treat-
ment is done during or immediately after tiller elongation
(internode elongation) and results in removal of the apical
meristem. These same studies showed that grazing crested
wheatgrass before internode elongation had little effect on
reducing tiller replacement and could increase tiller density
if grazing intensity and timing were not closely monitored.
Olson and others (1988b) indicated that short-duration
grazing at a conventional stocking rate in eastern Oregon
increased tiller density of crested wheatgrass. This study
also demonstrated that most crested wheatgrass tillers are
produced in the fall, overwinter, and flower the following
growing season. If an adjacent crested wheatgrass plant was
removed, the tiller production and resource uptake of its
neighbor was increased. Thus, attempts to reduce crested
wheatgrass by livestock grazing are influenced by growing
season conditions, level of utilization in relation to plant
phenology, degree of use of neighboring plant, and the
dynamics of tiller production.

It is well established that crested wheatgrass is adapted
to withstand heavy livestock use with minimal mortality.
How does livestock grazing affect the recruitment and estab-
lishment of crested wheatgrass? Most crested wheatgrass
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recruitment occurs between the rows of established plantsin
a seeding (Salihi and Norton 1987). The success of recruit-
mentintheinterspacesisreduced by the impacts oflivestock
trampling since cattle (Bos sp.) generally avoid stepping on
plant tussocks (Balph and Malechek 1985). As crested
wheatgrass plants age, elevated tussocks develop because
of the plant’s caespitose growth form, further increasing
cattle avoidance of stepping on the mature plants. This
results in increased mortality of seedlings that are trampled
(Salihi and Norton 1987), and accelerates soil erosion and
compaction (Balph and others 1985) in the interspace areas.
In another study, Krzic and others (2000) stated that long-
term grazing of crested wheatgrass did not result in degrada-
tion of soil properties, with one exception: soil compaction was
greater in seedings grazed in spring compared to native
rangeland. Salihi and Norton (1987) measured less than
1 percent crested wheatgrass seedling survival in grazed
plots compared to 12 percent survival in ungrazed plots.

The combination of properly timed livestock use to reduce
vigor and survival of mature crested wheatgrass plants
along with the trampling of new recruits in the interspace
areas should result, over time, in a reduction in both num-
bers and vigor of mature crested wheatgrass plants and
their recruitment potential. The decision to use these inten-
sive grazing treatments must be weighed against the detri-
mental effects of heavy grazing on soil properties, weed
entry and/or expansion, and erosion potential as well as the
management objectives for the seeding.

Another benefit of livestock use at the appropriate time
and intensity in crested wheatgrass seedings is to facilitate
the return of sagebrush. As mentioned earlier, control of
“reinvading” sagebrush in crested wheatgrass seedings was
the focus of past research on treatments to physically re-
move the sagebrush or livestock management systems to
maintain the crested wheatgrass productivity and minimize
the reinvasion of sagebrush. It is well established that
sagebrush encroachment in seedings is less under light to
moderate spring livestock use, but increases under high
crested wheatgrass utilization levels for this same period
(subject to climatic, grazing management system, and initial
treatment variables) (Frischknecht and Harris 1968; Hull
and Klomp 1974; Laycock and Conrad 1981; Robertson and
others 1970). For example, crested wheatgrass utilization
levels of 80 percent on a Utah seeding resulted in loss in vigor
of crested wheatgrass and an increase in sagebrush
(Frischknecht and Harris 1968). By comparison, fall grazing
by cattle resulted in less sagebrush encroachmentin seedings
when compared to heavy spring livestock use (Laycock and
Conrad 1981). However, grazing by sheep (Ovis aries) in fall
often resulted in reduced production or mortality of sage-
brush (Frischknecht 1978).

Therefore, assuming that there is a sagebrush seed source
in or near the target crested wheatgrass seeding, a grazing
system that promotes heavy spring livestock use over a
period of years could promote an increase of sagebrush in
crested wheatgrass seedings. Angell (1997) found that this
same grazing management system would also promote the
survival of juvenile sagebrush plants due to decreased soil
water depletion by crested wheatgrass. He found that only
the short duration, double stocking rate treatment in spring
resulted in an increase in juvenile sagebrush plants when
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compared to the continuous grazing and moderate short
duration grazing treatments. In a similar study, Owens and
Norton (1990) found that juvenile sagebrush survival was
greater in a pasture that received high intensity use for
repeated short durations (short duration grazing system)
during the growing season when compared to a traditional
continuous growing season treatment.

Thus, once juvenile sagebrush plants are established in a
seeding, continued heavy livestock use will accelerate sage-
brush growth and potentially increase additional sagebrush
recruitment. This strategy is predicated on concentrated
heavy use of crested wheatgrass and may require temporary
fencing to concentrate livestock in a smaller portion of a
larger seeded pasture. The temporary fence could then be
moved to another portion of the seeding to increase sage-
brush establishment over a larger area, if desired. Other
considerations in applying this strategy to increase sage-
brush in crested wheatgrass seedings are the effects of soil
compaction, potential for weed entry, increased soil erosion,
and effects on residual native grasses and forbs in the heavy
use areas. Introduction of sagebrush seed may be required if
a seed source is not already present in or immediately
adjacent to the treatment area.

Drought and Livestock Grazing—Periodic droughts
provide another window of opportunity to reduce crested
wheatgrass density, especially when combined with prop-
erly timed, heavy levels of livestock use. Tiller regrowth of
crested wheatgrass was limited by clipping and drought over
a 2-year period (Busso and Richards 1995). They cautioned
thatrepeated late spring grazing under droughts lasting 2 or
more years could reduce the persistence of crested wheat-
grass in a stand. Conversely, light or moderate grazing
(around 40 percent) of crested wheatgrass in a drought was
found to enhance production and survival because of a
decrease in the leaf area and associated respiration
(Mohammad and others 1982). In this same study, no plant
recovery occurred when water stress was severe and crested
wheatgrass defoliation was 80 percent.

Crested wheatgrass has the potential to recover rapidly
after a drought due to the high accumulation of total
nonstructural carbohydrate reserves accumulated in the
plant organs during times of stress (Busso and others 1990).
Thus, any benefits in reduction in competition of crested
wheatgrass achieved by livestock grazing during droughts
may be lost quickly if treatments to increase diversity are
not implemented in a timely manner. Another concern with
using drought and livestock to reduce competition of crested
wheatgrass is the opportunity for an increase in invasive
species during periods between droughts and the average or
above average precipitation periods following droughts
(Svejcar 2003). Heavy livestock use may also increase the
potential for loss of biological soil crusts and residual native
plants in the seeding (Anderson and others 1982; Kimball
and Schiffman 2003). Even with these concerns, livestock
grazing during multi-year droughts may reduce crested
wheatgrass competition sufficiently to allow successful rein-
troduction of desired species.

Herbicide Application—The application of an appro-
priate herbicide at the proper time can reduce perennial
grass density (Nelson and others 1970; Whisenant 1999). A
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number of different herbicides are effective in reducing vigor
or causing mortality of crested wheatgrass. Glyphosate (V-
[phosphonomethyl]glycine)is a contact herbicide that stunts
or kills the entire plant upon application. Application of
glyphosate (trade name Roundup™) reduced crested wheat-
grass cover from 12 to 4 percent in 1 year and had no effect
in the second year of a 2-year study in Utah that looked at the
utility of several treatments to reduce competition prior to
seeding native species (Cox and Anderson 2004). This differ-
ence in effect between years, probably due to timing of
application, illustrates the importance of applying contact
herbicides at the appropriate phenological stage. In Canada,
a spring application of glyphosphate reduced crested wheat-
grass by 50 percent, which was adequate control to establish
anative warm season grass seeded at a high application rate
(Bakker and others 1997).

Wilson and Partel (2003) applied multiple herbicide treat-
ments to maximize the mortality of crested wheatgrass in
Canadian grasslands. A total of 13 glyphosphate applica-
tions over 6 years significantly reduced cover of crested
wheatgrass; however, the surviving plants in the herbicide
treatment area produced 42 seedheads per m? compared to
12 seedheads per m? in the control. Crested wheatgrass
seedlings emerging from the seedbank were not signifi-
cantly different between the herbicide treatment and con-
trol (average density of 284.4 seedlings per m?2). Even though
crested wheatgrass was not eliminated with the herbicide
treatments in this study, Bakker and others (2003) reported
that native species diversity and abundance were enhanced
on these study sites. They reported that the careful applica-
tion of glyphosate by wicking or spraying prior to the active
growth of warm season native species can suppress crested
wheatgrass and promote native species establishment. They
recommend considering cultivation prior to seeding and
applying multiple control treatments (herbicide and inten-
sive grazing) in hot dry years to further reduce crested
wheatgrass competition if herbicide application alone is not
adequate.

Another Canadian project evaluated multi-year applica-
tion of glyphosphate to reduce crested wheatgrass competi-
tion before seeding native species (Ambrose and Wilson
2003). Glyphosphate was applied as a spray in the spring of
the first year and applied with a wick applicator in the 3
subsequent years. Surprisingly, emergence of crested wheat-
grass seedlings from the seedbank wasnot decreased by 4 years
of glyphosphate treatments, due primarily to the tripling in
number of seed heads on surviving plants in the herbicide plots
compared to the control plots. The impacts of releasing
crested wheatgrass from intraspecific competition with
glyphosphate and thereby increasing seed production on
remaining plants must be considered when selecting treat-
ments to reduce crested wheatgrass competition.

When Romo and others (1994) investigated the effects of
a combination of fall burning followed by a spring applica-
tion of glyphosate on crested wheatgrass mortality in
Canada, they found that burning had little effect on crested
wheatgrass survival, while glyphosphate applied early in
the growing season on the burned crested wheatgrass re-
duced cover from 78 to 35 percent on one site and from 81 to
55 percent on another site. In another study, Romo and
others (1994) applied mowing in the fall to reduce crested
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wheatgrass vigor followed by an application of glyphosate on
individual plants and recorded 100 percent crested wheat-
grass mortality. They also observed total elimination of
crested wheatgrass with an application of 25 percent
glyphosphate in early spring when two to four leaves per
tiller were present.

Another consideration in using glyphosphate to reduce
crested wheatgrass is the differential effect that this herbi-
cide appears to have on different species of crested wheat-
grass. Lym and Kirby (1991) found that ‘Fairway’ crested
wheatgrass was less susceptible to glyphosphate in terms of
yield than was ‘Nordan’ crested wheatgrass. Also glyphosate
generally does not interfere with the establishment of seeded
species (Bakker and others 1997; Masters and Sheley 2001)
since it is bound to the soil once applied and is not available
for uptake by plants. On the negative side, since glyphosphate
is a contact herbicide, it has no residual effect on crested
wheatgrass regrowth and may need to be applied multiple
times in the same growing season or over multiple years,
depending on climatic conditions and plant phenology and
growth patterns.

Paraquat(1,1-dimethyl-4,4"-bipyridiniumion)is another
herbicide that has been used to treat crested wheatgrass.
Sneva (1970) found that paraquat applied for 3 consecutive
years did not significantly reduce crested wheatgrass yield
in the fourth year. In this study, clipping crested wheatgrass
to ground level in May of each year was more effective in
reducing the percent of apical meristems than was the
herbicide application. Atrazine and simazine were evalu-
ated as tools to rejuvenate weed infested seedings in Nevada
(Eckert 1979). The reduction of weedy competition in the
stand by these herbicides resulted in slightly more crested
wheatgrass seed production and minimal mortality on treated
compared to control sites. Crested wheatgrass seedling
production was significantly greater in the atrazine treated
plots compared to the control, indicating that the reduction
in weedy competition not only favored seed production but
greatly enhanced seedling establishment.

In summary, herbicides can be very effective in controlling
crested wheatgrass, especially when combined with other
treatments such as burning or mowing. Label restrictions on
their use should be closely followed in order to minimize
adverse effects. If complete crested wheatgrass mortality is
not obtained (usually the case), the seed production on
surviving plants increases significantly and provides sig-
nificant competition with desirable plants introduced on the
treated areas. As Whisenant (1999) points out, effective
herbicide use requires knowledge of individual site charac-
teristics and knowledge of herbicide effects on the individual
species and the environment.

Mechanical Treatments—Mechanical treatments can
be used to either physically remove crested wheatgrass
biomass (for example, mowing) to reduce plant vigor or cause
mortality, or uproot plants and cause direct mortality (for
example, plowing). Mechanical removal of live crested wheat-
grass foliage will be discussed first, followed by an overview
of equipment that can be used to cause direct mortality.
Clipping studies to simulate grazing have been previously
discussed in the Livestock Grazing section of this paper,
and the reader is encouraged to review that information as
it applies to the effects of mowing described in this section.
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Lodge (1960) compared mowing in the fall, burning in
spring and fall, and double disking in the fall. He found that
mowing had little effect on floristic composition or in reduc-
ing basal area of crested wheatgrass in Canada. Double
disking was the only treatment that significantly reduced
crested wheatgrass basal area (from 6.6 percent on the
control to 2.7 percent in the treatment areas); this treatment
effect disappeared within 2 years. A clipping study to reduce
crested wheatgrass competition was conducted in northern
Utah by Cook and others (1958). They hand-clipped crested
wheatgrass plants at 1- and 3-inch stubble heights through-
out the growing season over a 5-year period. The 1-inch
clipping height and more frequent clipping treatments re-
duced yield, vigor, and seed production of crested wheat-
grass more than did the 3-inch clipping height and less
frequent clipping treatments. Seed production, as expressed
by number of spikes per plant, was not significantly affected
by clipping height; however, increasing the frequency of
harvesting decreased the number of spikes produced. Fi-
nally, this study documented that frequency and season of
clipping were the most influential factors affecting viable
seed production. At the end of the 5-year study period,
control plants produced 1,834 viable seeds per plant, while
clipping once in mid-June or early July for 5 years reduced
the number of seeds per plant to nearly zero.

Lorenz and Rogler (1962) compared several mechanical
techniques to “renovate” stands of crested wheatgrass in
North Dakota. Plowing in spring eliminated crested wheat-
grass production for 2 years, while a spring scarification
treatment (heavy field cultivation that uprooted about one-
third of the plants) significantly reduced yields in only the
first year following treatment. In subsequent years the
scarified treatment produced more herbage than the control
plot in one year and similar yields in the remaining years of
the study. The authors urged caution with the plowing
treatment due to the potential for increased wind erosion.

Bakker and others (1997) rototilled crested wheatgrass
plots in May on a sandy site in Canada, reducing cover of
crested wheatgrass from around 40 percent on control plots
to 20 percent on the treatment plots in August of the same
year. Finally, Cox and Anderson (2004) investigated the
effectiveness of two tillage treatments and a herbicide treat-
ment in reducing crested wheatgrass competition prior to
seeding native species. Tillage treatments were done in
February in 2 consecutive years on a crested wheatgrass
seeding in an arid (average annual precipitation of 7 inches)
portion of Utah. The tilling treatment was done with a
cultivator that removed all vegetation and mixed the soil to
a 7-inch depth, while the harrowing treatment was done
with a field harrow that uprooted some, but not all plants.
Tillage was more effective than harrowing in reducing
crested wheatgrass cover in this study. The control plots
averaged 12 to 4 percent crested wheatgrass cover during
the 2-year study compared to 1 to 2 percent cover on tilled
and 4 to 7 percent cover on harrowed plots.

Another category of mechanical equipment, the
interseeders and transplanters, remove plant competition
in narrow bands and seed (interseeder) or plant seedlings
(transplanter) in a one-pass operation (Giunta and others
1975; Stevens 1994; Stevens and others 1981; Wiedemann
2005). Scalping to reduce plant competition is generally
done with either modified disks or a plow pulled behind a
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tractor. The seeder or transplanter is mounted immediately
behind the disk or plow. Recommended widths for scalping
crested wheatgrass prior to seeding shrub seeds are 40 to 60
inches (Van Epps and McKell 1978). This width should be
adjusted according to density, vigor, and growth form of
existing vegetation, the species to be interseeded, and local
site conditions (Stevens 1994). A side benefit of scalping is
that the scalp captures and holds additional moisture from
snow and rain, which enhances seedling establishment and
growth (Stevens 1994). An indepth description of interseeders
and transplanters can be found in Chapter 28 of Restoring
Western Ranges and Wildlands (Monsen and others 2004b).

Other equipment not specifically addressed in studies
cited above that could be used to reduce crested wheatgrass
competitionincludes pipe harrows, anchor chains with welded
railroad rails (for example, Ely and Dixie Sager chains), and
the disk chain (Monsen and others 2004a). Effectiveness of
these types of equipment in providing crested wheatgrass
control is expected to be moderate to excellent, although
published studies to support their use for crested wheat-
grass control are few.

In summary, the use of mechanical equipment to reduce
crested wheatgrass competition will vary in effectiveness,
dependent upon a wide array of factors. Some cautions on
the use of plows or disks include increased chance of soil
erosion and weed entry, loss of residual native plants and
biological crusts, and treatment costs.

Step 2: Introduce Desired Species

The challenges in controlling crested wheatgrass competi-
tion, described in Step 1, must be resolved prior toimplement-
ing the seeding or planting treatments outlined in Step 2. The
benefits of increasing plant diversity in grass monocultures
include improved habitat, greater species richness and com-
munity diversity, improved aesthetics, more soil cover
(Stevens 1994), and increased diversity of birds, mammals,
reptiles, and insects (Reynolds 1980).

Most of the treatments implemented in the past to in-
crease diversity in crested wheatgrass stands have involved
interseeding or transplanting single species or a few species
such as big sagebrush, rubber rabbitbrush (Chrysothamnus
nauseosus), fourwing saltbush (Atriplex canescens), ante-
lope bitterbrush, Lewis flax (Linum perenne), Palmer pen-
stemon (Penstemon palmeri), western yarrow (Achillea
millefolium), and globemallow (Sphaeralcea spp.) (Monsen
and Shaw 1983; Pendery and Provenza 1987; Stevens 1994).
However, single rows of shrubs or forbs in monocultures of
crested wheatgrass may not meet all of the resource (for
example, sage-grouse habitat) or management objectives for
a particular area.

Step 2 involves the selection of adapted species to plant
and appropriate equipment to implement the planting. It is
essential to select the species and seed mixtures that meet
resource objectives and are adapted to the ecological site(s)
that will be seeded. Nonadapted seeds may respond differ-
ently to germination cues and germination may occur at an
inappropriate time, resulting in seeds that fail to germinate
or persist (Meyer 1994). Additional considerations for seed
mixture development include the potential for interspecific
interactions among the species in the seed mixture during
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the establishment phase, the ability of plants to coexist, and
the ability of the species to regenerate itself on the site
(Archer and Pyke 1991; Pyke 1994; Pyke and Archer 1991).

If the objective of the crested wheatgrass treatment(s) is
to restore ecosystem functioning and biological diversity to
a site, this will often require the use of native species
(Lesica and Allendorf 1999). Native species introduced into
a crested wheatgrass seeding may facilitate recruitment of
additional native species. For instance, Frischknecht and
Bleak (1957) found that seeded stands of bluebunch wheat-
grass were more likely to permit sagebrush seedling recruit-
ment than seeded stands of crested wheatgrass. Introduced
species may also increase the diversity of a crested wheat-
grass seeding, improving it as habitat for sage-grouse. Dry-
land alfalfa (Medicago sativa) and small burnet (Sanguisorba
minor) are introduced forbs that are preferred by sage-
grouse that can be successfully reintroduced into crested
wheatgrass seedings. It is important to select site-adapted
species (native or introduced) that are competitive in the
posttreatment environment and that will be maintained
over the long term with livestock management systems.

The selection of a seed mixture should not be done without
consideration of how seed will be distributed during the
planting process. Rangeland drills vary considerably in
their ability to seed native species. If suitable equipment is
not available to properly seed a species in the proposed seed
mix, the mix should be changed or the proper equipment
secured. Another factor to consider is that some site prepa-
ration treatments, such as plowing or disking, may create
an unfavorable planting seedbed that requires additional
treatments. Harrowing or cultipacking after these surface
disturbing treatments may be required to mitigate these
unsatisfactory seedbed surfaces (Whisenant 1999).

Direct seeding by drilling or aerially broadcasting seed is
relatively inexpensive, widely applicable, and under appro-
priate seedbed conditions, provides good plant establish-
ment (Whisenant 1999). Applying seed with a rangeland
drill is considered the best method for establishing species
with large, hard seeds because the seed is placed in contact
with the soil and at an appropriate depth (Hull 1948; Pyke
1994). However, seeding many native species with the stan-
dard rangeland drill is problematic given the lack of control
of seeding depth, variable seed coverage with soil, and
absence of a mechanism to improve soil to seed contact.
Surface obstructions such as rocks, steep slopes, and soddy
vegetation also limit the effectiveness of rangeland drills in
establishing any seed mixture, especially native forbs and
grasses. One unknown in the use of rangeland drills to seed
diverse seed mixtures into crested wheatgrass seedings is
the effectiveness of these drills in cutting through the dead
plant crowns and the shallow root mass of the seeding. If this
is a problem, the deep furrow rangeland drill (Hull and
Stewart 1948), which has a double furrow opener, may be
more effective in soddy conditions than the rangeland drill,
which has a single furrow opener. The single disk or double
disk opener on the rangeland drill does create a furrow that
can capture and store water for seedlings. However, the soil
disturbance created by this drill also opens the plant com-
munity for the entry of other invasive species.

Another option for ground application seedinginto treated
crested wheatgrass stands is the use of a minimum till drill
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that creates less soil disturbance than the rangeland drill.
The Truax and Amazon drills are minimum till drills that
can place seed at different depths, and their press wheels
improve soil to seed contact. An overview of rangeland drills,
manufacturer’s specifications, and contact information is
the Revegetation Equipment Catalog available online at
http://reveg-catalog.tamu.edu (Wiedemann 2005). This cata-
log also contains similar information on most of the equip-
ment discussed in this paper. The reader is encouraged to
utilize this Web site for all treatments requiring the use of
equipment.

Aerial broadcastingis often easier and less expensive than
ground application methods because large areas can be
seeded quickly and topography or slopes are generally not a
limiting factor (Monsen 2000). Aerially broadcasting seed
followed by cultipacking, harrowing, or dragging a chain
over the surface, where slope or surface rock is not limiting,
places the seed in contact with the soil; however, seeding
depth is not uniform (Pyke 1994; Stevens 2004). Livestock
trampling has been suggested as another alternative for
covering seed that has been aerially applied. Eckert and
others (1986) found that heavy livestock trampling ap-
peared to favor the emergence of sagebrush and weedy
annual forbs, but was detrimental to the emergence of
perennial grasses and forbs. Aerial seeding native species
mixes into treated crested wheatgrass stands without some
sort of incorporation into the soil is not advised. Given the
high cost of seed and the different seedbed requirements of
native species (seeding rates are generally doubled on aerial
seedings), seeding with rangeland drills is recommended
over aerial seeding with or without seed coverage.

Alternatives to ground or aerial application of seed in-
clude transplanting individual plants from existing popula-
tions (“wildings”) or planting container stock or bare-root
seedlings grown from seed. In arid and semiarid environ-
ments, transplanting young plants may be a more reliable,
albeit a considerably more expensive method for establish-
ing native species in crested wheatgrass seedings. Trans-
planting young plants bypasses the high-risk germination
and seedling stage. In addition, transplanting may enhance
the success of species that do not establish rapidly from seed
and provide larger plants that are more capable of coping
with competition and herbivory (Archer and Pyke 1991; Van
Epps and McKell 1980; Whisenant 1999). If small islands of
native species are desired in a crested wheatgrass seeding or
if greater native plant diversity is desired in an existing
native species seeding, transplanting wildings, bare-root, or
containerized stock of desired forbs or shrubs may be a good
option. However, costs of treating larger acreages this way
will generally be prohibitive.

The use of livestock to disseminate seed of desired species
via dung (Auman and others 1998; Doucette and others
2001; Ocumpaugh and others 1996; Welch 1985) into crested
wheatgrass seedings is another option since livestock pref-
erentially graze these areas. Seeds ingested by cattle are
deposited in a moist, nutrient-rich medium that may facili-
tate germination and establishment of ingested seeds and
may result in patches of desirable species (Archer and Pyke
1991). Fecal-seeding offers a nonintrusive, relatively low
cost method of seeding small areas (Archer and Pyke 1991;
Shinderman and Call 2001). Seeding response can be slow
and sporadic, and there is the potential for the introduction
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and spread of exotic species by livestock (Auman and others
1998; De Clerck-Floate 1997; Lyon and others 1992; Pleas-
ant and Schlather 1994). A study by Auman and others
(1998) found that cattle dung provided favorable conditions
for the germination of crested wheatgrass as well as
cheatgrass. Also, livestock grazing would need to be closely
monitored to ensure that livestock did not overutilize and
eliminate the very plants they were dispersing (Archer and
Pyke 1991).

Step 3: Posttreatment Management

The long-term success of any project implemented to
increase plant diversity in crested wheatgrass seedings is
dependent on applying appropriate management during the
establishment and postestablishment period. Documenta-
tion of implementation practices and the effectiveness of
treatments must be conducted via a well designed monitor-
ing program in order to adjust management now and
design more effective projects in the future (for example,
implement an adaptive management program). An adap-
tive management program is not possible without good
implementation information combined with sound effective-
ness monitoring.

Livestock Management—It is essential that livestock
grazing and rest intervals are matched with the phenology
and life history attributes of desired plant species (Archer
and Pyke 1991; Holechek 1983). Grazing should be re-
stricted until plants are adequately established and sexu-
ally reproducing (Pyke 1994). Many plants require at least
2years, and as many as 5 years, to become established with
adequate root systems to endure grazing (Pyke 1994;
Stevens 1994; Vallentine 1989; Vallentine and others 1963;
West and Hassan 1985). Areas seeded to shrubs must be
protected from grazing during the establishment period
(Ganskopp and others 1999; Richardson and others 1984).
Plant seedlings are particularly sensitive to herbivory be-
cause they have low nutrient and energy reserves and
shallow, low-density root systems relative to adult plants
(Archer and Pyke 1991; Holechek 1983).

Once the plant establishment period (period of time when
livestock were excluded from the project area) has passed,
an appropriate livestock management plan must be fol-
lowed to maintain the diversity restored in the crested
wheatgrass seeding (Archer and Pyke 1991). If plant diver-
sity is increased in a crested wheatgrass seeding to benefit
sage-grouse, additional livestock or recreation management
changes may be necessary to maintain structure, composi-
tion, and forage quality to meet seasonal habitat require-
ments. Impacts of livestock grazing can be positive, nega-
tive, or neutral to sage-grouse, depending on the timing and
intensity of livestock grazing and which seasonal habitat is
being considered (Crawford and others 2004). Heavy live-
stock grazing can reduce grass competition and increase
sagebrush density (Crawford and others 2004; Vallentine
1989) orit can decrease big sagebrush seedling survival under
certain management systems (Owens and Norton 1990). In
general, the season and duration of livestock use and the
stocking rate should be managed to promote optimum growth
of forbs, grasses, and sagebrush to maximize habitat values
for sage-grouse (Beck and Mitchell 2000).
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Monitoring—Monitoring involves the orderly collection
of data, analysis, and evaluation of data. Combined with
experience, monitoring is a powerful tool to improve the
effectiveness of restoration efforts now and into the future.
Implementation monitoring includes summarizing how,
what, where, and when treatments were actually imple-
mented. The timing of treatments, conditions during appli-
cation of treatments (for example, was the soil dry or frozen
when seeding occurred), and posttreatment events (for ex-
ample, Mormon cricket density was high the first year
following seeding) are all important factors in evaluating
treatment effectiveness. The origin and percent of pure live
seed of each species in the seed mixture should also be
documented in the project file to improve the accuracy of
seeding establishment interpretations.

Effectiveness monitoring measures the success of the treat-
ments that were implemented relative to the project objec-
tives. Implementation monitoring provides the context to
evaluate the effectiveness of the treatments. It is important
that project objectives be developed before selecting monitor-
ing protocols. The sage-grouse guidelines developed by
Connelly and others (2000) provide a good starting point to
develop sage-grouse habitat objectives in crested wheatgrass
seedings proposed for treatments to increase their diversity.

Monitoring information, if collected appropriately, pro-
vides the framework toimplement an adaptive management
program to improve restoration practices in the future.
Adaptive management acknowledges uncertainty and im-
perfect knowledge in implementing projects (Walters 1986),
and encourages research and management to be conducted
simultaneously (Smallwood and others 1999; Walters and
Holling 1990). An adaptive management approach would be
especially helpful in identifying treatments that are effec-
tive in reducing crested wheatgrass competition (Step 1). To
maximize the utility of this approach, different treatments
would be implemented and evaluated on the same project,
promoting a better understanding of treatment effective-
ness. At a minimum, adequate monitoring data should be
collected to determine if short- and long-term management
objectives are met when restoring diversity of crested wheat-
grass seedings.

Summary

This review identifies some of the actions that can be
taken to increase plant diversity in crested wheatgrass
seedings for sage-grouse and other uses. The importance of
proper planning and posttreatment management has been
stressed as an essential component of a three-step process to
convert parts of existing crested wheatgrass seedings into
more diverse plant communities. This three-step process
and the treatments associated with it could be used as part
of a more ambitious strategy to first convert cheatgrass
monocultures (Allen 1995; Pellant 1990; Tausch and others
1995) into perennial grasslands followed by the steps de-
scribed above to increase plant diversity in these crested
wheatgrass grasslands, for example, assisted succession as
described by Cox and Anderson (2004). This strategy pro-
vides a bridge between the difficult conversion of exotic
annual grasslands into native plant communities.
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It is important to remember that crested wheatgrass
seedings have been an important management tool used to
increase livestock production, reduce weed problems and
wildfires, and mitigate soil erosion potential following dis-
turbances since they were first established in the late 1930s.
Regardless of whether our objectives now are to increase
plant diversity in selected crested wheatgrass seedings or as
part of a larger strategy to reduce cheatgrass domination in
the Intermountain region, the application of good science
and professional experience tempered with results from
monitoring studies should guide our actions. Sage-grouse,
other wildlife species, and all resource uses will benefit from
an objective-based approach (both at the site and landscape
levels) to restoring plant diversity to selected crested wheat-
grass seedings. As always, social, economic, and political
values will provide the context for these important restora-
tion decisions.
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