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Abstract

Medusahead (Taeniatherum caput-medusae [L.] Nevski) is an exotic annual grass invading western rangelands. Invasion by
medusahead is problematic because it decreases livestock forage production, degrades wildlife habitat, reduces biodiversity, and
increases fire frequency. Revegetation of medusahead-invaded sagebrush steppe is needed to increase ecosystem and economic
productivity. Most efforts to revegetate medusahead-infested plant communities are unsuccessful because perennial bunchgrasses
rarely establish after medusahead control. The effects of prescribed burning (spring or fall), fall imazapic application, and their
combinations were evaluated for medusahead control and the establishment of seeded large perennial bunchgrasses. One growing
season after treatments were applied, desert wheatgrass (Agropyron desertorum [Fisch. ex Link] Schult.) and squirreltail (Elymus
elymoides [Raf.] Swezey) were drill seeded into treatment plots, except for the control treatment. Vegetation characteristics were
measured for 2 yr postseeding (second and third year post-treatment). Medusahead was best controlled when prescribed burned and
then treated with imazapic (P , 0.05). These treatments also had greater large perennial bunchgrass cover and density compared to
other treatments (P , 0.05). The prescribed burned followed by imazapic application had greater than 10- and 8-fold more
perennial bunchgrass cover and density than the control treatment, respectively. Prescribed burning, regardless of season, was not
effective at controlling medusahead or promoting establishment of perennial bunchgrasses. The results of this study question the
long-term effectiveness of using imazapic in revegetation efforts of medusahead-infested sagebrush steppe without first prescribed
burning the infestation. Effective control of medusahead appears to be needed for establishment of seeded perennial bunchgrasses.
The results of this study demonstrate that seeding desert wheatgrass and squirreltail can successfully revegetate rangeland infested
with medusahead when medusahead has been controlled with prescribed fire followed by fall application of imazapic.

Resumen

Taeniatherum caput-medusae (L.) Nevski es una gramı́nea anual exótica que está invadiendo los pastizales del oeste de los
Estados Unidos. La invasión por esta especie es problemática porque genera una reducción en la producción de forraje para el
ganado, degrada el hábitat para la fauna silvestre, genera una reducción en la biodiversidad, y promueve un incremento en la
frecuencia de fuegos. La revegetación de estepas de Artemisia tridentata invadidas por T. caput-medusae es necesaria a fin de
incrementar la productividad biológica y económica del ecosistema. La mayorı́a de los esfuerzos para revegetar comunidades
vegetales invadidas por T. caput-medusae fracasan dado que las gramı́neas perennes nativas rara vez se establecen luego del
control de este especie invasora. Se evaluaron los efectos de quemas prescriptas (primavera u otoño), aplicación de un herbicida
en otoño (imazapic), y la combinación de ambas sobre el control de T. caput-medusae y el establecimiento de gramı́neas altas
perennes sembradas. Una temporada luego de la aplicación de los tratamientos se sembraron Agropyron desertorum (Fisch. ex
Link) Schult y Elymus elymoides (Raf.) Swezey en las parcelas tratadas exceptuando el control. Las caracterı́sticas de la
vegetación se midieron en el segundo y tercer año post-tratamiento. El mejor control de T. caput-medusae se logró en las
parcelas que recibieron quema prescripta seguida de imazapic (P , 0.05). Estos tratamientos también tuvieron mayor cobertura
y densidad de gramı́neas altas perennes comparado con los otros tratamientos (P , 0.05). El tratamiento de quema prescripta
seguida de la aplicación de imazapic tuvo 10 y 8 veces más cobertura y densidad de gramı́neas perennes, respectivamente, que
las parcelas de control. La quema prescripta en cualquiera de las dos temporadas ensayadas no fue efectiva en el control de T.
caput-medusae ni en el establecimiento de gramı́neas perennes nativas. Los resultados de este ensayo cuestionan la efectividad de
largo plazo del uso de imazapic sin una quema prescripta previa en proyectos de revegetación de estepas de A. tridentata
invadidos por T. caput-medusae. Aparentemente, es necesario el control efectivo de T. caput-medusae para lograr el
establecimiento de gramı́neas perennes sembradas. Los resultados de este ensayo demuestran que se pueden revegetar
exitosamente pastizales invadidos por T. caput-medusae mediante la siembra de Agropyron desertorum y Elymus elymoides
cuando el T. caput-medusae es controlado con una quema prescripta seguida de una aplicación de imazapic.

Key Words: annual grass invasion, fire-herbicide control, invasive plants, prescribed burning, sagebrush community
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INTRODUCTION

Exotic annual grass invasions are problematic in arid and semi-
arid plant communities (Mack 1981; D’Antonio and Vitousek
1992; Liu et al. 2006; Davies and Svejcar 2008). Invasion by
exotic grasses often increases fire frequency, which negatively
impacts native plant communities (Torell et al. 1961; Whise-
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nant 1990; Hughes et al. 1991; D’Antonio and Vitousek 1992;
Brooks et al. 2004). Medusahead (Taeniatherum caput-
medusae [L.] Nevski) is an aggressive exotic annual grass that
decreases biodiversity, degrades wildlife habitat, reduces
livestock forage production, and increases fine fuel loads
(Davies and Svejcar 2008). Medusahead effectively competes
with native vegetation allowing it to invade and dominate plant
communities (Hironaka and Sindelar 1975; Goebel et al. 1988;
James et al. 2008; Young and Mangold 2008). Litter
accumulation from medusahead also suppresses other plants
and can increase wildfire frequency (Torrell et al. 1961; Davies
and Svejcar 2008).

Medusahead invasion is especially serious because many
efforts to revegetate infested rangeland are unsuccessful (Young
1992; Monaco et al. 2005). Short-term control of medusahead
has been accomplished with various treatments. Prescribed
burning has been moderately successful to completely unsuc-
cessful at controlling medusahead depending on fire and site
characteristics (Murphy and Lusk 1961; Young et al. 1972;
Kyser et al. 2008; Davies and Sheley, in press). Herbicides have
been reported to control medusahead for one or two years
(Monaco et al. 2005; Kyser et al. 2007; Davies and Sheley, in
press). Integrating burning and herbicide treatments often
improves medusahead control. For example, the control of
medusahead with imazapic has been reported to be improved
when the infestation is first prescribed burned (Monaco et al.
2005; Kyser et al. 2007; Sheley et al. 2007; Davies and Sheley,
in press). However, without establishment of desirable plants,
medusahead soon regains dominance of the plant community
(Young 1992; Monaco et al. 2005; Sheley et al. 2007).

For successful revegetation of medusahead-infested plant
communities, effective control of medusahead must be coupled
with the establishment of competitive desirable vegetation.
Establishment of large perennial bunchgrasses is critical
because they are the most competitive plant functional group
with medusahead (Davies 2008; James et al. 2008). Desert
wheatgrass (Agropyron desertorum [Fisch. ex Link] Schult.)
and squirreltail (Elymus elymoides [Raf.] Swezey) were selected
to be seeded after medusahead control treatments because of
their competitive abilities and success at establishing. Desert
wheatgrass establishes well (Hull 1974; Eiswerth et al. 2009)
and is competitive for soil resources with other plants (Cook
1965; Caldwell et al. 1985; Eissenstat and Caldwell 1987).
Squirreltail has rapid phenological development, compared to
other native perennial bunchgrasses, and can establish in
medusahead infestations (Hironaka and Tisdale 1963; Hir-
onaka and Sindelar 1973). Squirreltail is a promising candidate
to revegetate medusahead infestations (Jones 1998). In a
greenhouse study, Young and Mangold (2008) demonstrated
that squirreltail seedlings were not effective competitors with
medusahead. However, Clausnitzer et al. (1999) reported that
established squirreltail individuals compared to seedlings were
more competitive with medusahead.

The objective of this study was to compare the effectiveness
of prescribed burning, imazapic application, and their combi-
nations for controlling medusahead and establishing perennial
bunchgrasses. I hypothesized that 1) combinations of imazapic
and prescribed burning would be the most effective treatments
at controlling medusahead and increasing desired vegetation,
and 2) imazapic application would be required (either with or

without burning) to effectively control medusahead and
promote desired vegetation. I speculated that effective control
of medusahead would be required for successful establishment
of perennial bunchgrasses because medusahead is an effective
competitor (Hironaka and Sindelar 1975; Goebel et al. 1988;
James et al. 2008; Young and Mangold 2008).

METHODS

Study Sites
The study sites were located between Riddle Mountain and
Diamond Valley in southeast Oregon about 65 km southeast of
Burns, OR. Elevation of the study sites ranges from 1 300 to
1 500 m above sea level. Topography was variable and included
ridge tops, side slopes, shoulder slopes, and flats. Slopes are
between 2u and 21u and aspect ranges from south to northeast.
Soils are a complex of different series with 20% to 35% clay
content and moderate to high shrink-swell potential (Natural
Resource Conservation Service 2008). Long-term average
annual precipitation was between 250 mm and 300 mm
(Oregon Climatic Service 2009). Regional precipitation was
66%, 80%, and 110% of the long-term average in the 2007,
2008, and 2009 crop-year (effective precipitation for plant
growth), respectively (Oregon Climatic Service 2009; Eastern
Oregon Agricultural Experiment Center, unpublished data,
2009). The sites were formerly Wyoming big sagebrush
(Artemisia tridentata subsp. wyomingensis [Beetle & A. Young]
S. L. Welsh) and low sagebrush (Artemisia arbuscula Nutt.)–
bunchgrass steppe. Study sites at the initiation of this
experiment were near-monocultures of medusahead. The study
occurred on Loamy 10–12PZ and Claypan 12–16PZ rangeland
ecological sites (Natural Resource Conservation Service 2008).
Three study sites were located on each of the rangeland
ecological sites. Characteristic vegetation for the Loamy 10–
12PZ rangeland ecological site is Wyoming big sagebrush,
bluebunch wheatgrass (Pseudoroegneria spicata [Pursh] A.
Löve,), and Thurber’s needlegrass (Achnatherum thurberianum
[Piper] Barkworth; Natural Resource Conservation Service
2008). Characteristic vegetation for the Claypan 12–16PZ
rangeland ecological site is low sagebrush, Idaho fescue (Festuca
idahoensis Elmer), bluebunch wheatgrass, and Sandberg blue-
grass (Poa secunda J. Presl; Natural Resource Conservation
Service 2008). Prior to the implementation of the study, cattle
grazed the study sites every other year for the past 16 yr. During
the study livestock were excluded with temporary fences.

Experimental Design and Measurements
A randomized complete block design was used to evaluate the
effects of treatments on vegetation characteristics. Six sites
(blocks) invaded by medusahead with varying soils, potential
natural vegetation, slope, and aspect were selected. Each block
consisted of seven 5 3 5 m plots randomly assigned to the
various treatments with 1-m buffers between treatments. Prior
to treatment, vegetation cover and density were similar among
plots assigned the various treatment (P . 0.05), but differed
among sites (P , 0.05). Treatments were 1) imazapic applied in
the fall (Imazapic), 2) spring prescribed burn and imazapic
(Spring Burn-Imazapic), 3) fall prescribed burn and imazapic
(Fall Burn-Imazapic), 4) spring prescribed burn (Spring Burn),
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5) fall prescribed burn (Fall Burn), 6) control seeded (Control-
Seeded), and 7) control (Control).

All treatments, excluding the Control treatment, were drill-
seeded with desert wheatgrass and squirreltail in late September
of 2007. Both species were seeded at 9 kg ? ha21 percent live
seed (PLS) for a total of 18 kg ? ha21 PLS, simultaneously using
a Versa-Drill (Kasco, Inc, Shelbyville, IN). Seeds were mixed
together and thus, both species were seeded into the same drill
rows. Row spacing, measured from the center of the drill row
to the center of the next drill row, was 23 cm. Perennial
bunchgrasses were seeded one full growing season after
medusahead control treatments were applied because imazapic
would probably prevent or at least significantly reduce the
establishment of seeded species in the first growing season
postapplication.

Spring and fall burns were applied in mid-May and mid-
October of 2006, respectively. Burns were strip-head fires
ignited with drip-torches. Fuels loads ranged from 1 280 to
2 450 kg ? ha21, and fuel moisture varied between 35% and 54%
during the spring burns depending on site. Wind speeds during
the spring burns varied between 1 km ? h21 and 8 km ? h21,
temperature ranged from 18uC to 22uC, and relative humidity
was between 28% and 35%. Spring burning removed 90% to
94% of the medusahead litter and resulted in 96% to 98%
reduction in medusahead density for the rest of the growing
season. In the fall burns, fuel loads were between 1 200 and
2 360 kg ? ha21, and fuel moisture ranged from 11% to 16%.
Wind speeds were 2 km ? h21 to 10 km ? h21, temperature was
between 7uC and 13uC, and relative humidity was 38% to 65%.
Fall burning removed 92% to 98% of the medusahead litter.
After the fall prescribed burns were completed, imazapic
(Plateau; BASF Corporation, Research Triangle Park, NC) was
applied at a rate of 87.5 g ai ? ha21 in mid-October of 2006 with
a 10-foot (3.05-m) handheld CO2 sprayer (R&D Sprayers,
Opelousas, LA) with a tank pressure of 206.8 kPa. During
imazapic application, wind speeds were 1 km ? h21 to 5 km ? h21

and air temperatures were between 12uC and 14uC. No
precipitation occurred during application, and the next precip-
itation event (4 mm) occurred 10 d postapplication.

Vegetation characteristics were sampled in mid-June of 2008
and 2009. Herbaceous cover and density were measured by
species in sixteen 40 3 50 cm frames (0.2 m2) per plot. Litter
cover and bare ground were also measured in each of the
sixteen 40 3 50 cm frames per plot. Cover was visually
estimated in the 40 3 50 cm frames. The 40 3 50 cm frames
were divided into 1%, 5%, 10%, 25%, and 50% segments to
make cover estimation easier and more accurate. The 40 3

50 cm frames were located at 1-m intervals on four 5-m
transects (starting at 1 m and ending at 4 m), resulting in four
frames per transect. The 5-m transects were deployed at 1-m
intervals in each plot. Herbaceous vegetation diversity (Shan-
non diversity index) was calculated from plant density
measurements (Krebs 1998).

Statistical Analysis
To determine the effects of treatments on vegetation charac-
teristics, repeated measures analysis of variance with years as
the repeated factor was used to analyze the data using the
PROC MIX method in SAS version 9.1 (SAS Institute Inc.,

Cary, NC). Fixed variables were treatments and random
variables were site and site by treatment interactions. The
appropriate covariance structures were determined by using the
Akaike’s Information Criterion (Littell et al. 1996). Treatment
means were separated using Fisher’s protected LSD (P , 0.05)
and reported with standard errors (mean + SE). For analyses,
herbaceous cover and density were grouped into five functional
groups: large perennial bunchgrasses, Sandberg bluegrass,
perennial forbs, annual forbs, and exotic annual grasses (largely
comprised of medusahead). Sandberg bluegrass was classified
as a separate functional group because of its relatively small
stature and early development compared to other perennial
bunchgrasses in these plant communities (Davies 2008; James
et al. 2008). Plant functional groups are a common and
practical method of classifying plant species into groups based
on physiological and morphological characteristics (Lauenroth
et al. 1978; Davies et al. 2007b). Vegetation was also analyzed
as total perennial herbaceous (sum of perennial herbaceous
vegetation) and total herbaceous vegetation (sum of all
herbaceous vegetation).

RESULTS

Cover
Large perennial bunchgrass cover varied by treatment, and the
interaction between treatment and year was significant
(Fig. 1A; P , 0.01). The Fall Burn-Imazapic and Spring Burn-
Imazapic treatments increased large perennial bunchgrass cover
more than the other treatments (P , 0.05). Both treatments had
greater than 10-fold more perennial bunchgrass cover in 2009
than the Control and Control-Seeded treatments. The Imazapic
treatment had greater perennial grass cover than the Spring
Burn, Fall Burn, Control, and Control-Seeded treatments
(P , 0.05). The Spring Burn, Fall Burn, Control, and Control-
Seeded treatments did not differ in perennial bunchgrass cover
(P . 0.05). The Fall Burn-Imazapic and Spring Burn-Imazapic
treatments increased in perennial bunchgrass cover from 2008
to 2009, while the other treatments did not (P , 0.01).

Total perennial herbaceous cover varied by treatment
(Fig. 1B; P , 0.01), but the interaction of treatment and year
was not significant (P 5 0.65). The Fall Burn-Imazapic and
Spring Burn-Imazapic treatments had more total perennial
herbaceous cover than the other treatments (P , 0.05). In 2009
the Fall Burn-Imazapic and Spring Burn-Imazapic treatments
had more than fourfold more total perennial herbaceous cover
than the Control and Control-Seeded treatments. Perennial
herbaceous cover was more than twofold greater in the Fall
Burn-Imazapic and Spring Burn-Imazapic treatments compared
to the Spring Burn and Fall Burn treatments in 2009. The
Imazapic treatment had greater total perennial herbaceous
cover than the Fall Burn, Spring Burn, Control, and Control-
Seeded treatments (P , 0.05).

Exotic annual grass cover (largely comprised of medusahead
with some cheatgrass (Bromus tectorum L.) varied by
treatment (Fig. 1C; P , 0.01), but the interaction between
treatment and year was not significant (P 5 0.64). The Fall
Burn-Imazapic and Spring Burn-Imazapic treatments reduced
annual grass cover more than the other treatments (P , 0.05).
These treatments generally had less than half the exotic annual

566 Rangeland Ecology & Management



grass cover compared to the other treatments. Annual grass
cover did not vary among the other treatments (P . 0.05).
Sandberg bluegrass, annual forb, perennial forb, and total
herbaceous cover did not vary by treatment, and the interaction
between treatment and year was not significant (P . 0.05).

Bare ground and litter cover varied by treatment (Fig. 2;
P , 0.01), but the interaction between treatment and year was
not significant (P 5 0.20 and 0.39, respectively). Bare ground
was highest in the Fall Burn-Imazapic and Spring Burn-
Imazapic treatments (P , 0.01). The Imazapic, Fall Burn, and
Spring Burn also had more bare ground than the Control and
Control-Seeded treatments (P , 0.05). The Fall Burn-Imazapic
and Spring Burn-Imazapic treatments had less litter than the
other treatments (P , 0.01). The Imazapic and Fall Burn had
less litter than the Control and Control-Seeded treatments
(P , 0.05). The Spring Burn did not differ in litter cover from

Figure 1. A, Large perennial bunchgrass, B, total perennial herba-
ceous, and C, exotic annual grass cover values (mean + SE) in the
various medusahead control treatments in 2008 and 2009. Treatments
are CS 5 control and seeded, C 5 control, FB 5 prescribed fall burn,
SB 5 prescribed spring burn, IM 5 fall imazapic application
(87.5 g ai ? ha21), FB-IM 5 prescribed fall burn followed with fall
imazapic application, and SB-IM 5 prescribed spring burn followed with
fall imazapic application. Desert wheatgrass (Agropyron desertorum
[Fisch. ex Link] Schult.) and squirreltail (Elymus elymoides [Raf.]
Swezey) were drill-seeded into all the treatments except the control one
growing season post-treatment. Different lower case letters indicate
differences between treatments after treatment application across years
(P , 0.05).

Figure 2. A, bare ground, and B, litter cover values (mean + SE) in the
various medusahead control treatments in 2008 and 2009. Treatments
are CS 5 control and seeded, C 5 control, FB 5 prescribed fall burn,
SB 5 prescribed spring burn, IM 5 fall imazapic application
(87.5 g ai ? ha21), FB-IM 5 prescribed fall burn followed with fall
imazapic application, and SB-IM 5 prescribed spring burn followed with
fall imazapic application. Desert wheatgrass (Agropyron desertorum
[Fisch. ex Link] Schult.) and squirreltail (Elymus elymoides [Raf.]
Swezey) were drill-seeded into all the treatments except the control one
growing season post-treatment. Different lower case letters indicate
differences between treatments after treatment application across years
(P , 0.05).
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the Control-Seeded and Control treatments (P 5 0.15 and 0.14,
respectively).

Density and Diversity
Large perennial bunchgrass density varied by treatment (Fig. 3A;
P , 0.01), but the interaction between treatment and year was not
significant (P 5 0.72). Perennial bunchgrass density was greatest
in the Fall Burn-Imazapic and Spring Burn-Imazapic treatments
(P , 0.01). In 2009 the Fall Burn-Imazapic treatment had
approximately 10-fold and 8-fold higher perennial bunchgrass
density than the Control-Seeded and Control treatments, respec-
tively. Perennial bunchgrass density was about eightfold and
sevenfold greater in the Spring Burn-Imazapic treatment com-
pared to the Control-Seeded and Control treatments, respectively.
Large perennial bunchgrass density did not vary among the other
treatments (P . 0.05). In 2008, 76% and 24% of the seeded
perennial bunchgrasses were squirreltail and desert wheatgrass,
respectively. In 2009, 40% and 60% of the seeded perennial
bunchgrasses were squirreltail and desert wheatgrass, respectively.

Total perennial herbaceous density varied by treatment
(Fig. 3B; P , 0.01), but the interaction between year and
treatment was not significant (P 5 0.87). The Fall Burn-
Imazapic and Spring Burn-Imazapic treatments had greater
total perennial herbaceous density than the other treatments
(P , 0.05), except for the Fall Burn treatment (P 5 0.12 and
0.19, respectively). The Fall Burn treatment had higher total
perennial herbaceous density than the Control-Seeded and
Control treatments (P 5 0.02 and 0.04, respectively). Total
perennial herbaceous densities in the Imazapic and Spring Burn
treatments did not differ from the Control and Control-Seeded
treatments (P . 0.05).

Exotic annual grass density varied by treatment (Fig. 3C;
P , 0.01), but interaction between year and treatment was not
significant (P 5 0.83). Annual grass density was the least in the
Fall Burn-Imazapic and Spring Burn-Imazapic treatments
(P , 0.05). In 2009 the Spring Burn-Imazapic had approxi-
mately threefold less exotic annual grass than the Control and
Control-Seeded treatment. The Imazapic treatment also had
lower annual grass density than the Control and Control-
Seeded treatments (P , 0.05). The Spring Burn and Fall Burn
treatments did not differ in annual grass density from the
Control and Control-Seeded treatments (P . 0.05).

Annual forb density varied among the treatments (Fig. 3D;
P , 0.01) and the treatment by year interaction was not
significant (P 5 0.31). The Spring Burn had the greatest annual
forb density of all the treatments (P , 0.05). The Spring Burn-
Imazapic generally had the lowest annual forb density (P , 0.05).
The application of imazapic with or without burning generally
decreased annual forb density. Sandberg bluegrass and perennial
forb densities did not differ among treatment and the interaction
between treatment and year was not significant (P . 0.05).Figure 3. A, Large perennial bunchgrass, B, total perennial herba-

ceous, C, exotic annual grass, and D, annual forb densities (mean + SE)
in the various medusahead control treatments in 2008 and 2009.
Treatments are CS 5 control and seeded, C 5 control, FB 5 prescribed
fall burn, SB 5 prescribed spring burn, IM 5 fall imazapic application
(87.5 g ai ? ha21), FB-IM 5 prescribed fall burn followed with fall
imazapic application, and SB-IM 5 prescribed spring burn followed with
fall imazapic application. Desert wheatgrass (Agropyron desertorum
[Fisch. ex Link] Schult.) and squirreltail (Elymus elymoides [Raf.]

r

Swezey) were drill-seeded into all the treatments except the control one
growing season post-treatment. Different lowercase letters indicate
differences between treatments after treatment application across years
(P , 0.05).
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Plant diversity varied among the treatments (Fig. 4;
P , 0.01), but was not influenced by the interaction between
year and treatment (P 5 0.80). Plant diversity was generally
greater in the Spring Burn, Spring Burn-Imazapic, and Fall
Burn-Imazapic treatments. Plant diversity in the Fall Burn and
Imazapic treatments were not different from the Control-
Seeded treatment (P 5 0.17 and 0.70, respectively).

DISCUSSION

Effective medusahead control combined with seeding competi-
tive desirable perennial bunchgrasses can revegetate medusa-
head-invaded sagebrush steppe. However, the effectiveness of
treatments at controlling medusahead and promoting seeded
perennial bunchgrasses varies considerably among the treat-
ments. The results suggest that effective control of medusahead is
required to establish perennial bunchgrasses. The results also
question the effectiveness of individual treatments, compared to
combinations of treatments, at effectively controlling medusa-
head and promoting the establishment of perennial bunchgrasses.

Treatments varied in their effectiveness at controlling
medusahead and promoting the establishment of large peren-
nial bunchgrasses largely based on whether or not they were
applied as individual treatments or as combinations of burning
and imazapic. Control of medusahead was most successful with
combinations of prescribed burning and imazapic application.
Davies and Sheley (in press), Monaco et al. (2005), and Kyser et
al. (2007) also reported that prescribed burning prior to

imazapic application increased the control of medusahead. Fire
can increase the effectiveness of herbicides by removing litter
thereby increasing the contact between the herbicide and
vegetation target (DiTomaso et al. 2006). Burning may also
increase the site availability, thus promoting establishment of
seeded species. Davies et al. (2007a) reported an increase in soil
inorganic nitrogen following prescribed burning in Wyoming
big sagebrush plant communities. Spring burning probably also
reduced the medusahead seed production by controlling
medusahead prior to seed development. However, prescribed
burning, regardless of season, without imazapic application did
not control medusahead.

Treatments that effectively controlled medusahead had better
perennial bunchgrass establishment. Prescribed burning fol-
lowed by imazapic application more than tripled the density of
large perennial bunchgrasses compared to applying imazapic
without first burning. The success of the prescribed burning
followed by imazapic application treatments in establishing
large perennial bunchgrasses in medusahead infestations is
contrary to the difficulty reported in establishing perennial
bunchgrasses in exotic annual grass infestations (e.g., Young
1992; Rafferty and Young 2002; Milton 2004; Monaco et al.
2005). Contrasting reports are likely due to site, plant species,
and climatic differences among studies. Treatments in this study
that did not effectively control medusahead had very low
perennial grass density and cover. The competitiveness of
medusahead (Hironaka and Sindelar 1975; Goebel et al. 1988;
James et al. 2008; Young and Mangold 2008) probably prevents
desired plants from establishing when medusahead is not
effectively controlled. Thus, overcoming the limited availability
of desired species (i.e., seeding desired plants) in medusahead
infestations, without effectively controlling medusahead, will
probably not be sufficient to increase desired vegetation.

The large perennial grass densities in the areas prescribed
burned followed by imazapic applications were more than half
the average density reported in Davies and Bates (2010) for
intact Wyoming big sagebrush plant communities. A higher
density would have been desirable, but achieving half the
density of intact stands is a significant accomplishment toward
revegetation. Especially considering that the ability of medusa-
head to establish decreases rapidly as large perennial bunch-
grass density increases (Davies 2008), and that the large
perennial bunchgrass densities were increased between 700%
and 1 000% with the burning followed by imazapic treatments
compared to untreated medusahead plots.

The results suggest that solely applying imazapic will not be
an effective long-term treatment for the control of medusahead
and establishment of desired vegetation. The Imazapic treat-
ment had greater perennial bunchgrass cover than the Control
and Control-Seeded treatments, but perennial bunchgrass
density did not differ. Medusahead was also rapidly recovering
in the Imazapic treatment (Fig. 3C), further suggesting that
Imazapic treatment alone was not effective. Without significant
increases in perennial bunchgrass density, it is doubtful that the
Imazapic treatment alone will be successful. Establishing large
perennial bunchgrasses is especially critical because they
dominate the herbaceous understory in intact sagebrush plant
communities (Davies et al. 2006) and are the most important
plant functional group for preventing medusahead establish-
ment (Davies 2008). Medusahead rapidly regains dominance of

Figure 4. Shannon diversity index (mean + SE) in the various
medusahead control treatments in 2008 and 2009. Treatments are
CS 5 control and seeded, C 5 control, FB 5 prescribed fall burn,
SB 5 prescribed spring burn, IM 5 fall imazapic application
(87.5 g ai ? ha21), FB-IM 5 prescribed fall burn followed with fall
imazapic application, and SB-IM 5 prescribed spring burn followed with
fall imazapic application. Desert wheatgrass (Agropyron desertorum
[Fisch. ex Link] Schult.) and squirreltail (Elymus elymoides [Raf.]
Swezey) were drill-seeded into all the treatments except the control one
growing season post-treatment. Different lowercase letters indicate
differences between treatments after treatment application across years
(P , 0.05).
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plant communities when establishment of desired vegetation is
unsuccessful (Young 1992; Monaco et al. 2005).

Though imazapic was required for successful control of
medusahead and establishment of perennial bunchgrasses, it
appears to slightly negatively impact annual forbs. A short-term
decrease in annual forbs density is expected when using a pre-
emergence herbicide because of the similarities in life cycles
between annual forbs and exotic annual grasses (Davies and
Sheley, in press). The results suggest that by the third growing
season postapplication imazapic effects on annual forbs were
subsiding. This is ecologically significant because forbs are a
critical component of these plant communities (Davies et al.
2006; Davies and Bates 2010) and are nutritious forage for
wildlife (Gregg et al. 2008). Preserving the annual forb
component would also be critical to maintaining plant
functional group diversity. Diversity of plant functional groups
is important to ensure spatial and temporal use of available soil
resources, thus preempting their use by exotic plants (Davies et
al. 2007b).

Plant diversity was increased by all treatments compared to
the control. However, diversity was generally greatest when
prescribed burning and imazapic applications were combined,
with the exception of the Spring Burn treatment. The Spring
Burn treatment promoted a large annual forb response
(Fig. 3D) that was probably the driving factor in its increase
in diversity, while the increase in diversity in the Fall Burn-
Imazapic and Spring Burn-Imazapic treatments was associated
with increased perennial vegetation (Fig. 3B). Effective control
of medusahead promoted plant diversity, but was not required
as evidenced by the Spring-Burn treatment. Considering that
the Spring-Burn treatment increase in diversity was largely a
function of increased annual forbs, it may not maintain higher
levels of diversity over the long-term due to the ephemeral
nature of annual forbs in this ecosystem (Bates 2004). The
increase in diversity with prescribed burning followed by
imazapic application suggests that ecosystem functions and
resiliency may be improved with effective medusahead control
and the establishment of perennial bunchgrasses. Decreased
diversity can cause ecosystem nutrient losses, altered nutrient
cycling, reduced carbon storage, and decreased ecosystem
productivity (Tilman et al. 1997; Hooper and Vitousek 1998).

The effectiveness of the treatments applied to control
medusahead may have been greater if the treatment plots were
larger. The treatment plots were only 25 m2 and in the middle
of medusahead infestations. Thus, medusahead propagule
pressure from adjacent infested lands was probably high.
Though the majority of medusahead seeds only disperse
relatively short distances in the absence of vehicles and large
animals (Davies 2008), over time propagule pressure would
probably have been less in larger treated areas. Thus, larger
treatment areas could increase the length of effective medusa-
head control thereby allowing seeded perennial bunchgrasses
more time to become established before experiencing signifi-
cant competition from medusahead.

MANAGEMENT IMPLICATIONS

The results of this study suggest that combinations of
treatments provide the best control of medusahead and

promote the establishment of seeded perennial bunchgrasses.
These results likely apply to most invasive plants, but are
probably especially relevant to other exotic annual grass
invaders. In general, spring burning or fall burning prior to
imazapic application were both successful treatments. This
suggests that there are two windows of opportunity for
prescribed burning prior to fall application of imazapic.
Prescribed burning without imazapic application was not an
effective control treatment and did not promote establishment
of seeded perennial bunchgrasses. Imazapic application without
prescribed burning did increase perennial bunchgrass cover, but
without a significant increase in perennial bunchgrass density,
it is doubtful that this treatment alone will effectively control
medusahead and increase desired vegetation in the long-term.
The results demonstrate that medusahead infestations can be
successfully controlled and perennial bunchgrass can be
established with prescribed burning followed by imazapic
application. For establishment of perennial bunchgrasses, it
appears that successful control of medusahead is critical.
Because imazapic is used as a pre-emergent herbicide when
applied in the fall to control medusahead, it is important to
seed perennial bunchgrasses at least 1 yr after treatment to
reduce the probability of failure due to nontarget mortality of
the perennial bunchgrass seedlings.
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