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Abstract

Cheatgrass (Bromus tectorum L.) is the most widespread invasive weed in sagebrush ecosystems of North America. Restoration
of perennial vegetation is difficult and land managers have often used introduced bunchgrasses to restore degraded sagebrush
communities. Our objective was to evaluate the potential of ‘Vavilov’ Siberian wheatgrass (Agropyron fragile [Roth] P.
Candargy) to establish on cheatgrass-dominated sites. We examined Vavilov establishment in response to different levels of soil
nitrogen availability by adding sucrose to the soil to promote nitrogen (N) immobilization and examined cheatgrass competition
by seeding different levels of cheatgrass. We used a blocked split-split plot design with two sucrose levels (0 and 360 g ?m22),
two levels of Vavilov (0 and 300 seeds ?m22), and five levels of cheatgrass (0, 150, 300, 600, and 1 200 seeds ?m22). Seeding
was conducted in fall 2003 and 2004, and measurements were taken in June 2004, 2005, and 2006. Sucrose addition decreased
availability of soil nitrate but not orthophosphate. In the first year after seeding, sucrose reduced cheatgrass density by 35% and
decreased both cheatgrass biomass per square meter and seed production per square meter by 67%. These effects were
temporary, and by the second year after seeding, there was a sevenfold increase in cheatgrass density. As a result, the effects of
sucrose addition were no longer significant. Sucrose affected Vavilov growth, but not density, during the first year after seeding.
Vavilov density decreased as cheatgrass seeding density increased. Short-term reductions in N or cheatgrass seed supply did not
have long-term effects on cheatgrass and did not increase Vavilov establishment. Longer-term reductions in soil N, higher
seeding densities, or more competitive plant materials are necessary to revegetate areas dominated by cheatgrass.

Resumen

La espiguilla colgante (Bromus tectorum L.) es el pasto invasor más común en los ecosistemas de artemisia de Norteamérica. La
restauración de la vegetación perenne en estos ecosistemas es difı́cil y los administradores de las tierras comúnmente utilizan
gramı́neas introducidas para la recuperación de los mismos. Nuestro objetivo fue evaluar el potencial de cultivar agropiro
siberiano Vavilov (Agropyron fragile [Roth] P. Candargy) para establecerse en comunidades invadidas por la artemisia.
Nosotros examinamos la respuesta del establecimiento de Vavilov a diferentes niveles de nitrógeno agregando sucrosa al suelo
para promover la inmovilización de nitrógeno, y la respuesta a la competencia de la espiguilla colgante mediante la siembra de
diferentes densidades de estas. Se estableció un diseño de ‘‘split-split-plot’’ con bloques donde se utilizaron dos niveles de
sucrosa (0 y 360 g ?m22), dos densidades de siembra de Vavilov (0 y 300 semillas ?m22) y cinco densidades de siembra de
espiguilla colgante (0, 150, 300, 600, y 1 200 semillas ?m22). Las siembras se realizaron en otoño del 2003 y 2004, y las
mediciones se tomaron en Junio de 2004, 2005 y 2006. La adición de sucrosa redujo la disponibilidad de nitrato en el suelo pero
no la del ortofosfato. Después del primer año luego de la siembra, la sucrosa redujo en un 35% la densidad de la espiguilla
colgante y en un 67% su producción de biomasa ?m22 y semillas ?m22. Estos efectos fueron temporales y durante el segundo
año luego de la siembra, la densidad de la espiguilla colgante se incremento siete veces comparado al primer año. Como
resultado, los efectos de la adición de sucrosa no fueron significativos. La sucrosa afectó el crecimiento del Vavilov pero no ası́ la
densidad durante el primer año luego de la siembra. Sin embargo, la densidad del Vavilov se redujo con el aumento en densidad
de la siembra de espiguilla colgante. Las reducciones a corto plazo en la disponibilidad de nitrógeno ó el abastecimiento de
semillas de espiguilla colgante no tuvieron efectos a largo plazo sobre la espiguilla colgante, y no incrementó el establecimiento
del Vavilov. Las reducciones a largo plazo de nitrógeno del suelo, densidades más altas de siembras o de materiales de plantas
más competitivas son necesarias para el restablecimiento de la vegetación en áreas dominadas por la espiguilla colgante.
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INTRODUCTION

Cheatgrass (Bromus tectorum L.) is an annual Eurasian grass
that was introduced to the United States in the late 1800s
(Mack 1981) and has become the most widespread and
detrimental invasive weed in the sagebrush steppe of North
America. It rapidly invades disturbed or degraded rangelands
and is expanding into relatively undisturbed rangelands
(Brooks and Pyke 2001). Cheatgrass increases fine fuel levels
in sagebrush steppe ecosystems (Knapp 1998; Brooks et al.
2004) and often triggers a grass/fire-cycle that results in higher
fire frequencies (D’Antonio and Vitousek 1992). Cheatgrass is
highly competitive for soil resources, especially water and
nitrogen (N), and can negatively affect the establishment and
persistence of native plant species (Melgoza et al. 1990;
Melgoza and Nowak 1991; Booth et al. 2003). In Great
Basin–invaded rangelands, more frequent fires, coupled with
reduced native plant establishment, prevent the long-term
recovery of the native vegetation (Brooks and Pyke 2001). As
cheatgrass dominance in the Great Basin increases, restoration
of perennial vegetation is crucial for preventing further habitat
degradation.

Cultivars of native perennial grasses can potentially be used
to successfully revegetate cheatgrass–dominated areas (Kitchen
et al. 1994; Ott et al. 2003; Nowak et al. 2006), but seed
sources of natives are limited, and some studies indicate that
introduced perennial grasses are superior competitors (Plum-
mer et al. 1968; Rose et al. 2001; Asay et al. 2003; Cox and
Anderson 2004; Sheley and Carpinelli 2005). For decades,
introduced wheatgrasses, such as Agropyron cristatum (L.)
Gaertn., Agropyron desertorum (Fisch. Ex Link) J. A. Schultes,
and Agropyron fragile (Roth) P. Candargy, have been
recommended to reestablish herbaceous vegetation and im-
prove forage production in degraded rangelands (Plummer et
al. 1968; US Department of Agriculture–Natural Resources
Conservation Service 2007). The ability of these perennial
bunchgrasses to compete for available resources, their cold- and
drought-tolerance, and their seedling vigor have made them the
most commonly planted, introduced grasses in western North
America (Rogler and Lorenz 1983; Lesica and DeLuca 1996).
Among these introduced grasses, Siberian wheatgrass (A.
fragile) cultivars are the most drought-resistant (Asay et al.
1995). In semiarid sites with well-drained soils that receive
from 200 mm to 400 mm of annual precipitation, the cultivar
‘Vavilov’ Siberian wheatgrass has shown similar or better
potential than the commonly sown cultivars: ‘Hycrest’ crested
wheatgrass and Siberian wheatgrass ‘P-27’ (Asay et al. 2003).
However, high cheatgrass densities are detrimental to seedling
growth of wheatgrasses (Evans 1961; Francis and Pyke 1996),
and initial control of cheatgrass is necessary for their successful
establishment (Young and Clements 2000).

It is widely recognized that establishment of annual invaders
like cheatgrass is highly dependent on soil N availability
(McLendon and Redente 1991; Young et al. 1999; Lowe et al.
2003). Thus, techniques that reduce soil N supply may be
useful in controlling these weed populations (Blumenthal et al.
2003). Fast-growing invasive weeds can spread quickly under
optimal nutrient levels because of their inherent ability for
rapid resource uptake (Melgoza et al. 1990; Svejcar 1990;
McLendon and Redente 1991; Pyke and Novak 1994; DeFalco

et al. 2003). Addition of a labile source of carbon (C), such as
sucrose, to the soil has been shown to immobilize N in the
microbial biomass (Jonasson et al. 1996; Reever Morgan and
Seastedt 1999), thus making it less available for weed uptake
(Paschke et al. 2000, Blumenthal et al. 2003). This temporarily
reduces the competitive ability of annual exotics, and perennial
species that typically tolerate low resource availability benefit
from the decreased competition (Young et al. 1997, 1999;
Paschke et al. 2000).

The goals of this study were 1) to evaluate whether soil N
immobilization could be used to control cheatgrass and
successfully establish the perennial Vavilov Siberian wheatgrass
in cheatgrass-dominated rangelands; and 2) to examine the
potential of Vavilov Siberian wheatgrass to establish and persist
in plant communities with different levels of cheatgrass
competition. The effect of N supply on both species was
investigated by adding sucrose to the soil to promote N
immobilization. We hypothesized that sucrose addition de-
creases the amount of plant-available N, thus reducing the
competitive ability of cheatgrass and favoring establishment of
Vavilov Siberian wheatgrass. The effects of cheatgrass compe-
tition were examined by manipulating the levels of cheatgrass
seed availability. By adding different numbers of cheatgrass
propagules, we simulated the seed bank of plant communities
with different degrees of cheatgrass infestation. We hypothe-
sized that as cheatgrass seed availability increases, cheatgrass
establishment increases, which, in turn, increases resource
competition and reduces establishment of Vavilov Siberian
wheatgrass seedlings.

METHODS

The study was conducted near Winnemucca, Nevada (lat
41u129N, long 117u239W; elevation , 1 524 m) on a cheat-
grass-dominated rangeland. Historically, the vegetation at the
site would have been representative of a Wyoming big
sagebrush ecological type (Artemisia tridentata Nutt. subsp.
wyomingensis Beetle & Young/Poa secunda J. Presl; West and
Young 2000). Conversion of the sagebrush community to
annual grassland dominated by cheatgrass likely occurred after
the summer of 1999 when the area was burned by an extensive
wildfire. The average annual precipitation at the site is 300–
330 mm, mostly occurring in the fall and winter. Soils are
coarse–loamy-skeletal, mixed, superactive, mesic Xeric Petro-
cambid (Denny 2002). The 25-ha study area is administered by
the Bureau of Land Management and was grazed by livestock
until fall 2002 when it was fenced to exclude cattle. Resident
herbivores, such as pronghorn antelope (Antilocapra america-
na), jackrabbit (Lepus spp.), cottontail rabbit (Sylvilagus
audubonii), and Mormon crickets (Anabrus simplex), were
not excluded.

We established the experiment as a randomized split-plot
design in fall 2003 and repeated the same design at a separate
location within the study area in fall 2004. To examine the
effect of reduced available N on cheatgrass and on Vavilov
Siberian wheatgrass establishment, we applied two levels of
sucrose (CONTROL 5 no sucrose, and SUCROSE 5

equivalent rate of 1 500 kg C ?ha21) as the main-plot factor,
with three treated and three untreated main plots in each
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iteration of the experiment. To determine the effects of
competition, we randomly assigned a factorial combination
of two levels of Vavilov Siberian wheatgrass (VAV 5 0 and
300 viable seeds ?m22) and five levels of cheatgrass (BTSD 5

0, 150, 300, 600, and 1 200 viable seeds ?m22) to 10 split-
plots within the main plots. Individual 1.5 3 2.5 m split-plots
were separated by 2.0-m buffer strips. We monitored the split
plots during 2 yr of growth, and the number of years of
growth after seeding (first or second) was treated as a
repeated measure split-split-plot factor. Seeding year was
used as the blocking factor and treated as a random effect to
account for annual variation and seeding location. Thus,
when all data from both iterations of the experiment were
included in a single analysis, the experiment could be
considered a completely randomized block design with a
split-split plot treatment structure.

To reduce the density, biomass, and seed rain of cheatgrass
and other weeds, such as tall tumblemustard (Sisymbrium
altissimum L.), the entire experimental area was sprayed with
herbicide (glyphosate) in the spring before each set of
treatments. Cheatgrass exhibits prolific seed production that
can result in the accumulation of thousands of seeds in the soil
seed bank each year (e.g., 4 800–12 800 seeds ?m22 in
Humphrey and Schupp 2001). Because we wanted to create a
gradient of cheatgrass competition by adding cheatgrass at
different densities, we needed to decrease recruitment from the
natural cheatgrass seed bank to a minimum. Thus, herbicide
was applied before cheatgrass flowering and essentially
eliminated new cheatgrass seed input for that year. There were
no further manipulations of the cheatgrass seed bank or seed
input after application of the seeding treatments.

Seeding took place in fall (late October to early Novem-
ber), and the same experimental protocols were repeated in
2003 and 2004. Cheatgrass seeds were collected locally in
May 2003 and 2004. The seeds were cleaned and stored in
paper bags under cool conditions (, 4uC) until use. Vavilov
Siberian wheatgrass seeds were provided by the US Depart-
ment of Agriculture (USDA), Natural Resource Conservation
Service (NRCS), Aberdeen Plant Materials Center (Aberdeen,
ID). Seed purity and viability were determined (Association
of Official Seed Analysts 2000) to ensure that the desired
seeding rates of pure live seed were achieved. After herbicide
application and before seeding, we permanently marked all
plots, and manually removed litter, weeds, bunchgrasses, and
other conspicuous perennials. We then raked the soil surface
to prepare the seedbed and hand-broadcast the appropriate
seed combination (mixed with 80 g of rice hulls to facilitate
even distribution across the plot) and half of the total sucrose
amount over each split-plot. To incorporate the seeds and
sucrose into the soil surface and to reduce seed loss, we
packed the soil surface using a manual roller-packer and then
placed a biodegradable jute mesh (, 2.5-cm opening) over
the seeded area. We broadcast the remaining half of the
sucrose over each split-plot at the beginning of the following
spring (March). For subsequent plant monitoring, we
established a permanent 1.0-m2 quadrat and a nested 0.1-
m2 quadrat within each seeded split-plot to assess Vavilov
and cheatgrass densities. During the first and second growth
years after seeding, all nonseeded species were periodically
removed from the plots.

Soil Sampling and Analyses
To assess sucrose effects on soil-available N and phosphorus
(P), we placed two resin capsules at 15-cm depth in a subset of
split-plots within the 2003 seeding. The selected split-plots
correspond to the following Vavilov : cheatgrass seeding
combinations (in seeds ?m22): 0:0, 0:300, and 300:300.
Measurements were conducted during six consecutive time
periods (, 6 mo each): 1) October 2003 to April 2004, 2) April
2004 to October 2004, 3) October 2004 to April 2005, 4) April
2005 to October 2005, 5) October 2005 to May 2006, and 6)
May 2006 to October 2006. In general, the sampling period
extending from October through April (May) was representa-
tive of the fall through winter seasons, whereas the April (May)
through October period was representative of the spring
through summer months (period of vegetation growth). Resin
capsules were exchanged at the end of each measurement
period.

In the laboratory, the resin capsules were washed thoroughly
with deionized water and dried. To quantify sorbed N and P
anions, capsules were placed in 50-mL polypropylene tubes to
which 40 mL of 1N hydrogen chloride (HCl) was added. Tubes
were shaken for 1 h, then centrifuged, and the clear liquid
decanted. Quantification of ortho-P (vanomolybdate chemis-
try), and nitrate ions (NO {

3 ) in the decanted liquid was done
simultaneously using a Lachat flow-injection system. Because
of high blank values for ammonium ions (NH z

4 ) and generally
low values from field measurements, NH z

4 was excluded from
statistical analyses. To make data comparable, values were
divided by the days that the resin capsules were in the soil and
expressed as micromoles of sorbed anion per day.

Vegetation Sampling
Individual split-plots seeded in fall 2003 were censused in June
2004 and 2005, whereas split-plots seeded in fall 2004 were
censused in June 2005 and 2006. For the purpose of this study,
we considered June, when cheatgrass reaches maturity, as the
end of each growth year. To assess establishment and survival,
we recorded the density of Vavilov plants in the 1.0-m2

permanent quadrat located within each split-plot. For
cheatgrass, we counted the number of plants in the 0.1-m2

nested quadrat. We also collected 15 randomly chosen
cheatgrass plants per split-plot to assess aboveground bio-
mass, seed biomass, and seed production for each growth year
after seeding. We harvested the cheatgrass plants when seeds
were mature but had not dropped (i.e., cheatgrass plants were,
at least, in the red stage). Both seeds and plants were placed in
a paper bag and transported to the lab where they were oven-
dried (60uC) to a constant weight. We recorded total
aboveground biomass dry weights, separated seeds from
foliage, and weighed each portion separately. We then
determined the number and weight of filled seeds. In fall,
cheatgrass seeds were returned to the split-plot from which
they were harvested. To avoid disturbance, seeds were
broadcast on the corresponding plot surface, but not raked
into the ground.

To assess treatment effects on the growth of cheatgrass and
Vavilov Siberian wheatgrass during the first growth year after
seeding, we measured the height and basal diameter of up to 15
plants of each species and recorded the number of tillers of each
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individual plant. Because these measurements were extremely
labor intensive, they were conducted at the end of their first
growth year only on plots seeded in 2003 (i.e., measured in
June 2004).

Statistical Analysis
Statistical analyses were conducted using SAS 9.1 software (SAS
Institute Inc. 2002). To meet the analysis of variance (ANOVA)
assumptions of normality and equal variance, we used SAS
PROC TRANSREG (SAS Institute Inc. 2002) to identify the
most appropriate parameters for the Box–Cox family of
transformations. Data exploration was performed using the
SAS ALLMIXED2 macro-call application (Fernandez 2007).

Soil NO {
3 availability was analyzed as a split-plot design

with repeated measures using a mixed-model ANOVA in SAS
PROC MIXED; (SAS Institute Inc. 2002). Orthophosphate
availability was analyzed as a split-plot design with repeated
measures using a mixed-model ANOVA in SAS PROC
GLIMMIX (SAS Institute Inc. 2002). For both variables,
sucrose treatment was the main-plot factor, and sampling
period was the split-plot factor. The residuals were checked for
normality, and when necessary, the data were transformed to
meet ANOVA assumptions.

Vavilov and cheatgrass density and cheatgrass biomass per
plant, seeds per plant, biomass per square meter, and seeds per
square meter were analyzed as a blocked split-split plot design
using a mixed-model ANOVA (SAS PROC MIXED and PROC
GLIMMIX; SAS Institute Inc. 2002). Sucrose was the main-
plot factor, the factorial combination of two (Vavilov seeding
densities) 3 five (cheatgrass seeding densities) was the split-plot
factor, and the number of growth years after seeding was the
split-split-plot factor. Where necessary, we transformed re-
sponse variables to meet normality and equal variance
assumptions of ANOVA.

Plant growth parameters (height, basal diameter, and
tillering) of both cheatgrass and Vavilov were evaluated using
the measurement data set obtained at the end of the first
growth year in the 2003 plots. Again, we implemented a mixed-
model ANOVA split-plot design in SAS PROC MIXED, with
sucrose as the main-plot factor, and the factorial combination
of two (Vavilov) 3 five (cheatgrass seeding densities) as the
split-plot factor. Analyses of individual plant diameter, height,
and number of tillers were based on the mean values obtained
from the plants examined in each individual split-plot for each
species. Variables were transformed as needed to meet the
assumptions of normality and equal variance.

For significant factors and interactions, least-squares means
were compared using the Tukey-Kramer test at the 0.05
significance level. Hereafter, all means are presented as
untransformed values 6 standard error (SE).

RESULTS

Soil Data
Sucrose addition affected soil-resin–available NO {

3 (sucrose 3

sampling period: F5,775 3.8, P5 0.007) and resulted in a
significant decrease in availability of this nutrient in the first 6-
mo period immediately after sucrose application (Fig. 1A).
During this period, nitrate availability in the sucrose plots

(0.085 6 0.03 mmol ?d21) was approximately 69% lower than
that in the control plots (0.25 6 0.06 mmol ?d21). We did not
detect any significant effects of either sucrose or sampling
period on resin-nitrate availability after this sampling period
(Fig. 1A).

Ortho-P availability was affected by sampling period but
showed no significant effects of sucrose addition (sampling
period: F5,77528.7, P # 0.0001). Significantly higher values of
ortho-P were observed during the fall to early spring periods in
comparison with the midspring to summer periods during the
first and third years of measurement (Fig. 1B).

Plant Responses

Cheatgrass and Vavilov Density. Cheatgrass seedling density
was significantly influenced by sucrose application, cheatgrass
seeding density, and number of growth years after seeding
(Table 1). Sucrose addition resulted in a 35% decrease in
cheatgrass density, averaged over both growing years, after
seeding (1 369 6 170 plants ?m22 in control plots vs. 888 6 109
plants ?m22 in sucrose-amended plots). However, the effects of
cheatgrass seeding density differed between the 2 yr of
measurement, as indicated by a significant interaction between
cheatgrass seeding density and growth year after seeding
(Table 1). During the first growth year, cheatgrass density
increased as cheatgrass seed availability increased (Fig. 2A).
Cheatgrass establishment was lowest when seeded at 150
seeds ?m22 and highest when seeded at 1 200 seeds ?m22

(PTukey, 0.05). By spring of the second growth year after
seeding, overall cheatgrass density increased by approximately
sevenfold, but the seeding density treatment was no longer
significant, and cheatgrass produced an average of 1 782 6 159
plants ?m22 across all treatments (Fig. 2A). Cheatgrass plant
density was not affected by the presence of Vavilov Siberian
wheatgrass (Table 1).

Vavilov Siberian wheatgrass seedling density was significant-
ly affected by cheatgrass seeding density and growth year after
seeding, and there was an interaction between sucrose addition
and growth year after seeding (Table 2). In contrast to
cheatgrass, the addition of sucrose did not produce significant
differences in Vavilov plant density between control and
sucrose-amended plots in either year of growth. However, the
number of Vavilov plants for control plots during the second
year of growth (1.4 6 0.6 plants ?m22) was , 71% less than
that observed during the first growth year after seeding
(4.9 6 1.2 plants ?m22). In sucrose-amended plots, Vavilov
plant density during the second year of growth (2.4 6 0.8
plants ?m22) was slightly lower but not significantly different
than that observed in the first year after seeding (3.5 6 0.8
plants ?m22).

The response of Vavilov Siberian wheatgrass plant density to
cheatgrass seed density also differed from that of cheatgrass.
During the first growth year after seeding, Vavilov density,
which tends to decrease with increasing cheatgrass seeding
density, was highest when grown in monoculture and lowest at
the highest cheatgrass seeding level (Fig. 2B). When plots were
censused in June of the second growth year, , 3 Vavilov
seedlings ?m22 survived in each individual plot (Fig. 2B), and
the number of surviving Vavilov plants was similar across all
cheatgrass seeding treatments.
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Cheatgrass and Vavilov Growth. Sucrose addition affected
cheatgrass growth, decreasing height by 21% (F1,65 22.2,
P5 0.003), basal diameter by 33% (F1,65 10.2, P5 0.003),
and the number of tillers per plant by 33% (F1,65 10.3,
P5 0.018). Cheatgrass plants in the control plots averaged
31.7 6 0.6 cm in height, 3.2 6 0.3 mm in basal diameter, and
produced 3.4 6 0.3 tillers ?plant21, whereas those in the
sucrose treatment averaged 24.9 6 0.5 cm tall, 2.1 6 0.2 mm
wide, and 2.3 6 0.1 tillers ? plant21 (PTukey, 0.05).

Cheatgrass basal diameter and tiller production also were
influenced significantly by cheatgrass seeding density (diame-
ter: F3,425 5.9, P5 0.001; height: F3,425 11.2, P, .0001), and
there was an interaction between Vavilov seeding density and

cheatgrass seeding density (diameter: F3,425 3.0, P5 0.041;
height: F3,425 3.2, P5 0.034). In the absence of Vavilov, the
mean diameter of cheatgrass was similar across all cheatgrass
seeding treatments (2.7 6 0.2 cm). When cheatgrass was
growing with Vavilov, basal diameter of cheatgrass plants
was largest in the cheatgrass seeding density of 300 seeds ?m22

(3.4 6 0.8 mm) and smallest in the 1 200 seeds ?m22 treatment
(1.7 6 0.3 mm ). Cheatgrass produced about 3.5 (6 0.4)
tillers ? plant21 when seeded at the lowest density (150
seeds ?m2), but the number of tillers decreased as much as
40% as seeding density increased, reaching the lowest value
(2.1 6 0.2 tillers ? plant21) at the highest seeding level (1 200
seeds ?m2). When grown with Vavilov, cheatgrass produced

Figure 1. A, Soil-available nitrate (in mmol ? d21) in control (no sucrose) and sucrose-addition plots. Different lowercase letters indicate significant
differences among sucrose treatments and sampling periods (PTukey, 0.05). B, Soil-available ortho-P (in mmol ? d21) in control and sucrose-addition
plots. Different lowercase letters indicate significant differences among sampling periods (PTukey , 0.05). Sampling periods are 1) October 2003 to
April 2004, 2) April 2004 to October 2004, 3) October 2004 to April 2005, 4) April 2005 to October 2005, 5) October 2005 to May 2006, and 6) May
2006 to October 2006. Values are mean 6 SE.

Figure 2. Mean (6 SE) plant density for A, cheatgrass and B, Vavilov Siberian wheatgrass for five cheatgrass seeding densities (0, 150, 300, 600,
and 1 200 seeds ?m22) at the end of the first and second growth years after seeding. Different lowercase letters indicate significant differences
(PTukey , 0.05).
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more tillers (3.4 6 0.7) in the 150 and 300 seeds ?m22

treatments compared with the 1 200 seeds ?m22 treatment,
where we recorded 2.0 (6 0.3) tillers ?plant21 (PTukey, 0.05).
In the absence of Vavilov, cheatgrass produced more tillers
(3.6 6 0.3) only when seeded at 150 seeds ?m22. Higher
seeding levels produced an average of 2.4 tillers ?plant21, and
tiller number did not differ across seeding treatments.

Sucrose addition affected the height of Vavilov Siberian
wheatgrass seedlings at the end of the first growth year for the
2003 seeding (F1,65 14.4, P50.009). Vavilov plants growing
in control plots were taller (10.1 6 0.6 cm ) than those growing
in sucrose plots (6.7 6 0.5 cm). Cheatgrass seeding density also
affected seedling height (F4,245 7.7, P5 0.0004). Vavilov
seedlings were shorter when growing in the absence of
cheatgrass (6.1 6 0.7 cm) than when growing with cheatgrass

(average plant height was . 8.6 cm across the five cheatgrass
seeding densities).

Basal diameter of Vavilov seedlings was not affected by any
treatments and averaged 2.5 (6 0.3) mm across all treatments.
However, tiller production was negatively affected by sucrose
application (F1,65 12.0, P5 0.013). Vavilov produced signif-
icantly fewer tillers per plant in sucrose plots (1.8 6 0.2) than in
control plots (2.5 6 0.2). Cheatgrass seeding density also
significantly affected tiller production (F4,245 5.9, P5 0.001),
and more Vavilov tillers per plant occurred in the treatment
with the lowest cheatgrass seeding density (2.7 6 0.3) than in
the two highest cheatgrass density treatments (1.8 6 0.2 at 600
cheatgrass seeds ?m22 and 1.6 6 0.2 at 1 200 cheatgrass
seeds ?m22).

Cheatgrass Biomass and Seed Production per Plant. Total
aboveground biomass and seeds produced per individual
cheatgrass plant were affected by sucrose addition and growth
year after seeding, and there was an interaction between these
two treatment factors (Table 1). At the end of the first growth
year after seeding, both biomass and seed production per plant
in sucrose-amended plots was about 63% lower than those in
control plots (Figs. 3A and 3B). However, by the end of the
second growth year after seeding, the plants in the control
treatment were less productive than in the preceding year and
yielded less biomass and seeds than those growing in the
sucrose plots (Figs. 3A and 3B). The dry weights and seed
output of cheatgrass plants in the sucrose-amended plots
remained similar throughout the two growth years after
seeding (Figs. 3A and 3B). Individual plant biomass, but not
seed production, was affected by cheatgrass seeding density
(Table 1). As a result, cheatgrass plant biomass was
highest when cheatgrass was seeded at 150 seeds ?m22

Table 1. Degrees of freedom (df), F, and P values from mixed-model ANOVA for the effects of sucrose (SUCROSE), Vavilov Siberian wheatgrass
seeding density (VAV), cheatgrass seeding density (BTSD), and number of growth years after seeding (GROWYEAR) on cheatgrass density,
cheatgrass biomass, and number of seeds per plant and cheatgrass biomass and number of seeds per square meter. P values in bold are significant.

Effect df 1

Cheatgrass density
Cheatgrass

biomass ? plant21
Cheatgrass

seeds ? plant21
Cheatgrass

biomass ?m22
Cheatgrass
seeds ?m22

F P F P F P F P F P

SUCROSE 1,12 5.0 0.0445 8.3 0.0137 5.4 0.0385 5.7 0.0339 13.6 0.0031

VAV 1,150 1.6 0.2009 0.6 0.6945 0.1 0.7771 0.5 0.4855 0.2 0.6084

SUCROSE 3 VAV 1,150 0.5 0.4640 1.0 0.3159 0.0 0.9766 1.3 0.2471 0.2 0.6244

BTSD 3,150 20.2 , 0.0001 4.1 0.0075 2.3 0.0748 4.3 0.0056 3.9 0.0092

SUCROSE 3 BTSD 3,150 1.1 0.3384 0.3 0.7984 0.1 0.9720 1.2 0.2973 0.4 0.7135

VAV 3 BTSD 3,150 0.3 0.8309 2.2 0.0940 1.6 0.1943 0.5 0.6449 0.8 0.4624

SUCROSE 3 VAV 3 BTSD 3,150 2.4 0.0712 0.2 0.8735 1.3 0.2916 0.9 0.4247 1.0 0.3774

GROWYEAR 1,150 469.0 , 0.0001 95.1 , 0.0001 86.0 , 0.0001 97.2 , 0.0001 62.8 , 0.0001

SUCROSE 3 GROWYEAR 1,150 0.1 0.7293 85.5 , 0.0001 69.9 , 0.0001 35.7 , 0.0001 26.6 , 0.0001

VAV 3 GROWYEAR 1,150 0.2 0.6642 1.9 0.1651 1.8 0.1820 0.3 0.5868 0.0 0.9225

SUCROSE 3 VAV 3 GROWYEAR 1,150 0.1 0.7387 0.4 0.5184 0.2 0.6681 0.4 0.5192 0.0 0.8393

BTSD 3 GROWYEAR 3,150 5.4 0.0015 1.7 0.1595 0.6 0.5993 1.9 0.1266 1.6 0.1882

SUCROSE 3 BTSD 3 GROWYEAR 3,150 1.1 0.3545 2.5 0.0574 1.8 0.1476 2.4 0.0651 1.3 0.2800

VAV 3 BTSD 3 GROWYEAR 3,150 1.5 0.2030 0.1 0.9405 0.4 0.7159 0.5 0.6457 0.1 0.9315

SUCROSE 3 VAV 3 BTSD 3

GROWYEAR

3,150 0.5 0.6955 1.1 0.3402 0.9 0.4080 1.3 0.2672 1.4 0.2408

1df indicates numerator degrees of freedom, denominator degrees of freedom.

Table 2. Degrees of freedom (df), F, and P values from mixed-model
ANOVA for the effects of sucrose addition (SUCROSE), cheatgrass
seeding density (BTSD), and number of growth years after seeding
(GROWYEAR) on Vavilov Siberian wheatgrass seedling density. P values
in bold are significant.

Effect df1

Vavilov density

F P

SUCROSE 1,12 0.04 0.8540

BTSD 4,90 3.22 0.0161

SUCROSE 3 BTSD 4,90 0.37 0.8306

GROWYEAR 1,90 37.73 , 0.0001

SUCROSE 3 GROWYEAR 1,90 5.03 0.0273

BTSD 3 GROWYEAR 4,90 1.04 0.3899

SUCROSE 3 BTSD 3 GROWYEAR 4,90 0.65 0.6297
1df indicates numerator degrees of freedom, denominator degrees of freedom.
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(0.33 6 0.04 g ?plant21) and lowest when seeded at 1 200
seeds ?m22 (0.22 6 0.03 g ? plant21).

Cheatgrass Aboveground Biomass and Seed Production per
Square Meter. Aboveground biomass and seeds of cheatgrass on
an area basis were affected by sucrose application, cheatgrass
seeding density, growth year after seeding, and there was a
sucrose 3 growth year interaction (Table 1). For the first
growth year after seeding, sucrose application caused a , 67%
reduction in overall biomass and seed production (Figs. 3C and
3D). In the second growth year after seeding, the sucrose effect
on both biomass and seed production was no longer significant
(Figs. 3C and 3D). A twofold increase in biomass production
from the previous year in control plots and a fivefold increase
in the biomass produced in sucrose plots resulted in similar
cheatgrass biomass on an area basis among all plots (Fig. 3C).
Seed production in the control plots was not significantly
different between the two growth years, but the number of
seeds produced on an area basis in the sucrose treatment
increased from the first to the second growth year after seeding
reaching a number similar to the control (Fig. 3D).

Biomass also was affected by cheatgrass seeding density
(Table 1). As a result, over the censused 2 yr, biomass yield was
lowest in plots seeded with 150 cheatgrass seeds ?m22

(148.5 6 24.8 g ?m22) and highest on plots seeded with 1 200

cheatgrass seeds ?m22 (241.7 6 34.9 g ?m22). Cheatgrass seed-
ing density also affected seed production (Table 1). The
number of cheatgrass seeds produced on an area basis increased
with increasing seeding density. Over the two growth years, the
number of cheatgrass seeds recorded in plots originally seeded
with 150 seeds ?m22 (13 793 6 1 906 seeds ?m22) was signif-
icantly lower than that in the highest density plots
(24 109 6 3 527 seeds ?m22). Seed production was intermediate
in plots seeded at 300 (19 535 6 5 297 seeds ?m22) and 600
seeds ?m22 (21 967 6 4 426 seeds ?m22).

DISCUSSION

The reduction in soil-available NO {
3 during the first sampling

period indicated immobilization of N by soil microbes
following sucrose addition. The short-term depletion of soil
NO {

3 as a result of sucrose application has been observed
elsewhere after the addition of a labile C source to the soil
(Jonasson et al. 1996; Reever Morgan et al. 1999; Paschke et al.
2000). In contrast to NO {

3 , our results did not indicate
immobilization of P with the addition of sucrose, but ortho-P
availability varied temporally. The lack of a sucrose effect on P
differs from Jonasson et al. (1996), who found that the addition

Figure 3. Mean (6 SE) of first and second year growth after seeding cheatgrass in control and sucrose addition treatments: A, aboveground
biomass; B, number of seeds per plant; C, aboveground biomass per square meter; and D, number of seeds per square meter. Different lowercase
letters indicate significant differences (PTukey , 0.05).
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of sucrose resulted in both N and P immobilization into
microbial biomass. The lack of change in P levels in response
to the C addition suggests that P was not limiting for
microbial growth at our study site. On a temporal basis,
levels of available NO {

3 were high in plots that did not
receive sucrose during the first 6 mo of the experiment. For
the first and third sampling years, levels of available
orthophosphate were higher during the cooler and wetter
months of the year (fall to early spring) than during the
warmer and drier months (midspring to early fall) as also
observed by Blank et al. (2007). The decline in P availability
during the major period of plant growth (spring to summer) is
probably a consequence of increased plant uptake in response
to the P pulse (Caldwell et al. 1991). High soil nitrate and
orthophosphate availabilities over the first 6 mo of the
experiment may have resulted from an accumulation of both
nutrients in the soil profile in the months following the
herbicide application, coupled with relatively low plant
densities during the first growing season.

Sucrose application along with its concomitant reduction in
nitrate availability had strong negative effects on cheatgrass
density, growth, and seed production as has been observed
previously (Paschke et al. 2000, Monaco et al. 2003). We
measured a 67% reduction in cheatgrass biomass and seed
production by applying sucrose at a rate of 150 g C ?m22. In
other invaded sagebrush–steppe ecosystems, sucrose addition at
a rate of 58 g C ?m22 reduced cheatgrass density and also
enhanced establishment of perennial species (Young et al. 1997,
1999). In shortgrass prairie, another semiarid ecosystem,
addition of sucrose at a rate of 160 g C ?m22 ? yr21 over 3 yr
promoted replacement of cheatgrass and other annual weeds by
later-seral species (Paschke et al. 2000). In studies of other
grasslands, greater amounts of C addition, either sucrose or
sucrose and sawdust, generally resulted in reduced weed biomass
but had variable effects on native species (Reever Morghan and
Seastedt 1999; Blumenthal et al. 2003; Suding et al. 2004). The
amount of C used in this study was intermediate between that
used by others in the sagebrush–steppe (Young et al. 1997, 1999)
and that used in most grassland studies (Reever Morghan and
Seastedt 1999; Blumenthal et al. 2003; Suding et al. 2004).
Although repeated sucrose applications may have resulted in
longer cheatgrass reduction in our study, we observed consistent
reductions in soil N and plant response during the separate 2 yr
of application with the rate that we used.

Cheatgrass responses were also affected by seed availability.
When seed availability was low, cheatgrass density was lower,
but individual plant growth and reproductive output were
higher. In contrast, when seed availability was high, cheatgrass
density was higher, but plants were smaller and produced fewer
seeds. The relative production of biomass vs. seeds in
cheatgrass can be related to the effects of intraspecific
competition (Sheley and Larson 1997). The effects of high
cheatgrass seeding density on plant biomass and seed output
were similar to the influence of sucrose, suggesting that N
supply was reduced as a result of either N immobilization or
intense competition.

The sucrose treatment did not affect the densities of Vavilov
Siberian wheatgrass, but Vavilov seedling density and growth
declined as cheatgrass seeding density increased after the first
growth year after seeding. Similar responses to increasing

cheatgrass density have been observed for crested wheatgrass,
A. cristatum. In a greenhouse experiment, Evans (1961) found
that A. cristatum seedling establishment was minimally affected
when cheatgrass densities were # 172 plants ?m22 but that
increases in cheatgrass density had highly detrimental effects.
Both sucrose addition and high cheatgrass competition affected
growth, especially tiller production, of Vavilov seedlings.
Vavilov seedlings growing in the sucrose and the high cheatgrass
density plots were smaller and produced fewer tillers compared
with those in control and low cheatgrass density plots. Such a
response can be related to the control that N availability exerts
on the growth (Lambers et al. 1998) and tillering of grasses
(Tomlinson and O’Connor 2004). Bilbrough and Caldwell
(1997) observed that biomass and tillering of A. desertorum
increased in response to N pulses occurring in early spring. In our
study, it is likely that Vavilov Siberian wheatgrass seedlings in
both the control and in the low cheatgrass density treatments
grew larger because they were able to use the early spring pulse
of N at the beginning of the experimental period. In contrast, the
smaller size of Vavilov plants in the sucrose treatment and of
those growing under intense competition (i.e., in the high
cheatgrass density plots) during the same time period suggests N
limitation. Given these results and considering the importance
that tillering can have on persistence of crested wheatgrasses
(Francis and Pyke 1996) and other perennial bunchgrasses
(Hendrickson and Briske 1997; Tomlinson and O’Connor
2004), low N availability during establishment of Vavilov
seedlings may limit restoration success.

Vavilov seedling mortality from the end of the first year after
seeding to the end of the next was considerable, and by the end
of the second year, Vavilov density (, 3 plants ?m22) was much
lower than the desired density of nine or more plants per square
meter (Evans and Young 1977). Mortality was high, especially
in those plots that showed large increases in cheatgrass density.
We speculate that the high number of cheatgrass plants
emerging at the beginning of the second growing season likely
caused early resource preemption, which in turn constrained
the ability of Vavilov seedlings to acquire resources for growth,
leading to their death. These findings indicate that Vavilov
Siberian wheatgrass, at the seedling stage, may be relatively less
competitive than cheatgrass. These results are consistent with
earlier studies that have shown that seedlings of crested
wheatgrasses (Agropyron spp.) are less efficient than cheatgrass
at acquiring resources (Svejcar 1990; Francis and Pyke 1996).

Overall, our hypothesis that low N supply negatively affects
cheatgrass while favoring Vavilov Siberian wheatgrass estab-
lishment was only partially supported. As expected, the
addition of sucrose decreased the amount of soil-available N
and resulted in reduced cheatgrass density, seed number, and
biomass. However, the effect was short-lived, and the initial
effects of reduced N availability on cheatgrass were negated by
a substantial increase in cheatgrass density the year after
application of sucrose. In addition, reduced N decreased
Vavilov growth and tiller number and probably decreased the
likelihood of successful Vavilov establishment. As we hypoth-
esized, the availability of cheatgrass seeds played an important
role in determining intensity of competition. Increases in
cheatgrass seed availability resulted in increased density of
cheatgrass and lowered establishment of Vavilov Siberian
wheatgrass.
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MANAGEMENT IMPLICATIONS

Our results indicate that short-term reductions in N supply are
not sufficient for long-term cheatgrass control. However,
longer-term soil N reductions may be useful in reducing
cheatgrass and other weed populations. Because using sucrose
amendments to reduce soil N is not practical, research should
focus on alternative techniques for reducing soil N availability.
Vavilov is less competitive than cheatgrass at the seedling stage,
and even low densities of cheatgrass negatively affect seedling
establishment of Vavilov Siberian wheatgrass. Thus, restora-
tion of semiarid sites dominated by cheatgrass with Vavilov
Siberian wheatgrass may not be successful.

As cheatgrass dominance in the Great Basin increases, land
managers will be increasingly challenged to develop effective
restoration techniques. Efforts to restore cheatgrass-infested
areas will require longer-term cheatgrass control, higher
seeding densities than are currently being used, and plant
materials that, at the critical seedling stage, can tolerate intense
resource competition.
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